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Abstract: Purpose: The left atrium and left ventricle are the primary inflow cannulation sites for
heart failure patients supported by rotary blood pumps (RBPs). Haemodynamic
differences exist between inflow cannulation sites and have been well characterized at
rest, yet the effect during exercise with the same centrifugal RBP has not been
previously well established. The purpose of this study was to investigate the
hemodynamic effect of inflow cannulation site during rest and exercise with the same
centrifugal RBP.
Methods:  In a numerical cardiorespiratory model, a simulated heart failure patient was
supported by a HeartWare HVAD RBP in left atrial (LAC) and left ventricular
cannulation (LVC). The RBP was operated at constant speed and sinusoidal co- and
counter-pulse and was investigated in cardiovascular conditions of steady state rest
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and 80-watt bike graded exercise.
Results: Cardiac output was 5.0 L min-1 during rest and greater than 6.9 L min-1
during exercise for all inflow cannulation sites and speed operating modes. However,
during exercise, LAC demonstrated greater pressure-volume area and lower RBP flow
(1.41, 1.37 and 1.37 J and 5.03, 5.12 and 5.03 L min-1 for constant speed and co- and
counter-pulse respectively) when compared to LVC (pressure-volume area: 1.30, 1.27
and 1.32 J and RBP flow: 5.56, 5.71 and 5.59 L min-1 for constant speed and co- and
counter-pulse respectively).
Conclusion: For a simulated heart failure patient intending to complete exercise, LVC
seems to assure a better hemodynamic performance in terms of pressure-volume area
unloading and increasing RBP flow.
Purpose: The left atrium and left ventricle are the primary inflow cannulation sites for
heart failure patients supported by rotary blood pumps (RBPs). Haemodynamic
differences exist between inflow cannulation sites and have been well characterized at
rest, yet the effect during exercise with the same centrifugal RBP has not been
previously well established. The purpose of this study was to investigate the
hemodynamic effect of inflow cannulation site during rest and exercise with the same
centrifugal RBP.
Methods:  In a numerical cardiorespiratory model, a simulated heart failure patient was
supported by a HeartWare HVAD RBP in left atrial (LAC) and left ventricular
cannulation (LVC). The RBP was operated at constant speed and sinusoidal co- and
counter-pulse and was investigated in cardiovascular conditions of steady state rest
and 80-watt bike graded exercise.
Results: Cardiac output was 5.0 L min-1 during rest and greater than 6.9 L min-1
during exercise for all inflow cannulation sites and speed operating modes. However,
during exercise, LAC demonstrated greater pressure-volume area and lower RBP flow
(1.41, 1.37 and 1.37 J and 5.03, 5.12 and 5.03 L min-1 for constant speed and co- and
counter-pulse respectively) when compared to LVC (pressure-volume area: 1.30, 1.27
and 1.32 J and RBP flow: 5.56, 5.71 and 5.59 L min-1 for constant speed and co- and
counter-pulse respectively).
Conclusion: For a simulated heart failure patient intending to complete exercise, LVC
seems to assure a better hemodynamic performance in terms of pressure-volume area
unloading and increasing RBP flow.
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Abstract 1 

Purpose: The left atrium and left ventricle are the primary inflow cannulation sites for heart 2 

failure patients supported by rotary blood pumps (RBPs). Haemodynamic differences exist 3 

between inflow cannulation sites and have been well characterized at rest, yet the effect during 4 

exercise with the same centrifugal RBP has not been previously well established. The purpose 5 

of this study was to investigate the hemodynamic effect of inflow cannulation site during rest 6 

and exercise with the same centrifugal RBP.  7 

Methods: In a numerical cardiorespiratory model, a simulated heart failure patient was 8 

supported by a HeartWare HVAD RBP in left atrial (LAC) and left ventricular cannulation 9 

(LVC). The RBP was operated at constant speed and sinusoidal co- and counter-pulse and was 10 

investigated in cardiovascular conditions of steady state rest and 80-watt bike graded exercise.  11 

Results: Cardiac output was 5.0 L min-1 during rest and greater than 6.9 L min-1 during 12 

exercise for all inflow cannulation sites and speed operating modes. However, during exercise, 13 

LAC demonstrated greater pressure-volume area and lower RBP flow (1.41, 1.37 and 1.37 J 14 

and 5.03, 5.12 and 5.03 L min-1 for constant speed and co- and counter-pulse respectively) 15 

when compared to LVC (pressure-volume area: 1.30, 1.27 and 1.32 J and RBP flow: 5.56, 5.71 16 

and 5.59 L min-1 for constant speed and co- and counter-pulse respectively).  17 

Conclusion: For a simulated heart failure patient intending to complete exercise, LVC seems 18 

to assure a better hemodynamic performance in terms of pressure-volume area unloading and 19 

increasing RBP flow.  20 

 21 

Keywords 22 

Rotary blood pump, left ventricular assist device, inflow cannulation, speed modulation, 23 

pulsing, exercise, in silico  24 
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Introduction 1 

Peak and submaximal exercise capacity is severely limited for patients with advanced stages 2 

of heart failure [1]. Of the patients who are unresponsive to optimal medical management, heart 3 

transplantation is considered the gold-standard therapy [2]. However, donor heart shortages 4 

have resulted in long transplant waitlist times, whilst many other patients are not considered 5 

for heart transplantation due to age and/or other conditions that may affect life expectancy [3]. 6 

Considering the lack of donor hearts, rotary blood pumps (RBPs) are used as an alternative 7 

therapy to provide mechanical circulatory support [4].  8 

 9 

Improvement in 6-minute walk tests has been well established post-RBP implant [1]; however,  10 

maximal cardiopulmonary exercise of RBP patients is often still limited [5]. The negative 11 

consequences of reduced exercise capacity may diminish patient quality of life by limiting 12 

completion of routine physical activities [6]. Therefore, to improve the exercise capacity for 13 

