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Abstract

Patients supported with an LVAD have impaired cardiovascular adaptations during exercise, resulting in 

reduced total cardiac output and exercise intolerance. The aim of this study is to report associations among 

these impaired cardiovascular parameters and exercise hemodynamics, and to identify in which conditions 

an LVAD speed increase can provide substantial benefits to exercise.

A cardiorespiratory simulator was used to reproduce the average hemodynamics of LVAD patients at 

exercise. Then, a sensitivity study was conducted where cardiovascular parameters were changed 

individually ±20% of their baseline value at exercise (heartrate, left/right ventricular contractility, total 

peripheral resistance and valve pathologies). Simulations were performed at a baseline LVAD speed of 

2700 rpm and repeated at 3500 rpm to evaluate the benefits of a higher LVAD support on hemodynamics.

Total cardiac output (TCO) was mostly impaired by a poor left ventricular contractility or vasodilation at 

exercise (-0.6 L/min), followed by a poor chronotropic response (-0.3 L/min) and by a poor right 

ventricular contractility (-0.2 L/min). LVAD speed increase better unloads the left ventricle and improves 

total cardiac output in all the simulated conditions. The most substantial benefits from LVAD speed 

increase were observed in case of poor left ventricular contractility (TCO +1.6 l/min) and vascular 

dysfunction (TCO +1.4 l/min) followed by lower heartrate (TCO +1.3 l/min) and impaired right ventricular 

contractility (TCO +1.1 l/min).

Despite the presence of the LVAD, exercise hemodynamic is strongly depending on the ability of the 

cardiovascular system to adapt to exercise. A poor left ventricular inotropic response and a poor vascular 

function can strongly impair cardiac output at exercise. In these conditions LVAD speed increase can be an 

effective strategy to augment total cardiac output and unload the left ventricle. These results evidence the 

need to design a physiological LVAD speed controller, tailored on specific patient’s needs. 

Introduction

Left ventricular assist devices (LVADs) have become an established therapy to manage end-stage heart 

failure patients and implantation numbers increased within the last decade (1). Despite patients’ 

hemodynamic normalization at rest and improvements in functional capacity after LVAD implantation, 

exercise capacity remains substantially lower compared to gender and age predicted values (2).

LVAD patients share typical multiorgan impairments observed in heart failure patients, such as 

chronotropic incompetence, poor left/right ventricular function, valve diseases, impaired autonomic 

functions along with others (2). As a result of these impairments, substantial differences are observed both 

in terms of exercise performance and in the ability to increase total cardiac output (TCO) (2). A
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Current LVADs work at a constant pump speed and do not embed physiological controllers to adapt the 

support to body needs at exercise. Therefore, patients mainly rely on their remaining cardiac function to 

increase TCO by the output through the aortic valve (QAV) and achieve higher peak VO2 levels (3,4). 

Dependencies between low LVAD speed (below baseline value) and reduced exercise capacities were 

found in previous clinical studies (5,6). However, other studies investigating the effects of an LVAD speed 

increase under exertion, reported moderate to no improvements in terms of exercise capacity or TCO (7–

13). Given the large patients diversity in terms of cardiovascular impairments, the benefits of an increased 

LVAD speed during exercise are still unclear. 

How and to which extent each cardiovascular impairment affects exercise hemodynamics, and in turn how 

the hemodynamics would be affected by a higher LVAD support at exercise, is difficult to investigate 

clinically. The cardiovascular system, highly regulated by several physiological controls, the presence of 

comorbidities and the LVAD itself, define a complex system where cause effects mechanisms are hardly 

identifiable.

Given these premises, this work offers a systematic analysis of exercise hemodynamics in LVAD patients. 

Using a computational simulator, cardiovascular parameters were changed individually to obtain different 

exercise profiles, used to analyse the contribution of LVAD speed increase in accommodating a higher 

TCO. This simulation study offers an analysis on the underlying physiological mechanisms limiting 

exercise capacity in LVAD patients and defines exercise profiles that would benefit from an LVAD speed 

control the most. 

