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Summary 
 

Arterial Pulsatility and Aortic Valve Function under Continuous 

Flow Left Ventricular Assist Device Support, Continuous Speed vs. 

Varying Speed Pump Assistance 

 

Continuous Flow Left Ventricular Assist Devices (CF-LVADs) generally operate at a 

constant speed, which causes a decrease in pulse pressure and pulsatility in the 

arteries and allegedly may lead to late complications such as aortic insufficiency and 

gastrointestinal bleeding. The purpose of this study is to increase the arterial pulse 

pressure and pulsatility and improve aortic valve function while obtaining more 

physiological hemodynamic signals, by controlling the CF-LVAD flow rate.  In chapter 2, 

a lumped parameter model was used to simulate the cardiovascular system including 

the heart chambers, heart valves, systemic and pulmonary arteries and veins. A 

baroreflex model was used to regulate the heart rate and a model of the Micromed 

DeBakey CF-LVAD to simulate the pump dynamics at different operating speeds. A 

model simulating the flow rate through the aortic valve served as reference model. CF-

LVAD operating speed was regulated by applying proportional-integral (PI) control to the 

pump flow rate. For comparison, the CF-LVAD was also operated at a constant speed, 

equaling the mean CF-LVAD speed as applied in pulsatile mode. In different operating 

modes, at the same mean operating speeds, mean pump output, mean arterial 

pressure, end-systolic and end-diastolic volume and heart rate were the same over the 

cardiac cycle. However, the arterial pulse pressure and index of pulsatility increased by 

50 percent in the pulsatile CF-LVAD support mode with respect to constant speed pump 

support.  

In chapter 3, the numerical study presented in chapter 2 was validated performing in-

vitro experiments. A model simulating the flow rate through the aortic valve was used as 

reference model to drive the pump. A Micromed DeBakey pump was used as the CF-
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LVAD. A mock circulation containing two synchronized servomotor-operated piston 

pumps acting as left and right ventricle was used as a circulatory system. PI control was 

used as the control method. First, the CF-LVAD was operated at a constant speed.  At 

varying speed CF-LVAD assistance, the pump was driven such that the same mean 

pump output was generated. Continuous and varying speed CF-LVAD assistance 

provided the same mean arterial pressure and flow rate, while the index of pulsatility 

increased in both arterial pressure and pump flow rate signals under pulsatile pump 

speed support. 

In chapter 4, the method proposed to increase the arterial pulsatility was assessed 

employing ex-vivo experiments. The heart pump was driven a at a varying speed, 

synchronous with the cardiac cycle in an ex-vivo experiment. A Micromed DeBakey 

pump was used as CF-LVAD. The heart was paced at 140 bpm to obtain a constant 

cardiac cycle for each heartbeat. First, the CF-LVAD was operated at a constant speed.  

At varying speed CF-LVAD assistance, the pump was driven such that the same mean 

pump output was generated. For synchronization purposes, an algorithm was 

developed to trigger the CF-LVAD each heartbeat. The pump flow rate was selected as 

the control variable and a reference model was used for regulating the CF-LVAD speed. 

Continuous and varying speed CF-LVAD assistance provided the same mean arterial 

pressure and flow rate, while the index of pulsatility doubled in both arterial pressure 

and pump flow rate signals under pulsatile pump speed support 

In chapter 5, a stepwise change was applied to the CF-LVAD operating speed to 

increase the arterial pulsatility over a cardiac cycle. A numerical cardiovascular system 

model and a pump model were used. The model was developed by considering the 

static characteristics of the MicroMed DeBakey CF-LVAD. First, the simulations were 

performed at constant operating speeds, 8500 rpm, 9500 rpm and 10500 rpm. Pulsatility 

indexes were calculated for left ventricular pressure, aortic pressure, left ventricular 

volume and LVAD flow. Cardiac output was calculated at constant operating speed and 

these values used for comparing the pulsatility indexes with stepwise and constant 

operating speeds. The CF-LVAD was operated at two different constant speeds in the 

stepwise operating speed simulations. Low and high operating speeds were adjusted so 

as to obtain the same cardiac output values with the constant operating speed 

simulations. The operating speeds in the simulations were 7800-11250 rpm, 9300-1250 

rpm and 10300-11250 rpm. The same cardiac output values were obtained with an 

increase in the pulsatility of the hemodynamic variables without significant changes in 

their shapes except the LVAD flow.  



ix 

 

In chapter 6, aortic valve function was assessed under varying speed CF-LVAD support. 