RBP patients, research has focused on cardiac rehabilitation programs [7], increases of pump 14 

rotational speed [8], ventricular and vascular function [9], and comparison of different devices 15 

[10]. 16 

 17 

The left ventricle and left atrium are the primary inflow cannulation sites for RBPs and whilst 18 

left ventricular cannulation is more common, choice of inflow cannulation site may also be 19 

dependent on surgical preference, anatomical constraints and/or any pre-existing ventricular 20 

thrombosis [11,12]. Haemodynamic differences exist between inflow cannulation site and in 21 

numerical, mock circulation loop and animal studies, left atrial cannulation has demonstrated 22 

significantly reduced left ventricular stroke when compared to left ventricular cannulation 23 

[13,14]. In a clinical study, Fresiello et al. [10] compared left atrial cannulation with CircuLite 24 
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Synergy® Micro-pump (Medtronic, Framingham, MA, USA, n = 10) and ventricular 1 

cannulation with Thoratec HeartMate II (Abbott Laboratories, Pleasanton, CA, USA, n = 17) 2 

and reported no significant differences during ergometer exercise after six months implantation 3 

(peak oxygen uptake: 12.0 vs. 13.5 mL kg-1 min-1 respectively).  However, the two distinct 4 

patient populations, with differing severity of heart failure and different RBPs, makes 5 

comparisons between cannulation site difficult. Therefore, the effect of inflow cannulation site 6 

during exercise with full assist centrifugal pumps and similar heart failure patient conditions is 7 

still unclear. Left atrial cannulation may demonstrate reduced pressure head, and due to RBP 8 

hydraulic characteristics (pressure head-flow relationship), may result in smaller variations of 9 

pump flow when compared to left ventricular cannulation during exercise. However, this has 10 

yet to be well established in a repeatable platform.  11 

 12 

Rapid speed modulation systems that deliver improved pulsatile flow have been under 13 

development and the Thoratec HeartMate III (Abbott Laboratories, Pleasanton, CA, USA) is 14 

an example of a clinically implanted RBP [15]. Speed modulation in left ventricular 15 

cannulation has been shown to influence ventricular workload, with counter-pulsation reducing 16 

left ventricular stroke work in contrast to co-pulsation [16]. Gregory et al. [17] compared 17 

inflow cannulation site with pulsatile RBPs in an in vitro model and reported pulsing with atrial 18 

cannulation had little influence on left ventricular stroke work, whilst ventricular cannulation 19 

demonstrated most prominent changes with respect to the pulse phase (i.e. pulse timing with 20 

respect to ventricular systole). However, the study by Gregory et al. ignores the potential 21 

benefits or limitations of cannulation site on exercise haemodynamics. Therefore, this study 22 

aims to compare the haemodynamic effect of inflow cannulation site with a RBP operating in 23 

constant and pulsatile speed modes in a repeatable, in silico platform. 24 
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Methods 1 

Cardiorespiratory and Rotary Blood Pump Model 2 

A previously validated lumped parameter cardiorespiratory numerical model, developed in 3 

LabVIEW 2018 (National Instrument, Austin, TX, USA) by Fresiello et al. [18], was used to 4 

compare inflow cannulation sites of a full assist RBP (Figure 1). Briefly, the cardiorespiratory 5 

numerical model includes the left and right hearts, which comprises ventricles that are 6 

represented by a time-varying elastance model [19], competent unidirectional cardiac valves 7 

(atrioventricular and semilunar) that are modelled as simple diodes to prevent backflow, and 8 

atria that are represented as active contracting elements [20]. The arterial and venous vascular 9 

structure of the pulmonary and systemic circulations are represented by Windkessel models, 10 

where the systemic circulation is further subdivided into parallel compartments that include the 11 

upper body, kidneys, splanchnic and left and right legs. Auto-regulatory mechanisms of the 12 

peripheral resistance include metabolic control which adjusts resistance based on local oxygen 13 

consumption, and the baroreflex which controls peripheral resistance as well as ventricular 14 

contractility, venous tone and heart rate based on pressure of the ascending aorta [21]. The 15 

ascending aorta pressure setpoint of the baroreflex was set below 90 mmHg at rest condition. 16 

The interactions of metabolic control and baroreflex are reproduced by the sympatholysis 17 

effect. Respiratory mechanisms represented in the numerical model include ventilation 18 

mechanics, ventilation control and gaseous exchange that is modelled by a mass balance 19 

equation. For the numerical RBP and outflow graft, a HeartWare HVAD (Medtronic, 20 

Framingham, USA) was implemented and was modelled from dynamic pressure-head flow 21 

curves [22]. 22 

 23 
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 1 

Figure 1: Block diagram of previously validated numerical cardiorespiratory model. Blue crosses represent 2 
when the rotary blood pump (RBP) was either connected to the left atrium or left ventricle. 3 

 4 

Numerical Experimental Protocol 5 

A resting severe left heart failure patient was simulated to have haemodynamics similar to 6 

clinically reported patients [23–28], where cardiac output was 3.5 L min-1, mean aortic pressure 7 

was 64 mmHg and left atrial pressure was 21 mmHg.  This was achieved by reducing the left 8 

end-systolic pressure volume relationship to 0.51 mmHg mL-1. The severe left heart failure 9 

patient was used identically to compare all inflow cannulation sites and RBP speed operating 10 

modes. The numerical RBP used to support the simulated heart failure patient was connected 11 

via the ascending aorta (RBP outflow) and the left ventricle or left atrium (RBP inflow) (Figure 12 