Cardiorespiratory simulator

A computational lumped parameters simulator was used for the study. The simulator was implemented in 

LabVIEW (National Instruments Austin, TX) and it represents the cardiovascular and respiratory systems 

with the relative impairment observed in heart failure condition. A general overview of the simulator is 

reported in Figure 1, more information about its components and its validation are reported in (14,15). The 

cardiovascular model included a time varying elastance model for the representation of the atria and 

ventricles, contracting in diastole and systole respectively. Heart valves were represented with a diode and 

a resistance, in case of regurgitation a backflow resistance was added to the model. The circulation was 

split into different circulatory regions (ascending and descending aorta, upper body, kidneys, splanchnic 

circulation, left and right leg, superior and inferior vena cava and pulmonary circulation) each represented 

by a Windkessel model connected in series or in parallel with the rest of the circulation. The ventilation 

was represented in terms of flow (tidal volume and frequency) and pleural pressure that in turn affects the 

intrathoracic pressure in the rib cage. The ventilated air was used to reproduce the gas exchange in the A
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lungs for the oxygenation and deoxygenation of blood. In the peripheral tissues, the oxygen consumption 

and production of carbon dioxide was represented locally, according to the metabolic state of the 

considered circulatory region. 

Specific cardiorespiratory control mechanisms permitted to reproduce the evolution of hemodynamics from 

rest to exercise condition. A model of autonomic control regulated the systemic circulation and induced 

vasoconstriction during exercise due to sympathetic nerve overstimulation and vagal withdrawal. The 

autonomic control regulated also the positive inotropic and chronotropic response of the heart during 

exercise. A model of metabolic control regulated the vasodilation in the peripheral tissues, if hypoxia was 

detected. Concerning ventilation, a specific control was implemented that regulated tidal volume and 

ventilation frequency according to the oxygen and carbon dioxide partial pressure sensed in the upper body.

LVAD model

A model of a HVAD pump (Medtronic Inc., Minneapolis, MN, USA) was implemented and connected 

between the left ventricle (LV) and the aorta. The model included an inflow cannula (diameter 1.9 cm and 

length 2.5 cm) and outflow graft (diameter 0.9 cm and length 20 cm), each modelled with an inertance and 

a resistance as reported in (16). For the pump a second order polynomial equation was used to reproduce 

the pressure-flow characteristics (16), in line with the in-vitro measurements reported in (17). 

Simulator verification

In the present work we started from an average hemodynamic condition of LVAD patients at rest. The 

HVAD was run at a speed of 2700 rpm to obtain a full support with an LVAD flow rate (QLVAD) of 4.8 

L/min. The simulator was left running until a steady condition at rest was reached. Then simulations data 

were collected and compared to clinical data from the literature (5,7,9,10,18). 

For exercise, a bicycle ergometer test of 80 watts was simulated, corresponding to an oxygen uptake of 

15.2 ml/min/kg, a typical maximum value reached in LVAD patients (19). Thanks to the implemented 

control mechanisms, the simulator automatically performed the following adaptations to exercise: increase 

in TCO and ventilation, vasodilation, increase in heart rate and contractility. The simulator was left run 

until a steady state of the exercise condition was reached. Then simulations data were collected and  

compared to clinical data from the literature (5,7,9,10,18). 

The exercise simulation of this “average” LVAD patient will be referred to as baseline (BL) hereafter.

Simulation of different exercise profiles 

In addition to the BL patient, other exercise profiles were simulated. For the purpose, some cardiovascular 

parameters were released from the control mechanisms and manually changed one at a time. Heart rate 

(HR), left/right ventricular contractility (EmaxL/EmaxR) and total peripheral resistance (TPR) were A
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increased and decreased of 20% compared to BL simulation at exercise. This permitted to mimic LVAD 

patients with a better/poorer chronotropic, inotropic or peripheral circulatory response to exercise. 

Additionally, aortic insufficiency (AI) and aortic valve stenosis (AS) sometimes observed in LVAD 

patients, were also simulated (20,21). A comprehensive overview of the cardiovascular parameters at BL 

and of their manual changes are reported in Table 1 and in SupplFig1. To investigate the potential benefit 

with an increased LVAD speed, each exercise profile was analyzed at a baseline LVAD speed of 2700 and 

at an increased speed of 3500rpm.

Results

BL simulation

The BL profile simulated at rest and at exercise was compared to clinical data taken from the literature 

(5,7,9,10,18). Results are reported in Table 2 and show that the simulator can replicate the exercise 

response of LVAD patients in terms of central hemodynamics, TCO and its repartition between the LVAD 

and the LV. While at rest the LV is in full support and TCO is 4.8 L/min, at exercise TCO increases to 6.8 

L/min with the LVAD contribution 5.3 L/min and of the LV 1.5 L/min. For a more detailed validation, 

additional results are reported in (14,15). 