To do so, a Medtronic freestyle valve and a Micromed DeBakey CF-LVAD were tested 

in a mock circulatory system mimicking the complete human circulatory system. First, 

the CF-LVAD was operated at constant speeds between 7500-11500 rpm with 1000 

rpm intervals. The mean pump outputs obtained from these tests were applied in 

varying speed CF-LVAD support mode using a reference model for the pump flow. The 

peak of the instantaneous pump flow was applied at the peak systole and mid-diastole, 

respectively. Ejection durations in the aortic valve were the longest when the peak pump 

flow was applied at mid-diastole among the CF-LVAD operating modes while they were 

the shortest when the peak pump flow was applied at peak systole. Furthermore, mean 

aortic valve area over a cardiac cycle was highest when the peak pump flow was 

applied at mid-diastole. Mean flow through the aortic valve, mean pressure load on the 

aortic valve and mean pump operating speeds were not significantly different over a 

cardiac cycle.  

Finally in chapter 7, a general discussion is given and conclusions are drawn. 
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Chapter 1 

 

Introduction 

1.1 Heart Failure 

Heart failure has a complex structure at organ and cellular levels, and is the end 

result of several different disease processes that may be subject to a variety of 

therapies. In a failing heart, there is a poor contractile performance with systolic 

impairment and delayed diastolic relaxation. Dilated cardiomyopathy is a disease of the 

cardiac muscle and is characterized by a dilated, and therefore weaker, left ventricle. 

Hence, its ability to efficiently pump blood is reduced. The causes of dilated 

cardiomyopathy are unknown but they are often related to chronic alcohol abuse, use of 

beta-adrenergic agonists, or hypertension [1,2]. Patients suffering from premature 

ventricular contractions, also referred to as extrasystole, can develop dilated 

cardiomyopathy. The studies on the reduction and removal of extrasystole have 

confirmed the findings of the cardiomyopathy regressing [3,4]. Before a patient is 

diagnosed with dilated cardiomyopathy, the exclusion of any other cardiac, pulmonary 

or systemic disease showing a similar phenotype is required [5]. 

A failing myocardium, as it occurs in dilated cardiomyopathy, is known to display 

an abnormal intracellular Ca
2+

 handling, which also comprises an isoform switching of 

the myofilaments and a shift of the kinetics in crossbridge cycling [6]. Patients with 

dilated cardiomyopathy usually are anticipated to show abnormal relaxation kinetics 

[7,8]. The myofilament Ca
2+ 

responsiveness is distinguished by the relation between 

force and intracellular Ca
2+

. The normal behavior and values will be altered due to the 

“remodeling” caused by dilated cardiomyopathy. Typically, a lower force is produced 

with a decrease in Ca
2+

 or a decrease in myofilament function, even if the Ca
2+

 



Chapter 1 

Partially reproduced from: [B. Bhattacharya-Ghosh, S. Bozkurt], F. N. van de Vosse, M. C. M. 
Rutten, V. Diaz-Zuccarini. “An in Silico Case Study of Idiopathic Dilated Cardiomyopathy via Multi 
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transients remain unchanged [6]. In dilated cardiomyopathy Ca
2+

 transients are 

prolonged and myosin chains [9] are altered in the failing heart in strong correlation with 

its contractility [10,11]. A shift of the crossbridge kinetics to lower ranges slows down the 

crossbridge cycling [12] and may be the reason why a higher intracellular Ca
2+

 

concentration can produce little or no increment in contractile force [13].  