1). For each inflow cannulation site, the numerical RBP was operated at constant speed and 13 

sinusoidal co- and counter-pulse modes that and was synchronized with the native heart. A 14 

sinusoidal profile was used as it has previously been investigated to compare inflow 15 
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cannulation sites at rest [17]. Mean RBP speed for all operating modes was set to restore cardiac 1 

output to 5.0 L min-1 at rest. For pulsatile speed operation, synchronous sinusoidal co- and 2 

counter-pulse was timed at 0π and π respectively with respect to peak ventricular pressure. This 3 

corresponds to co-pulse having maximum speed and counter-pulse having minimum speed 4 

during peak ventricular pressure respectively (Figure 2). A constant amplitude (± 500 5 

revolution per minute) was applied to both co- and counter-pulse operation, which was chosen 6 

to be within the manufactured speed limits of the HVAD pump (between 1800 and 4000 7 

revolution per minute) and to prevent negative back flow.  8 

 9 

 10 
Figure 2: Example illustration of sinusoidal co- and counter-pulse speed modulation with respect to the 11 

cardiac cycle. LVP – left ventricular pressure.  12 
 13 

A first set of data was collected simulating resting severe left heart failure patient supported 14 

with a RBP in left ventricular or left atrial cannulation at all speed operating modes (constant 15 

speed and co- and counter-pulse). After the numerical simulation had settled, all simulations 16 

Example Illustration of Speed Modulation 

with Respect to Cardiac Cycle 
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were transitioned to steady state exercise. The simulated exercise condition was conducted to 1 

represent cardiopulmonary bike graded exercise with a workload of 80-watts, which 2 

represented an oxygen consumption of 15.2 mL min-1 kg-1. The oxygen consumption was 3 

chosen based on a clinical review paper that compared the peak workload exercise capacity of 4 

heart failure patients supported with full assist RBPs [27]. The simulation of exercise was 5 

accomplished by increasing the oxygen consumption, which caused the cardiorespiratory auto-6 

regulatory mechanisms to increase heart rate, systolic/diastolic duty ratio, ventilation rate, 7 

ventilation tidal volume, left and right ventricular contractility and vasodilation in the 8 

exercising vascular regions. As an example, we report the changes observed from rest to 9 

exercise in case of a RBP with left ventricular cannulation run at a constant speed (Table 1). 10 

The mean RBP speed and amplitude remained unchanged during exercise for all speed 11 

operating modes of left atrial and left ventricular cannulation, whilst the frequency of rapid 12 

speed modulation was synchronized to heart rate.  13 

 14 

For each inflow cannulation site operating at constant speed and co- and counter-pulse, data 15 

was recorded for 50 cardiac cycles during steady state rest and exercise. Haemodynamic 16 

parameters compared included cardiac output, RBP flow, pulse pressure (different between 17 

maximum and minimum aortic pressure within a cardiac cycle), left ventricular stroke work 18 

and left ventricular pressure-volume area (Figure 3). Calculation of left ventricular stroke work 19 

can be found in equation 1 where LVSW = left ventricular stroke work, LVP = left ventricular 20 

pressure, dLVV = derivative of left ventricular volume and T = time of one cardiac cycle. 21 

Pressure-volume area is determined from potential energy (equation 2 where PE = potential 22 

energy, LVP = left ventricular pressure, dLVV = derivative of left ventricular volume, es = 23 

time at end-systole, ed = time at end-diastole and Vo = volume intercept when ventricular 24 

pressure is zero) and left ventricular stroke work. The calculation for pressure-volume area is 25 
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found in equation 3 where PVA = pressure-volume area, PE = potential energy and LVSW = 1 

left ventricular stroke work.  2 

 3 

𝐿𝑉𝑆𝑊 = 1.332 ∙ 10−4  ∙ ∫ 𝐿𝑉𝑃 × 𝑑𝐿𝑉𝑉 
𝑇

0

 (1) 

  

𝑃𝐸 = 1.332 ∙ 10−4  ∙ ∫ 𝐿𝑉𝑃 ×  d𝐿𝑉𝑉
𝑉𝑜+𝑒𝑠

𝑒𝑑+𝑉0

 (2) 

  
𝑃𝑉𝐴 = 𝑃𝐸 + 𝐿𝑉𝑆𝑊 (3) 

  
 4 

 5 

Figure 3: Illustration of pressure-volume area (PVA) calculation from left ventricular stroke work (LVSW) 6 
and potential energy (PE). LVVol – left ventricular volume and LVP – left ventricular pressure. 7 

 8 

Table 1: Cardiorespiratory changes from rest to exercise with a RBP in left ventricular cannulation runnng 9 
at a constant speed. BPM – beats per minute, LV – left ventricular and RV – right ventricular. Note that 1 10 
mmHg min mL-1 is equal to 8 MPa s m-3 and 80 dyne s cm-5.  11 

Parameter Rest Exercise 

Heart rate (BPM) 76 113 

Systolic Diastolic Ratio (%) 58 65 

Ventilation (L min-1) 9 44 

Systemic vascular resistance (mmHg min mL-1) 15.0 7.9 

LV Emax (mmHg mL-1) 0.51 0.65 

RV Emax (mmHg mL-1) 0.36 0.46 

 12 



10 
 

Results 1 

 2 
Rest 3 
During rest, all inflow cannulation sites and speed operating modes delivered similar left atrial 4 

pressure, cardiac output and mean aortic pressure (Table 2).   5 

Table 2: Haemodynamics of severe left heart failure (HF) patient supported with left ventricular (LVC) or 6 
left atrial cannulation (LAC) at constant speed (CS) and sinusoidal co- and counter-pulse during rest. LAP 7 
– left atrial pressure, MAP – mean aortic pressure, CO – cardiac output, AoV flow – flow through aortic 8 
valve, LVSW – left ventricualr stroke work, PVA – left ventricualr pressure-volume area, RBP – rotary 9 
blood pump and RPM – revolutions per minute. 10 