Effects of cardiovascular parameters on QAV, QLVAD and TCO

Starting from the BL profile, other exercise responses were simulated by manually changing cardiovascular 

parameters individually. The results of these simulations are shown in Figure 2 and evidence the following 

changes in TCO and its repartition between QAV and QLVAD:

- HR: the comparison between HR+ and HR- indicated that a better chronotropic response significantly 

improved TCO (+0.7 L/min) at exercise. This was mostly at the expense of the left ventricle, since a 

higher HR induced a significant increase in QAV (+0.5 L/min) and only a minimal increase in QLVAD 

(+0.1 L/min). 

- EmaxL: the comparison between EmaxL+ and  EmaxL- showed that a better left ventricular inotropic 

response resulted in a higher TCO (+1.3 L/min), mostly accommodated by the LV (+2.5 L/min) that 

overcomes the LVAD. In fact EmaxL+ resulted in an increased mean aortic pressure (see SupplTab1) 

and in a consequent decreased QLVAD (-1.2 L/min). Hence, higher EmaxL levels during exercise are 

associated with a higher QAV and with an increase in afterload that ultimately limits QLVAD.

- EmaxR: the comparison between EmaxR+ and EmaxR- evidenced that a better right ventricular function 

positively affected TCO (+0.4 L/min) mainly at the expenses of the QLVAD (+0.4 L/min). The general 

effects of EmaxR+ on TCO were less substantial compared to those observed for HR+ and EmaxL+. 
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- TPR: the comparison between TPR+ and TPR- evidenced that a lower TPR resulted in an increased 

TCO (+1.3 L/min), as the combined contribution of QLVAD (+0.4 L/min) and QAV (+0.9 L/min).

- AI: TCO at exercise progressively decreased (6.5, 6.4 and 6.0 L/min) for increasing levels of AI severity 

(1,2,3). QLVAD increased (5.6, 5.7 and 6.2 L/min) for higher AI grades, resulting in more regurgitant 

flow (see SupplTab1). For mild regurgitation (AI1) the systolic QAV exceeded diastolic regurgitant flow, 

thus resulting in an overall positive QAV over the heart cycle of +0.9 L/min. For severe aortic 

insufficiency (AI 3), regurgitant flow exceeded systolic QAV resulting in a negative QAV over the heart 

cycle of -0.3 L/min.

- AS: the presence of AS (severity 1,2,3) limits QAV (1.3, 1.2 and 0.9 L/min) with consequent increase in 

QLVAD (5.4, 5.5 and 5.6 L/min) . This finally resulted in lower TCOs (6.7, 6.6 and 6.5 L/min) since the 

limited output through the aortic valve was not fully compensated by the LVAD pump flow.

Hemodynamics during exercise with different LVAD speeds

The simulations of the BL profile and of the other exercise profiles were repeated also with a higher LVAD 

speed of 3500 rpm. The resulting hemodynamics were compared to the corresponding simulations with 

baseline LVAD speed of 2700 rpm. The comparative analysis was focused on TCO and LAPMAX and is 

reported in Figure 3. 

For the BL exercise profile, the increase in LVAD speed augmented TCO of +1.0 L/min and reduced 

LAPMAX by -6.1 mmHg. These changes indicated the possible benefits a BL patient could experience from 

an LVAD speed modulation under exertion. More pronounced benefits were observed for EmaxL-, TPR+, 

HR- and AS1,2,3 profiles. Less benefit, below those observed for BL, occurred for the simulations 

EmaxL+, HR+ and AI. 

Discussion 

Aim of this work was to investigate the exercise hemodynamics of LVAD patients and the effects of 

LVAD speed increase. A cardiorespiratory simulator was used to reproduce the hemodynamics of patients 

in agreement to literature data (BL). Additionally, different exercise profiles were created to investigate 

how a single cardiovascular impairment can affect exercise hemodynamics.

QAV and QLVAD in different exercise profiles

The change of cardiovascular parameters elicited to different QAV and QLVAD responses, as reported in 

Figure 2. A rough classification is provided below: 

- Concomitant increase in QAV and QLVAD: the exercise profile with a better chronotropic response (HR+), 

better right ventricular contractility (EmaxR+) and a better vasodilation (TPR-) elicited to both QAV and 

QLVAD increase compared to the BL patient. A
cc

ep
te

d
 A

rt
ic

le



This article is protected by copyright. All rights reserved

- Reduction in QAV and increase in QLVAD: AS and AI reduce QAV and increase QLVAD compared to BL, in 

the first case due to the obstruction the blood flow encounters through the aortic valve (AV), in the 

second case due to the backflow through the AV in diastole. 