A dilation of the left ventricle does not mean that the muscular activity (force) will 

increase. Actually, the thinning of the muscular wall makes the Frank-Starling 

mechanism fail in the case of dilated cardiomyopathy. A rightward shift of the left 

ventricular P-V relation is typical according to the tendency toward increased ventricular 

volumes in chronic heart failure [14]. 

Congestive heart failure can have typical symptoms, such as shortness of breath 

and swelling of the legs due to retention of fluids. It may also cause the formation blood 

clots in the heart because of poor blood circulation. 

Dilated cardiomyopathy is conventionally treated with inotropic support, diuretics, 

and moderate exercise. When these methods fail, especially towards the final stage of 

the disease, heart transplantation is called for. With the current state of donor organ 

supply, many patients would not be treated, due to lack of a fitting donor organ. 

Furthermore, availability of a donor heart for urgent patients is not always timely. For 

these patients, to bridge the time between the decision to transplant and the actual 

transplantation, cardiac assist devices have been introduced into clinical practice [15]. 

1.2 Ventricular Assist Devices 

Ventricular assist devices (VADs) are the devices supporting the failing ventricle 

partially or completely. The main purpose of a VAD is to unload the failing heart and 

help maintain blood flow to vital organs. VADs were originally developed to serve as a 

temporary bridge to heart recovery, and then as a bridge to transplant. The VAD therapy 

is suggested when cardiac index is less than 2 L/min/m
2
, systolic arterial pressure is 

less than 90 mmHg, atrial pressure is higher than 20 mmHg, or the systemic vascular 

resistance is higher than 1.57 mmHgs/mL [16,17]. 

Generally, the VADs are classified as intra-aortic balloon pumps, continuous flow 

left ventricular assist devices (CF-LVADs) and the pulsatile ventricular assist devices (P-

VADs).  

The intra-aortic balloon pumps, which are intravascular, catheter-based devices 

with a balloon volume of 30 to 50 ml, are generally positioned within the thoracic aorta 

distal to the left subclavian artery and proximal to the renal arteries. The balloon itself 
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may be inserted percutaneously or through direct arterial cannulation from the femoral 

artery, the axillary artery, or, in cases of postcardiotomy shock, directly through a purse-

string suture in the thoracic aorta [15]. 

Pulsatile pumps generate pulsatile blood flow and are capable of generating 

normal cardiac output (6–10 L/min), given adequate venous return. The ultimate goal of 

their use is to restore normal perfusion, especially to end organs compromised by left 

ventricular failure. Pulsatile pumps may be divided into two categories: extracorporeal or 

implantable. Extracorporeal pulsatile pumps provide short- to medium-term right, left, or 

biventricular support for patients with postcardiotomy heart failure, for patients with an 

implantable LVAD and compromised right ventricular function after LVAD placement, or 

as a bridge to transplant or recovery [18]. 

Continuous flow left ventricular assist devices (CF-LVADs) represent the new 

generation of the mechanical assist device treatment of the heart failure. There are a 

number of advantages of these devices over P-VADs such as having smaller size, less 

moving parts, and smaller blood contact surface. Overall, the good durability of the 

devices has led to acceptation of VAD support as a viable alternative for total heart 

transplantation [19]. 

1.2.1 Pulsatile vs. Continuous Flow VAD Support 

Although it was reported that the effects of the non-pulsatile CF-LVAD assistance 

is tolerated at some terms, the same studies show that pulsatile blood flow is more 

beneficial. For instance, Thohan et al. reported that the amount of the reverse cellular 

modeling was not dependent on the LVAD flow pattern, although left ventricular end-

diastolic and end-systolic volumes and end-diastolic dimensions were decreased more 

under pulsatile mechanical circulatory support [20]. It was reported in [21] that pre- and 

post-transplant mortality has a similar rate in pulsatile and continuous mechanical 

circulatory assist devices. However, in the same study it was reported that the rate and 

severity of the post-transplant rejection was higher in the continuous flow assist devices 

than the pulsatile flow assist devices. Findings in Sandner et al. [22] showed that 

patients with CF-LVADs and pulsatile VADs have similar renal function. However, the 

same study reports that rate of death caused by multi-organ failure in CF-LVAD patients 

higher than pulsatile VAD patients. Ventura et al. reported that the CF-LVAD Heart Mate 

II patients have similar one and three years survival rates after heart transplantation with 

less risk of early graft rejection in comparison with pulsatile HeartMate XVE [23]. 