Simulated Patient 

LVC LAC 

Constant 

speed 
Co-pulse 

Counter-

pulse 

Constant 

speed 
Co-pulse 

Counter-

pulse 

LAP (mmHg) 11.6 11.6 11.5 11.1 11.3 11.6 

MAP (mmHg) 87.5 87.8 87.7 87.2 87.6 87.6 

Pulse Pressure 

(mmHg) 
11 26 9 2 19 20 

CO  

(L min-1) 
4.99 4.99 5.02 5.02 4.99 4.99 

AoV Flow (L 

min-1) 
0.00 0.00 0.00 0.00 0.00 0.00 

RBPQ (L min-1) 4.99 4.99 5.02 5.02 4.99 4.99 

LVSW  

(J) 
0.16 0.20 0.12 0.01 0.01 0.01 

PVA  

(J) 
0.85 0.84 0.87 0.97 0.98 0.93 

RBP Speed 

(RPM) 
2780 

2880  

± 500 

2760  

± 500 
2900 

2940  

± 500 

2940  

± 500 

 11 

When comparing only speed operation modes of left ventricular cannulation at rest, co-pulse 12 

demonstrated the greatest variation of ventricular volume (Figure 4a, 4b and 4c) as the pump 13 

speed increased during the isovolumetric period (Figure 5a, 5b and 5c – black lines). 14 

Consequently, co-pulse resulted in the greatest left ventricular stroke work (0.20 J) compared 15 

to constant speed and counter-pulse modes (0.16 and 0.12 J respectively). However, with left 16 

ventricular cannulation, there were no notable differences in pressure-volume area at rest 17 

between co-pulse, counter-pulse and constant speed (0.84, 0.87 and 0.85 J respectively).  18 
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 1 

When comparing left ventricular to left atrial cannulation, all comparable speed operating 2 

modes with left atrial cannulation demonstrated a smaller variation of ventricular volume 3 

(Figure 4d, 4e and 4f), resulting in a lower left ventricular stroke work (Figure 5d, 5e and 5f – 4 

black lines). The smaller variation of ventricular volume was due to the increase in afterload 5 

with atrial cannulation with the same end-systolic pressure-volume relationship. However, a 6 

greater peak ventricular pressure and greater left ventricular end-diastolic volume was observed 7 

with all speed operating modes of left atrial cannulation. Consequently, this resulted in the 8 

pressure-volume area being greater with left atrial cannulation than left ventricular cannulation 9 

for each comparable speed operating mode. Meanwhile, with respect to left atrial cannulation, 10 

differences in left ventricular stroke work and pressure-volume area were not as prominent 11 

when comparing constant speed and co- and counter-pulse modes (left ventricular stroke work: 12 

0.01, 0.01 and 0.01 J and pressure-volume area: 0.97, 0.98 and 0.93 J respectively). 13 

 14 
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 1 

Figure 4: Comparison of systemic pressure, rotary blood pump flow (RBPQ) and left ventricular volume 2 
(LVV) with changes in inflow cannulation and speed operating mode during rest. LVC – left ventricular 3 
cannulation, LAC – left atrial cannulation, LVP – left ventricular pressure, AOP – aortic pressure, LAP – 4 
left atrial pressure.  5 

 6 
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 1 

Figure 5: Comparison of left ventricular pressure (LVP) and left ventricular volume (LVV) loops for left 2 
ventricular (LVC) and left atrial cannulation (LAC) operating at constant speed and sinusoidal co- 3 
andcounter-pulse during rest and exercise.  4 

 5 

During simulated rest, pulse pressure was greater with left ventricular cannulation compared 6 

to left atrial cannulation when operating at constant speed, which was due to the greater 7 

variations of pump flow (11 vs. 2 mmHg respectively) (Figure 4 and Figure 6). Meanwhile 8 

with left ventricular cannulation, the pulse pressure could be further improved by operating the 9 

speed at co-pulse, which is in contrast to counter-pulse (26 and 9 mmHg respectively). 10 

Furthermore, when evaluating left atrial cannulation, both co- and counter-pulse improved 11 

pulse pressure when compared to constant speed operation (19, 20 and 2 mmHg respectively).  12 
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 1 

Figure 6: Comparison of rotary blood pump (RBP) head-flow (HQ) loops for left ventricular (LVC) and 2 
left atrial cannulation (LAC) operating at constant speed and sinusoidal co- andcounter-pulse during rest 3 
and exercise. Note that the numerical values adjacent to the static HQ curves is the speed in revolutions per 4 
minute (RPM).   5 
 6 

Exercise 7 
During steady state exercise, left atrial pressure increased from rest to above 23 mmHg for all 8 

speed operating modes of left ventricular and left atrial cannulation (Figure 7). Furthermore, 9 

although cardiac output increased to greater than 6.88 L min-1 for all inflow cannulation sites 10 

and speed operating modes, left ventricular cannulation demonstrated the greatest increase of 11 

RBP flow in contrast to left atrial cannulation (Figure 6, Figure 7 and Figure 8). For instance, 12 

with left ventricular cannulation, RBP flow was 5.71 L min-1 (constant speed), 5.56 L min-1 13 

(co-pulse) and 5.59 L min-1 (counter-pulse), whilst left atrial cannulation only demonstrated 14 

RBP flow of 5.03 L min-1 (constant speed), 5.12 L min-1 (co-pulse) and 5.03 L min-1 (counter-15 
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pulse.) Due to the lower RBP flow with left atrial cannulation, greater aortic valve flow was 1 

observed in contrast to left ventricular cannulation.  2 

Left ventricular stroke work and pressure-volume area increased from rest to exercise for all 3 

inflow cannulation sites and speed operating modes. However, lower left ventricular stroke 4 

work and greater pressure-volume area was observed when comparing left atrial to left 5 

ventricular cannulation during exercise, similar to the simulated patient condition. Meanwhile, 6 

the addition of a sinusoidal pulse demonstrated less of an influence on ventricular workload at 7 

exercise conditions when compared to rest for both left ventricular and left atrial cannulation. 8 