- Reduction in QLVAD and increase in QAV: a better inotropic response of the LV (EmaxL+) positively 

affects QAV while limiting QLVAD. This inverse trend is named “competing mechanism” between the LV 

and the LVAD and has been discussed previously (3,22). The competing mechanism occurs with AV 

opening and results in a reduced sensitivity of QLVAD to preload compared to full-support. A higher QAV 

augments systolic aortic pressure and consequently QLVAD reduces. Exercise is a potent facilitator of the 

competing mechanism due to the positive inotropic and chronotropic response combined with peripheral 

vasodilation and an augmented venous return that facilitate the LV to eject. 

Evolution of TCO in different exercise profiles

- EmaxL: among all the investigated parameters, EmaxL is one of the most important in assuring a higher 

TCO at exercise. These results are in line with previous clinical studies evidencing the crucial role of the 

residual LV function in eliciting a higher TCO and exercise capacity (3,4,9). Noor et al (6) observed that 

patients with a residual LV contractility are able to better accommodate an increase in TCO, resulting in 

higher exercise capacities. Fresiello et al (8) reported that LVAD power increased less at peak exertion 

in patients with better exercise capacity, indicating a possible increase in TCO mostly at the expenses of 

the LV. In addition, Gross et al. (3) reported the importance of the cardiac response during exercise by 

observing correlations of peak oxygen consumption with HR and AV status, whereas QLVAD showed no 

correlation. 

- EmaxR:  substantial changes in LAPMAX (+5 mmHg) and pulmonary pressure (+5.2 mmHg) compared 

to BL were observed for EmaxR+. This rather utterly high LAPMAX indicates an insufficient capacity of 

the LVAD+LV system in balancing the increased right ventricular output, in agreement with (23,24). 

This ultimately translates into a rather modest increase in TCO (+0.2 L/min). This mild effect could be 

the reason why different relationships between the resting RV function and exercise capacity were 

reported in clinical studies (10, 11, 25) with a non clear understanding of the impact of the RV on 

patient’s outcome under exertion. 

- TPR: is another important parameter in affecting exercise hemodynamics. Impairments in vasodilation 

with exercise (TPR+) resulted in a reduced TCO (-0.6 L/min compared to BL). This result is in 

agreement with the clinical study of Martina et al. (4), in which vascular resistance was reported as the 

strongest correlated parameter to TCO at exercise. Several clinical observations reported compromised 

vascular function in patients assisted with a continuous flow LVAD (26–28). The effects of vascular 

impairment at exercise is difficult to be quantified in clinics, due to the challenges in collecting arterial 

pressure data in LVAD patients non-invasively. A
cc

ep
te

d
 A

rt
ic

le



This article is protected by copyright. All rights reserved

- HR: a higher HR helps the RV in pumping more blood to the pulmonary circulation, resulting in a 

higher pulmonary pressure (+4.6 mmHg) and a higher LAPMAX (+3.8 mmHg) compared to HR- (see 

SupplTab1). The increased HR and LV preload resolved in a higher  QAV (+0.5 L/min) while only a 

minimal increase in QLVAD (+0.1 L/min). This  rather mild relationship between HR and QLVAD during 

exercise is in agreement with previous clinical observations (3,18). Regardless the individual 

contribution of the LV and the LVAD, simulations evidenced that an increase in HR does translate 

ultimately in an increase in TCO (+0.7 L/min). This is in line with previous studies demonstrating a 

strict positive correlation between peak HRs and exercise capacity in LVAD patients (3,6,9,29).

In summary, the parameters mostly sensitive to change TCO during exercise are in order (see Figure 2): 

EmaxL± (+1.3 L/min), TPR± (-1.3 L/min), HR± (+0.7 L/min) and EmaxR± (+0.4 L/min). Additionally, the 

presence of AI or AS negatively affect hemodynamics by promoting aortic backflow in the first case and by 

halting QAV in the second case. 

Effects of LVAD speed increase in different exercise profiles 

Sensitivity to LVAD speed increase in different exercise profiles

It was evidenced that LVAD patients at exercise are characterized by lower TCO and a higher LAPMAX 

compared to healthy subjects (23). It is therefore of clinical interest to evaluate if and for which patients, an 

increase in LVAD speed could counteract these two phenomena. Hence, in this work benefits with LVAD 

speed increase were quantified in terms of increase in TCO and decrease in LAPMAX compared to BL.