However, this study focuses on post-transplant outcomes and in terms of perfusion of 
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the heart muscle the effects of the pulsatility remain inconclusive. Potapov et al. [24] 

investigated the effects of a pulsatile VAD and a non-pulsatile VAD on brain injury 

during first two weeks after implantation. They reported that non-pulsatile mechanical 

circulatory assist device support does not lead to increased brain injury in the early 

stage after implantation.  

Non-pulsatile flow generated by the CF-LVADs may cause long term effects such 

as diminishing thickness of the ascending aorta [25] and aortic valve insufficiency may 

occur [26]. Crow et al. reported that patients with non-pulsatile left ventricular assist 

devices have a higher rate of gastrointestinal bleeding than patients with pulsatile left 

ventricular assist devices [27]. Prolonged non-pulsatile left heart bypass with reduced 

systemic pulse pressure causes significant morphological changes in the aortic wall 

[28]. Another effect of non-pulsatile left heart bypass is diminishing of the vascular 

contractility [29]. Furthermore, cyclic mechanical strain, which is one of the effects of 

pulse pressure in the arteries, may play a critical role in vascular smooth muscle cell 

growth [30]. Existence of the pulsatility in the capillaries [31] increases the number of 

the perfused capillaries [32] and therefore pulsatile support enhances the perfusion 

more. Continuous flow mechanical circulatory support causes more systemic 

inflammation in comparison with a pulsatile VAD support [33]. Another effect of the 

continuous flow when compared to pulsatile flow is being associated with a worse 

vascular reactivity [34] which can have higher risk for long term cardiovascular events 

[35]. Even though pulsatile flow and continuous flow in mechanical circulatory 

assistance reduced size of the left ventricle almost equally and showed similar 

unloading parameters, pulsatile flow mechanical circulatory support (MCS) reduced the 

pulmonary vascular resistance more than continuous flow MCS in long term assistance 

[36]. Ootaki et al. reported that decreased pulsatility by a CF-LVAD is the primary factor 

leading to severe periarteritis in the kidneys [37]. Pulsatile vs. continuous flow cardiac 

support and the benefits of the pulsatile perfusion have been summarized in [38-40]. 

The reported studies clearly show that pulsatile VAD support would be more 

beneficial in order to alleviate the long term complications in the circulatory system. 

1.3 Outline of the thesis 

The aim of the present research is to develop a method to drive the CF-LVADs at 

a varying speed in order to render a better and more physiological hemodynamics for 

reducing the adverse effects of the rotary blood pumps associated with the reduced 

pulsatility and altered hemodynamics over a cardiac cycle. 
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In chapter 2, a numerical model is used to develop a model reference control 

algorithm for a CF-LVAD in order to enhance the pulsatility in the systemic arterial 

pressure so as to deliver better long-term support for CF-LVAD patients considering the 

potential value of computational modeling in providing useful insights. A lumped 

parameter model is used to simulate the cardiovascular system including the heart and 

circulation. A baroreflex model interacting with the circulatory model is used to regulate 

the heart rate. A model of the Micromed DeBakey CF-LVAD is used to simulate the 

pump dynamics at the different operating modes. A model describing the flow rate 

through the aortic valve is used as a reference model. A proportional-integral (PI) 

control was applied to regulate the CF-LVAD operating speed by controlling pump flow 

rate.  