For instance, left ventricular cannulation during exercise demonstrated left ventricular stroke 9 

work of 0.29 J (constant speed), 0.31 J (co-pulse) and 0.26 J (counter-pulse) and pressure-10 

volume area of 1.33 J (constant speed), 1.27 J (co-pulse) and 1.32 J (counter-pulse). 11 

Meanwhile, left atrial cannulation resulted in left ventricular stroke work of 0.19 J (constant 12 

speed), 0.19 J (co-pulse) and 0.20 J (counter-pulse) and pressure-volume area of 1.21 J 13 

(constant speed), 1.19 J (co-pulse) and 1.18 J (counter-pulse).  14 
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 1 
Figure 7: Comparison of haemodynamics from steady state rest to steady state exercise for left ventricular 2 
(LVC) and left atrial cannulation (LAC) operating at constant speed and co- and counter-pulse. LAP – left 3 
atrial pressure, MAP – mean aortic pressure, CO – cardiac output, AoV Flow – flow through aortic valve, 4 
RBPQ – rotary blood pump flow, LVSW – left ventricular stroke work and PVA – pressure-volume area.   5 

 6 

Pulse pressure increased from rest for both inflow cannulation sites and all speed operating 7 

modes during steady state exercise. However, left atrial cannulation demonstrated greater pulse 8 

pressures than left ventricular cannulation, which is due to greater flow through the aortic 9 

valve. Furthermore, when considering speed operating mode, co-pulse showed improved pulse 10 

pressure than counter-pulse and constant speed for each respective inflow cannulation site, 11 

which is similar to the rest condition.  12 

13 
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 1 
Figure 8: Comparison of systemic pressure, rotary blood pump flow (RBPQ) and left ventricular volume 2 
(LVV) with changes in inflow cannulation and speed operating mode during exercise. LVC – left 3 
ventricular cannulation, LAC – left atrial cannulation, LVP – left ventricular pressure, AOP – aortic 4 
pressure, LAP – left atrial pressure.  5 

 6 

 7 

  8 
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Discussion 1 

Improved exercise capacity may contribute to improve quality of life for RBP patients when 2 

completing routine tasks [6]. Previous research has focussed on improving exercise capacity 3 

by increasing RBP flow and reducing ventricular workload through mean RBP speed 4 

adjustments [29,30]. However, the haemodynamic effect of constant speed and synchronous 5 

co- and counter-pulse speed operation with left atrial and left ventricular cannulation during 6 

simulated patient exercise has not previously been explored.  7 

 8 

In this study, left atrial and left ventricular cannulation with a HeartWare HVAD operating at 9 

constant speed was compared during simulated rest and exercise. At rest, the RBP operating at 10 

constant speed in left ventricular cannulation demonstrated greater left ventricular stroke work 11 

and stroke volume than left atrial cannulation, which is in good agreement with previous in 12 

vitro and in vivo studies [13,14]. However, left atrial cannulation demonstrated an elevated 13 

peak ventricular pressure in contrast to left ventricular cannulation. This is because with left 14 

atrial cannulation, blood within the left ventricle can only be ejected through the aortic valve 15 

and therefore, the left ventricle must generate enough pressure to overcome arterial pressure. 16 

Due to the elevated peak ventricular pressure, the pressure-volume area was greater with left 17 

atrial cannulation than left ventricular cannulation. However, the results from the present study 18 

differ to the healthy in vivo evaluation completed by Vandenberghe et al. [31], where they 19 

reported no significant differences of pressure-volume unloading between left atrial and left 20 

ventricular cannulation. The differences may be due to the smaller RBP flow in Vandenberghe 21 

et al. study where RBP flow only reached a maximum of 3.5 L min-1, which is in comparison 22 

to the present study where RBP flow was delivered to 5.0 L min-1.    23 

 24 
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When the simulated patient transitioned to steady state exercise, left ventricular cannulation 1 

demonstrated a greater increase in RBP flow than left atrial cannulation. This may be explained 2 

by the larger decrease in RBP pressure head caused by an increase in left ventricular pressure 3 

and systolic duration with left ventricular cannulation. In contrast, left atrial cannulation 4 

showed less of an increase in RBP flow as there was a limited decrease in pressure head from 5 

the smaller pressure variations in the left atrium. When comparing the exercise results of left 6 

ventricular cannulation with constant speed operation, a similar cardiac output and RBP flow 7 

was observed between this present study and values reported in clinical studies (cardiac output: 8 

6.9 vs. 7.3 ± 1.4 L min-1 and RBP flow: 5.7 vs. 6.1 ± 0.1 L min-1 respectively) [24,26–28,32]. 9 

Meanwhile, a greater pressure-volume area, which is the summation of left ventricular stroke 10 

work and potential energy, was observed at simulated exercise with left atrial cannulation in 11 

contrast to left ventricular cannulation. The greater pressure-volume area during exercise 12 

increases myocardial oxygen consumption [33], and in instances where metabolic supply is not 13 

met by demand, ventricular pumping capacity may be reduced. Therefore, due to the greater 14 

pressure-volume area and limited increase in RBP flow, left atrial cannulation is not 15 

recommended during pump implantation for patients that are considering exercise activities.  16 

    17 

The haemodynamic effect of synchronous sinusoidal co- and counter-pulse on inflow 18 

cannulation site during rest and exercise was also evaluated in this present study. When 19 

comparing speed operating modes of left ventricular cannulation at rest, there was little 20 

difference in pressure volume area between constant speed and sinusoidal co- and counter-21 

pulse operation. This is contrary to Pirbodaghi et al. [34] in vivo study where they reported 22 

synchronous co-pulse produced greater pressure-volume area than counter-pulse. However, in 23 

the study by Pirbodaghi et al., the same mean pump speed was used in constant speed, co- and 24 

counter-pulse, which resulted in different total cardiac output and therefore their evaluation 25 
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may not be identically comparable. Meanwhile, the addition of a sinusoidal pulse with left 1 

atrial cannulation did not show any significant improvement in left ventricular stroke work 2 

unloading, which is in good agreement with the in vitro evaluation by Gregory et al. [17].  3 