Results evidenced that for the BL patient an LVAD speed increase at exercise would significantly improve 

TCO (+1.0 L/min) and decrease LAPMAX (-6.1 mmHg). The improvement in TCO predicted by the 

simulator is in agreement with Mezzani et al (from 7.1±1.8 to 7.6±1.9 L/min) (11). 

Concerning the other simulated exercise profiles, LVAD speed increase evidenced benefits in all conditions 

but with different magnitudes. The simulations with cardiac or vascular impairments such as EmaxL-, HR-, 

TPR+ or AS showed higher benefits from an increased LVAD speed during exercise compared to BL and 

to their less impaired counterparts EmaxL+, HR+, TPR-. These findings are in line with (30) that older 

patients tended to benefit more from LVAD speed increase during exercise than younger patients. As a 

matter of fact, the chronic changes of the cardiovascular system in older LVAD patients most likely would 

result in a poorer EmaxL, higher TPR and lower peak HR.

How much should we increase LVAD speed?

An overview on the effect of LVAD speed increase on peak exercise was reported Laoutaris (31). In two 

studies a positive increase in peak oxygen consumption was found, 11 studies reported moderate increase A
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within the range of 7-9%, two studies reported little or no effect on TCO and five studies did not observe 

significant differences in oxygen consumption at peak exercise. Most of these studies however used only 

mild to moderate increase in LVAD speed, executed equally on the entire cohort regardless the specific 

hemodynamic condition of each patient. 

In our study, we operated a substantial increase in HVAD speed, higher than what was tested in clinics and 

even beyond the clinical limit of 3200 rpm. This choice was motivated from the observation that all the 

exercise profiles simulated evidenced a high LAPMAX. This observation is in agreement with  Hayward et al 

(23) that evidenced a substantial increase pulmonary capillary wedge pressure in LVAD patients 

performing exercise. As such, there is room to higher LVAD speed increase than what has been tested so 

far clinically. 

Especially EmaxL-, EmaxR+ and HR+ exercise profiles, show high values of LAPMAX due to an unbalance 

of the LV+LVAD system in accommodating the flow of the RV. In these conditions it would be beneficial 

to operate even further LVAD speed increases. 

In summary, according to the degree of cardiac or peripheral impairment more or less hemodynamic benefit 

can be expected from the increase in LVAD speed. Furthermore, high chronotropic response or a preserved 

right heart function may lead to increased preload at exercise indicating a higher tolerance for further 

LVAD speed upregulation.

Study limitations

This work is a simulation study with clear limitations since the computational simulator is unable to mimic 

the entire complexity of the human body at rest and during exercise. The pulmonary circulation is rather 

simple with no hypoxic vasoconstriction mechanisms. (15) The cardiorespiratory simulator reproduces 

LVAD hemodynamics from scattered clinical data taken from different sources, although results of this 

study are in line with clinical evidences. The increased LVAD speed (3500 rpm) is out of the range of 

recommended HVAD pump speeds (2400 to 3200 rpm) (32) and may increase shear stress. 

Conclusion

The impact of LVAD speed increase on exercise hemodynamics is subject depending and is not completely 

understood at present. A cardiovascular simulator was used to explain this inter-subject variability and the 

different effects that LVAD speed increase can elicit during exercise. Increased LVAD speed resulted in 

higher total cardiac output and better left ventricular unloading for all the simulated exercise profiles. 

Hemodynamic improvements were more evident in case of a poorer inotropic response, chronotropic 

response or peripheral vasodilation. High ventricular preloads at exercise were observed for simulations 
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with a poor left ventricular contractility or with a better right ventricular function, indicating a left/right 

hemodynamic unbalance and the possibility to operate even further LVAD speed increase. 
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QAV… aortic valve flow

TCO … total cardiac output

TPR … total peripheral resistance

A
cc

ep
te

d
 A

rt
ic

le



This article is protected by copyright. All rights reserved

References

1. Kirklin JK, Naftel DC, Pagani FD, Kormos RL, Stevenson LW, Blume ED, et al. Seventh 

INTERMACS annual report: 15,000 patients and counting. The Journal of Heart and Lung 

Transplantation. 2015 Dec;34(12):1495–504. 