In chapter 3, the results presented in chapter 2 are validated by using in-vitro 

experimental techniques. A statistical analysis was performed in order to understand 

whether there is a significant difference between the dynamic and continuous pump 

operating modes. Again a model simulating the flow rate through the aortic valve is used 

as reference model and a PI control was applied to regulate the CF-LVAD operating 

speed. 

In chapter 4, the developed method is assessed by using ex-vivo experimental 

techniques. A feedback control mechanism incorporating a reference model for the 

pump flow rate was used in order to increase the arterial pulsatility. The controlled 

variable is the pump flow rate. The method presented in this chapter includes the 

application of a complete control method to operate the pump dynamically, 

synchronized with the cardiac cycle. 

In chapter 5, a different approach is presented to improve the long-term support 

capability of the LVAD. A stepwise operating speed change is applied to obtain 

pulsatility in hemodynamic variables over a cardiac cycle. A numerical cardiovascular 

system model and a pump model were used in order to assess the proposed method. 

The pump model is developed by considering the static characteristics of the MicroMed 

DeBakey LVAD. First, the simulations are performed at constant operating speeds. The 

LVAD is operated at two different constant speeds in the stepwise operating speed 

simulations. Low and high operating speeds are adjusted so as to obtain the same 

cardiac output values with the constant operating speed simulations. 

In chapter 6, the developed method is applied at different phases of a cardiac 

cycle in order to assess the aortic valve function under support of dynamic heart speed. 

The aortic valve function under constant speed CF-LVAD and varying speed CF-LVAD 
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support is compared at different phases of the cardiac cycle applying the same mean 

pump flow output in each case using in-vitro experimental techniques. 

1.4 References 

1. Gavazzi, R. De Maria, M. Parolini, et al. Alcohol abuse and dilated cardiomyopathy 

in men., The American Journal of Cardiology. 2000;85:1114–1118. 

2. F. Waagstein, M.R. Bristow, K. Swedberg, et al., Beneficial effects of metoprolol in 

idiopathic dilated cardiomyopathy, The Lancet. 1993; 85:1441–1446. 

3. Belhassen, Radiofrequency ablation of “benign” right ventricular outflow tract 

extrasystoles: a therapy that has found its disease?, Journal of the American 

College of Cardiology. 2005;45:1266–1268. 

4. H. Shiraishi, K. Ishibashi, N. Urao, et al., A Case of Cardiomyopathy Induced by 

Premature Ventricular Complexes, Circulation Journal. 2002;66:1065–1067. 

5. M.A. Cobb, Idiopathic dilated cardiomyopathy : Advances in aetiolom pathogenesis 

and management, Journal of Small Animal Practice. 1992; 33:113–118. 

6. Atar, W.D. Gao, E. Marbán, Alterations of excitation-contraction coupling in stunned 

myocardium and in failing myocardium. Journal of Molecular and Cellular 

Cardiology. 1995;27:783–791. 

7. P. Pak, Marked discordance between dynamic and passive diastolic pressure-

volume relations in idiopathic hypertrophic cardiomyopathy, Circulation. 

1996;94:52–60 

8. G. Hasenfuss, H. Reinecke, R. Studer, et al., Relation between myocardial function 

and expression of sarcoplasmic reticulum Ca(2+)-ATPase in failing and nonfailing 

human myocardium, Circulation Research. 1994;75:434–442. 

9. T. Trahair, T. Yeoh, T. Cartmill, et al., Myosin Light Chain Gene Expression 

Associated with Disease States of the Human Heart, Journal of Molecular and 

Cellular Cardiology. 1993;25:577–585. 

10. L.B. Bugaisky, P.G. Anderson, R.S. Hall, et al. Differences in myosin isoform 

expression in the subepicardial and subendocardial myocardium during cardiac 

hypertrophy in the rat, Circulation Research. 1990;66:1127–1132. 

11. M. Arai, N.R. Alpert, D.H. MacLennan, et al. Alterations in sarcoplasmic reticulum 

gene expression in human heart failure. A possible mechanism for alterations in 

systolic and diastolic properties of the failing myocardium, Circulation Research. 