 4 

With the transition to steady state exercise, co-pulse demonstrated the greatest increase in RBP 5 

flow with left ventricular cannulation. This may be explained by the increase in systolic time 6 

and ventricular contractility when the dynamic RBP speed is momentarily increased, which 7 

shifts the operating point of the head-flow curve rightwards. With respect to left atrial 8 

cannulation, the addition of a pulse demonstrated limited increases in RBP flow as there were 9 

smaller variations in pressure head, which was similar to the results of constant speed 10 

operation. When comparing pressure-volume area unloading, the effect of applying a pulse (co 11 

or counter) did not demonstrate significant differences to constant speed operation for both left 12 

atrial and left ventricular cannulation respectively. Instead, when considering device operation, 13 

further improvement in pressure-volume area unloading and greater RBP flow may be achieved 14 

by increasing mean RBP speed, which was demonstrated in the numerical study by Fresiello 15 

et al. [29]. Therefore, future work with respect to device operation, should focus on developing 16 

methods that automatically increase RBP speed to reduce ventricular workload and further 17 

increase RBP flow during exercise.  18 

 19 

Whilst left atrial and ventricular cannulation were evaluated in a cardiorespiratory numerical 20 

model, this study is not without limitations. Numerical studies provide a repeatable and 21 

efficient platform for testing; however, they are limited by lack of physical and biological 22 

models and future work is to validate these results in vitro and in vivo. In addition, we only 23 

evaluated the haemodynamic effects of a numerical HeartWare HVAD RBP, and did not 24 
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compare other RBPs with different hydraulic characteristics. RBPs with flatter head-flow 1 

curves may produce greater RBP flow during exercise and would therefore merit further 2 

investigations [22]. We also only evaluated the effect of synchronous sinusoidal co- and 3 

counter-pulse and did not consider other waveform shapes, phases, duty cycles, amplitudes and 4 

the effect of asynchronous operation. The present study only investigated patients with severe 5 

end-stage systolic heart failure and the effect of patients with mild heart failure was not 6 

compared. Timms et al. [13] has previously shown that atrial cannulation may be preferred 7 

with mild heart failure patients due to similar unloading to left ventricular cannulation, but with 8 

the preservation of the ventricular myocardium. However, the haemodynamics during exercise 9 

of mild heart failure patients were not investigated and would merit further studies. 10 

Furthermore, different cardiovascular conditions, such as postural changes, vascular 11 

resistances, heart failure aetiologies and variations in blood circulatory volume were not 12 

investigated and would require additional evaluations. In addition, independent vascular 13 

resistance changes were not considered in this present study but could be applied clinically to 14 

alter the circulatory dynamics, in addition to changes in pump speed. Meanwhile, atrial 15 

cannulation demonstrated little variations in ventricular volume during rest, which may cause 16 

blood to stagnate and thrombosis to form. Ventricular washout studies were not explored in 17 

this present study and would therefore merit future work. In addition, the use of a lumped 18 

parameter model limited the evaluation of shear stress with the application of a sinusoidal 19 

pulse. Computational fluid dynamic studies have demonstrated similar time-average 20 

haemolysis index values between constant speed and a square wave with a frequency of 20 21 

beats per minute [35]. However, the influence of shear stress with a sinusoidal pulse at a higher 22 

frequency is less clear and may be an avenue for additional studies.  23 

 24 
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Conclusion 1 

In conclusion, RBP inflow cannulation site and operating mode (constant speed and speed 2 

modulated synchronous sinusoidal co- and counter-pulse) were compared in this numerical 3 

study. Left ventricular cannulation demonstrated increased RBP flow and greater pressure-4 

volume area unloading and is therefore more suitable for patients who may return to exercise 5 

following RBP implantation, whilst the effect of synchronizing a sinusoidal pulse had little 6 

influence. Future work is to evaluate physiological control strategies that could automatically 7 

increase mean pump speed to reduce ventricular workload and further increase RBP flow 8 

during exercise.  9 

 10 
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Table 1: Cardiorespiratory changes from rest to exercise with a RBP in left ventricular cannulation runnng 

at a constant speed. BPM – beats per minute, LV – left ventricular and RV – right ventricular. Note that 1 

mmHg min mL-1 is equal to 8 MPa s m-3 and 80 dyne s cm-5.  

Parameter Rest Exercise 

Heart rate (BPM) 76 113 

Systolic Diastolic Ratio (%) 58 65 

Ventilation (L min-1) 9 44 

Systemic vascular resistance (mmHg min mL-1) 15.0 7.9 

LV Emax (mmHg mL-1) 0.51 0.65 

RV Emax (mmHg mL-1) 0.36 0.46 

 

Table 1 Click here to access/download;Table;LALV_Revision Table
1.docx



Table 2: Haemodynamics of severe left heart failure (HF) patient supported with left ventricular (LVC) or 

left atrial cannulation (LAC) at constant speed (CS) and sinusoidal co- and counter-pulse during rest. LAP 

– left atrial pressure, MAP – mean aortic pressure, CO – cardiac output, AoV flow – flow through aortic 

valve, LVSW – left ventricualr stroke work, PVA – left ventricualr pressure-volume area, RBP – rotary 

blood pump and RPM – revolutions per minute. 