2. Loyaga-Rendon RY, Plaisance EP, Arena R, Shah K. Exercise physiology, testing, and training in 

patients supported by a left ventricular assist device. The Journal of Heart and Lung Transplantation. 

2015 Aug;34(8):1005–16. 

3. Gross C, Marko C, Mikl J, Altenberger J, Schlöglhofer T, Schima H, et al. LVAD pump flow does 

not adequately increase with exercise. Artificial Organs [Internet]. 2018 Aug 28 [cited 2018 Oct 4]; 

Available from: http://doi.wiley.com/10.1111/aor.13349

4. Martina J, Jonge N, Rutten M, Kirkels JH, Kl?pping C, Rodermans B, et al. Exercise Hemodynamics 

During Extended Continuous Flow Left Ventricular Assist Device Support: The Response of 

Systemic Cardiovascular Parameters and Pump Performance: Exercise Hemodynamics During CF-

LVAD Support. Artificial Organs. 2013 Sep;37(9):754–62. 

5. Jakovljevic DG, George RS, Nunan D, Donovan G, Bougard RS, Yacoub MH, et al. The impact of 

acute reduction of continuous-flow left ventricular assist device support on cardiac and exercise 

performance. Heart. 2010 Sep 1;96(17):1390–5. 

6. Noor MR, Bowles C, Banner NR. Relationship between pump speed and exercise capacity during 

HeartMate II left ventricular assist device support: influence of residual left ventricular function. 

European Journal of Heart Failure. 2012 Jun;14(6):613–20. 

7. Brassard P, Jensen AS, Nordsborg N, Gustafsson F, Moller JE, Hassager C, et al. Central and 

Peripheral Blood Flow During Exercise With a Continuous-Flow Left Ventricular Assist Device: 

Constant Versus Increasing Pump Speed: A Pilot Study. Circulation: Heart Failure. 2011 Sep 

1;4(5):554–60. 

8. Fresiello L, Buys R, Timmermans P, Vandersmissen K, Jacobs S, Droogne W, et al. Exercise 

capacity in ventricular assist device patients: clinical relevance of pump speed and power. European 

Journal of Cardio-Thoracic Surgery. 2016 Oct;50(4):752–7. 

9. Jacquet L, Vancaenegem O, Pasquet A, Matte P, Poncelet A, Price J, et al. Exercise Capacity in 

Patients Supported With Rotary Blood Pumps Is Improved by a Spontaneous Increase of Pump Flow 

A
cc

ep
te

d
 A

rt
ic

le



This article is protected by copyright. All rights reserved

at Constant Pump Speed and by a Rise in Native Cardiac Output: EXERCISE CAPACITY WITH 

ROTARY PUMPS. Artificial Organs. 2011 Jul;35(7):682–90. 

10. Jung MH, Hansen PB, Sander K, Olsen PS, Rossing K, Boesgaard S, et al. Effect of increasing pump 

speed during exercise on peak oxygen uptake in heart failure patients supported with a continuous-

flow left ventricular assist device. A double-blind randomized study: Effect of increasing pump speed 

during exercise. European Journal of Heart Failure. 2014 Apr;16(4):403–8. 

11. Mezzani A, Pistono M, Corrà U, Giordano A, Gnemmi M, Imparato A, et al. Systemic perfusion at 

peak incremental exercise in left ventricular assist device recipients: Partitioning pump and native left 

ventricle relative contribution. IJC Heart & Vessels. 2014 Sep;4:40–5. 

12. Salamonsen RF, Pellegrino V, Fraser JF, Hayes K, Timms D, Lovell NH, et al. Exercise Studies in 

Patients With Rotary Blood Pumps: Cause, Effects, and Implications for Starling-Like Control of 

Changes in Pump Flow: Exercise Studies with Rotary Blood Pumps. Artificial Organs. 2013 

Aug;37(8):695–703. 

13. Vignati C, Apostolo A, Cattadori G, Farina S, Del Torto A, Scuri S, et al. Lvad pump speed increase 

is associated with increased peak exercise cardiac output and vo2, postponed anaerobic threshold and 

improved ventilatory efficiency. International Journal of Cardiology. 2017 Mar;230:28–32. 

14. Fresiello L, Meyns B, Di Molfetta A, Ferrari G. A Model of the Cardiorespiratory Response to 

Aerobic Exercise in Healthy and Heart Failure Conditions. Frontiers in Physiology [Internet]. 2016 

Jun 8 [cited 2019 Feb 27];7. Available from: 

http://journal.frontiersin.org/Article/10.3389/fphys.2016.00189/abstract

15. Fresiello L, Rademakers F, Claus P, Ferrari G, Di Molfetta A, Meyns B. Exercise physiology with a 

left ventricular assist device: Analysis of heart-pump interaction with a computational simulator. 

Lionetti V, editor. PLOS ONE. 2017 Jul 24;12(7):e0181879. 

16. Graefe R, Henseler A, Körfer R, Meyns B, Fresiello L. Influence of left ventricular assist device 

pressure-flow characteristic on exercise physiology: Assessment with a verified numerical model. In 

press on The International Journal of Artificial Organs (IJAO). 

17. Moazami N, Fukamachi K, Kobayashi M, Smedira NG, Hoercher KJ, Massiello A, et al. Axial and 

centrifugal continuous-flow rotary pumps: A translation from pump mechanics to clinical practice. 

Journal of Heart and Lung Transplantation. 2013;32(1):1–11. 

A
cc

ep
te

d
 A

rt
ic

le



This article is protected by copyright. All rights reserved

18. Muthiah K, Robson D, Prichard R, Walker R, Gupta S, Keogh AM, et al. Effect of exercise and pump 

speed modulation on invasive hemodynamics in patients with centrifugal continuous-flow left 

ventricular assist devices. The Journal of Heart and Lung Transplantation. 2015 Apr;34(4):522–9. 

19. Jung MH, Gustafsson F. Exercise in heart failure patients supported with a left ventricular assist 

device. The Journal of Heart and Lung Transplantation. 2015 Apr;34(4):489–96. 

20. Grinstein J, Kruse E, Sayer G, Fedson S, Kim GH, Sarswat N, et al. Novel echocardiographic 

parameters of aortic insufficiency in continuous-flow left ventricular assist devices and clinical 

outcome. The Journal of Heart and Lung Transplantation. 2016 Aug;35(8):976–85. 

21. Johnson NP, Zelis JM, Tonino PAL, Houthuizen P, Bouwman RA, Brueren GRG, et al. Pressure 

gradient vs. flow relationships to characterize the physiology of a severely stenotic aortic valve before 

and after transcatheter valve implantation. European Heart Journal. 2018 Jul 21;39(28):2646–55. 

22. Salamonsen RF, Mason DG, Ayre PJ. Response of Rotary Blood Pumps to Changes in Preload and 

Afterload at a Fixed Speed Setting Are Unphysiological When Compared With the Natural Heart: 

THOUGHTS AND PROGRESS. Artificial Organs. 2011 Mar;35(3):E47–53. 

23. Hayward CS, Fresiello L, Meyns B. Exercise physiology in chronic mechanical circulatory support 

patients: vascular function and beyond. Current Opinion in Cardiology. 2016 May;31(3):292–8. 

24. Lai JV, Muthiah K, Robson D, Prichard R, Walker R, Pin Lim C, et al. Impact of Pump Speed on 

Hemodynamics With Exercise in Continuous Flow Ventricular Assist Device Patients: ASAIO 

Journal. 2019 Feb;1. 

25. Mirza KK, Jung MH, Sigvardsen PE, Kofoed KF, Elming MB, Rossing K, et al. Computed 

Tomography–Estimated Right Ventricular Function and Exercise Capacity in Patients with 

Continuous-Flow Left Ventricular Assist Devices: ASAIO Journal. 2018 Nov;1. 

26. Amir O, Radovancevic B, Delgado RM, Kar B, Radovancevic R, Henderson M, et al. Peripheral 

Vascular Reactivity in Patients With Pulsatile vs Axial Flow Left Ventricular Assist Device Support. 

The Journal of Heart and Lung Transplantation. 2006 Apr;25(4):391–4. 

27. Lou X, Templeton DL, John R, Dengel DR. Effects of Continuous Flow Left Ventricular Assist 

Device Support on Microvascular Endothelial Function. J of Cardiovasc Trans Res. 2012 

Jun;5(3):345–50. 

A
cc

ep
te

d
 A

rt
ic

le



This article is protected by copyright. All rights reserved

28. Witman MAH, Garten RS, Gifford JR, Groot HJ, Trinity JD, Stehlik J, et al. Further Peripheral 

Vascular Dysfunction in Heart Failure Patients With a Continuous-Flow Left Ventricular Assist 

Device. JACC: Heart Failure. 2015 Sep;3(9):703–11. 