Simulated Patient 

LVC LAC 

Constant 

speed 
Co-pulse 

Counter-

pulse 

Constant 

speed 
Co-pulse 

Counter-

pulse 

LAP (mmHg) 
11.6 11.6 11.5 11.1 11.3 11.6 

MAP (mmHg) 
87.5 87.8 87.7 87.2 87.6 87.6 

Pulse Pressure 

(mmHg) 

11 26 9 2 19 20 

CO  

(L min-1) 

4.99 4.99 5.02 5.02 4.99 4.99 

AoV Flow (L 

min-1) 

0.00 0.00 0.00 0.00 0.00 0.00 

RBPQ (L min-1) 
4.99 4.99 5.02 5.02 4.99 4.99 

LVSW  

(J) 

0.16 0.20 0.12 0.01 0.01 0.01 

PVA  

(J) 

0.85 0.84 0.87 0.97 0.98 0.93 

RBP Speed 

(RPM) 

2780 

2880  

± 500 

2760  

± 500 

2900 

2940  

± 500 

2940  

± 500 

 

Table 2 Click here to access/download;Table;LALV_Revision Table
2.docx



 

Figure 1: Block diagram of previously validated numerical cardiorespiratory model. Blue crosses represent 

when the rotary blood pump (RBP) was either connected to the left atrium or left ventricle. 

 

Figure 1 Click here to access/download;Figure;LALV_Revision Figure
1.docx



 
Figure 2: Example illustration of sinusoidal co- and counter-pulse speed with respect to the cardiac cycle. 

LVP – left ventricular pressure.  

 

Example Illustration of Speed Modulation 

with Respect to Cardiac Cycle 

Figure 2 Click here to access/download;Figure;LALV_Revision Figure
2_revision.docx



 

Figure 3: Illustration of pressure-volume area (PVA) calculation from left ventricular stroke work (LVSW) 

and potential energy (PE). LVVol – left ventricular volume and LVP – left ventricular pressure. 
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3.docx



 

Figure 4: Comparison of systemic pressure, rotary blood pump flow (RBPQ) and left ventricular volume 

(LVV) with changes in inflow cannulation and speed operating mode during rest. LVC – left ventricular 

cannulation, LAC – left atrial cannulation, LVP – left ventricular pressure, AOP – aortic pressure, LAP – 

left atrial pressure.  
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Figure 5: Comparison of left ventricular pressure (LVP) and left ventricular volume (LVV) loops for left 

ventricular (LVC) and left atrial cannulation (LAC) operating at constant speed and sinusoidal co- 

andcounter-pulse during rest and exercise.  
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Figure 6: Comparison of rotary blood pump (RBP) head-flow (HQ) loops for left ventricular (LVC) and 

left atrial cannulation (LAC) operating at constant speed and sinusoidal co- andcounter-pulse during rest 

and exercise. Note that the numerical values adjacent to the static HQ curves is the speed in revolutions per 

minute (RPM).   
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Figure 7: Comparison of haemodynamics from steady state rest to steady state exercise for left ventricular 

(LVC) and left atrial cannulation (LAC) operating at constant speed and co- and counter-pulse. LAP – left 

atrial pressure, MAP – mean aortic pressure, CO – cardiac output, AoV Flow – flow through aortic valve, 

RBPQ – rotary blood pump flow, LVSW – left ventricular stroke work and PVA – pressure-volume area.   
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Figure 8: Comparison of systemic pressure, rotary blood pump flow (RBPQ) and left ventricular volume 

(LVV) with changes in inflow cannulation and speed operating mode during exercise. LVC – left 

ventricular cannulation, LAC – left atrial cannulation, LVP – left ventricular pressure, AOP – aortic 

pressure, LAP – left atrial pressure.  
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Response to Reviewer Comments 

The authors would like to thank the reviewers for taking the time to review and provide thoughtful 

suggestions for this manuscript. Reviewer comments are presented in bold text throughout, with the 

author response presented in italics. Additions to the manuscript are highlighted in yellow.  

 

Reviewer #1:  

Why is the left ventricular volume constant during the left atrial cannulation during rest? Is there no 

residual heartbeat / pulsatility of the left ventricle? Also, if the left ventricle isn't contracting during 

rest, how and why is it contracting during exercise? 

 

Variations in ventricular volume are dependent on the end-diastolic pressure-volume relationship (EDPVR), 

end-systolic pressure-volume relationship (ESPVR), preload and afterload. When the preload, ESPVR and 

EDPVR remain constant and afterload increases, the stroke volume is decreased (Fig 1a – red area). For 

this present study, the EDPVR was not changed throughout the study, whilst the ESPVR remained the same 

during rest for all inflow cannulation sites and speed operating modes. With atrial cannulation at rest, the 

afterload increased due to the pump output and as a result, the variations in ventricular volume 

significantly decreased. In this case, the afterload increased so significantly that it rose higher than systolic 

left ventricular pressure. Due to the negative pressure gradient across the aortic valve, left ventricular 

ejection was not possible (given the failed LV), which resulted in a zero change in left ventricular volume 

despite a continued change in pressure as the ventricle attempts to contract. In ventricular cannulation, 

the LV would still eject through the inflow cannula, however in atrial cannulation this is not possible. 

Meanwhile, during the transition to exercise, the ESPVR increased in our study. This is because during 

increases in ESPVR (inotropy), the stroke volume is enlarged (Fig 1b – red area).  

 

Figure 1: Alterations in pressure-volume loops due to changes in a) afterload and b) inotropy. Images accessed from 
www.cvphysiology.com  

response to reviewers Click here to access/download;attachment to manuscript;CVET
Response to reviewers_R2_V2_EW.docx



To improve clarity of the small variations in ventricular volume with left atrial cannulation at rest, the 

manuscript has been updated in the results section (page 11 line 5) to:  

“The smaller variation of ventricular volume was due to the increase in afterload with atrial cannulation 

with the same end-systolic pressure-volume relationship.” 

Meanwhile, the changes in left ventricular ESPVR (Emax) between rest and exercise of the methodology has 

been repeated here and is found in table 1. 

Parameter Rest Exercise 

Heart rate (BPM) 76 113 

Systolic Diastolic Ratio (%) 58 65 

Ventilation (L min-1) 9 44 

Systemic vascular resistance (mmHg min mL-1) 15.0 7.9 

LV Emax (mmHg mL-1) 0.51 0.65 

RV Emax (mmHg mL-1) 0.36 0.46 

 

 

I still think figure 2 is misleading. Are the co and counter pulse curves meant to be the variation in aortic 

pressure, or the change in the speed of the LVAD? If it's the change in speed, a second y-axis should be 

in the figure. Staying with figure 2, the authors say that the figure is "exemplary" - they should 

reconsider the choice of the word, since its very unusual to use it in this context. 

The purpose of figure 2 is to demonstrate that increase and decrease of pump speed with respect to cardiac 

cycle. The blue and red dash curves are representative of pump speed. The authors agree that better clarity 

is required to demonstrate which waveforms are speed and hemodynamic parameters; however, we 

disagree of including a second y-axis in the figure. The figure only gives an example of the waveforms and 

not the actual numerical values. Instead, the legend has been updated to describe co-pulse speed and 

counter-pulse speed. Exemplary has also been removed and the title has been updated to example 

illustration of speed modulation with respect to cardiac cycle. Updated figure 2 is also shown below:  



 

Figure 2: Example illustration of sinusoidal co- and counter-pulse speed with respect to the cardiac cycle. 

LVP – left ventricular pressure 

 

I believe that the authors should run a couple of additional simulations that vary the systemic vascular 

resistance as it is a very important clinical factor. At the very least, the authors should rephrase / reword 

the paragraph between lines 5 and 17 on page 20 of the revised manuscript, since the message put 

across by this paragraph is to increase RBP speed to improve flow. This can be detrimental in many 

patients, especially if the MAP is not under control. Moreover, administering any kind of MAP 

management to a patient whose MAP is high, and who is also at an elevated RBP speed, will have 

significantly harmful effects as flow would be substantially higher if the RBP speed is not adequately 

reduced. Thus, the authors should be careful in stating that increasing RBP speed is the only way to 

improve flow. 

 
The authors agree that variations in systemic vascular resistance is an important factor; however, we 

believe this would be suitable for additional work. The reviewer is correct that not only pump speed 

influences flow during exercise, but also the vascular and right sided function. However, an aim of this 

study was to investigate speed modulation of the pump and therefore the discussion was focused on device 

operation. The discussion has been updated to only consider the device operation of pump flow and is in 

page 20 line 13.  

 

“Instead, when considering device operation, further improvement in pressure-volume area unloading and 

greater RBP flow may be achieved by increasing mean RBP speed, which was demonstrated in the 

numerical study by Fresiello et al. [29]. Therefore, future work with respect to device operation should 

focus on developing methods that automatically increase RBP speed to reduce ventricular workload and 

further increase RBP flow during exercise.” 

Example Illustration of Speed Modulation 

with Respect to Cardiac Cycle 



However, we also agree with the reviewer that vascular resistance changes were not considered in this 

present study but could be applied clinically to alter the circulatory dynamics, in addition to changes in 

pump speed. To acknowledge the reviewer’s suggestions, the limitation of the discussion in section page 

21 and line 13 has been updated to:  

“In addition, independent vascular resistance changes were not considered in this present study but could 

be applied clinically to alter the circulatory dynamics, in addition to changes in pump speed.” 

Reviewer #2: Most of the concerns have been answered, however there is still an open question that 

has not been convincingly addressed by the authors: 

p9 now page 10: "[…] with left ventricular cannulation, there were no notable differences in pressure-

volume area between co-pulse, counter-pulse and constant speed (0.84, 0.87 and 0.85 J)." Although the 

impressions remains that it rather refers to left atrial cannulation, do the authors refer to rest or 

exercise conditions or both? 

The reviewer is thanked for highlighting the unclear sentence. The comparison of co-pulse, counter-pulse 

and constant speed (0.84, 0.87 and 0.85 J) was at rest. The sentence has been updated in include rest and 

is found in page 10 line 16: 

“However, with left ventricular cannulation, there were no notable differences in pressure-volume area at 

rest between co-pulse, counter-pulse and constant speed (0.84, 0.87 and 0.85 J respectively).” 

 

With left atrial cannulation the left ventricular volume remains constant at 180 mL during Rest and all 

three speed conditions. Does this mean that there is no blood exchange during the cardiac cycle at all 

as there seems to be no fluctuation? What would that imply and is this really realistic? 

We thank reviewer 2 for highlighting a similar concern to reviewer 1 with respect to ventricular volume 

changes with atrial cannulation. A more detailed description on the physiology of very little ventricular 

volume changes with atrial cannulation is described in reviewer 1 comment 1. However, in brief, the very 

small variations of ventricular volume are due to the increase in afterload when the end-diastolic pressure 

volume relationship and end-systolic volume relationship remained the same. Furthermore, previous in 

vitro and in vivo studies have demonstrated reduced changes in ventricular volume with atrial cannulation, 

and this has been previously described in the discussion of the manuscript (page 18 line 10). However, the 

reviewer raises an excellent point of the implications with little fluctuations of ventricular volume, which 

was not previously described. The implications of little fluctuations in ventricular volume results in blood 

being stagnant and may cause thrombosis to occur. To acknowledge the thoughtful point from the 

reviewer, the discussion in page 21 line 15 has been updated to: 

“Meanwhile, atrial cannulation demonstrated little variations in ventricular volume during rest, which may 

cause blood to stagnate and thrombosis to form. Ventricular washout studies were not explored in this 

present study and would therefore merit future work.”  

 

Reviewer #3: The authors have addressed all major/minor concerns from the reviewers. Accept as is. 

We thank the reviewer for taking the time to review our manuscript.  