29. Garan AR, Nahumi N, Han J, Colombo P, Yuzefpolskaya M, Te-Frey R, et al. Chronotropic 

Incompetence May Impact Exercise Capacity in Patients Supported by Left Ventricular Assist 

Device. The Journal of Heart and Lung Transplantation. 2013 Apr;32(4):S93. 

30. Jung MH, Houston B, Russell SD, Gustafsson F. Pump speed modulations and sub-maximal exercise 

tolerance in left ventricular assist device recipients: A double-blind, randomized trial. The Journal of 

Heart and Lung Transplantation. 2017 Jan;36(1):36–41. 

31. Laoutaris ID. Restoring pulsatility and peakVO 2 in the era of continuous flow, fixed pump speed, left 

ventricular assist devices: ‘A hypothesis of pump’s or patient’s speed?’ Eur J Prev Cardiolog. 2019 

Jun 10;204748731985644. 

32. HeartWare Inc. HeartWareTM HVADTM System Instructions for Use (IFU00375 Rev06 06/18) 

[Internet]. 2018. Available from: 

https://www.heartware.com/sites/default/files/uploads/docs/ifu00375_rev06_hvad_ifu_en-

electronic.pdf

A
cc

ep
te

d
 A

rt
ic

le



This article is protected by copyright. All rights reserved

Tables

Table 1: Cardiovascular parameters used to simulate different exercise profiles. Simulations are labelled as: 

baseline condition (BL), higher/lower left ventricular contractility (EmaxL+/ EmaxL-), higher/lower right 

ventricular contractility (EmaxR+/ EmaxR-), higher/lower total peripheral resistance (TPR+/ TPR-), aortic 

regurgitation (AR) and aortic valve stenosis (AS). 

Cardiovascular parameter
Cardiovascular Parameter Values 

(Baseline/-20%/+20%)
Simulation Label

Heart Rate  [bpm] 113/90/136 BL/HR-/HR+

Left ventricular contractility [mmHg/cm³] 0.65/0.52/0.78 BL/EmaxL-/EmaxL+

Right ventricular Contractility [mmHg/cm³] 0.46/0.37/0.55 BL/EmaxR-/EmaxR+

Total peripheral resistance [mmHg*s/cm³] 0.47/0.37/0.56 BL/TPR-/TPR+

Aortic insufficiency None/mild/moderate/severe BL/AI1/ AI2/ AI3

Aortic stenosis None/mild/moderate/severe BL/AS1/ AS2/ AS3
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Table 2: Comparison between simulated and literature data (5,7,9,10,19) at rest and at exercise for the 

baseline patient (BL). 

TCO

[L/min]

QLVAD

[L/min]

QAV

[L/min]

HR

[bpm]

PAP

[mmHg]

LAPMAX

[mmHg]

AOPMEAN

[mmHg]

RAP

[mmHg]

BL Rest - Simulation 4.8 4.8 0.0 75 19.3 13.2 92 8.7

BL Rest - Literature 5.0±0.4 5.3±0.0 0.0±0.0 76±3 21.5±1.2 15.1±2.7 91±9 7.4±1.4

BL Exercise- Simulation 6.8 5.3 1.5 113 34.3 25.6 100 16.5

BL Exercise- Literature 7.3±1.4 6.1±0.1 1.6±1.5 117±15 31.6±1.8 22.3±3.1 98±13 13.0±4.0
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Figure legends

Figure 1: Block diagram of the cardiorespiratory simulator. The cardiovascular model includes left and 

right hearts, systemic and pulmonary circulations, baroreflex and metabolic peripheral controls. The 

respiratory model includes ventilation mechanics, gas exchange and ventilation control. The simulator is 

capable of mimicking the hemodynamic and respiratory response to exercise physiology in heart failure 

condition. The model also reproduces the effects of an LVAD connected between the left ventricle and the 

ascending aorta.

Figure 2: Simulation results for total cardiac output (TCO), LVAD flow (QLVAD) and left ventricular flow 

(QAV) at exercise for the baseline patient and for the other exercise profiles. 

Figure 3: Hemodynamic benefits due to an increase in LVAD speed during exercise (from 2700 to 3500 

rpm). The dashed line indicates the improvements in total cardiac output (TCO) and maximum left atrial 

pressure (LAPmax) observed from the increase in LVAD speed in BL simulation.
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