1993;72:463–469. 



Chapter 1 

17 

 

12. R.J. Hajjar, J.K. Gwathmey, Cross-bridge dynamics in human ventricular 

myocardium. Regulation of contractility in the failing heart, Circulation. 

1992;86:1819–1826. 

13. O.H. Bing, W.W. Brooks, C.H. Conrad, et al. Intracellular calcium transients in 

myocardium from spontaneously hypertensive rats during the transition to heart 

failure, Circulation Research. 1991;68:1390–1400. 

14. J.M. Pfeffer, M.A. Pfeffer, Angiotensin converting enzyme inhibition and ventricular 

remodeling in heart failure., The American Journal of Medicine. 1988;84:37–44. 

15. D.P. Zipes, P.Libby, R.O.Bonow, and E. Braunwald, Braunwald’s Heart Disease: A 

Textbook of Cardiovascular Medicine, Elsevier Saunders, Philadelphia, Pa, USA, 

2005. 

16. D.J. Hirsch, J.R. Cooper. Cardiac failure and left venricular assist devices. 

Anesthesiology Clin N Am 2003;21 625 – 638. 

17. M. M. Givertz. Ventricular assist devices: Important information for patients and 

families, Circulation, 2011;124:e305-e311. 

18. K.D. Aaronson, H.Patel, F.D.Pagani, Patientselectionfor left ventricular assist 

device therapy , Annals of Thoracic Surgery, 2003;75: 29–35. 

19. L. H. Lund, J. Matthews, K. Aaronson, Patient selection for left ventricular assist 

devices, European Journal of Heart Failure, 2010;12: 434–443. 

20. Thohan V, Stetson SJ, Nagueh SF et al. Cellular and hemodynamics response of 

failing myocardium to continuous flow mechanical circulatory support using the 

DeBakey-Noon left ventricular assist device: a comparative analysis with pulsatile-

type devices. J Heart Lung Transplant. 2005;24:566-575. 

21. Klotz S, Stypmann J, Welp H et al. Does continuous flow left ventricular assist 

device technology have a positive impact on outcome pretransplant and post 

transplant? Ann Thorac Surg. 2006;82:1774-1778. 

22. Sandner SE, Zimpfer D, Zrunek P et al. Renal function after implantation of 

continuous versus pulsatile flow left ventricular assist devices. J Heart Lung 

Transplant. 2008;27:469-473. 

23. Ventura PA, Alharethi R, Budge D et al. Differential impact on post-transplant 

outcomes between pulsatile- and continuous-flow left ventricular assist devices. 

Clin Transplant. 2011;25:E390-395. 

24. Potapov EV, Loebe M, Abdul-Khaliq H et al. Postoperative course of s-100B protein 

and neuron-specific enolase in patients after implantation of continuous and 

pulsatile flow LVADs. J Heart Lung Transplant. 2001;20:1310-1316. 



Chapter 1 

18 

 

25. Saito S, Westaby S, Piggot D et al. End-organ function during chronic nonpulsatile 

circulation. Ann Thorac Surg. 2002;74:1080-1085. 

26. Letsou GV, Connelly JH, Delgado RM et al. Is native aortic valve commissural 

fusion in patients with long-term left ventricular assist devices associated with 

clinically important aortic insufficiency? J Heart Lung Transplant. 2006;25:395-399. 

27. Crow S, John R, Boyle A et al. Gastrointestinal bleeding rates in recipients of 

nonpulsatile and pulsatile left ventricular assist devices. J Thorac Cardiovasc Surg. 

2009;137:208-215. 

28. Nishimura T, Tatsumi E, Takaichi S et al. Prolonged nonpulsatile left heart bypass 

with reduced systemic pulse pressure causes morphological changes in the aortic 

wall. Artif Organs. 1998;22:405-410. 

29. Nishimura T, Tatsumi E, Nishinaka T, Taenaka Y, Takano H. Aortic reaction to 

prolonged nonpulsatile left heart bypass. J Artif Organs. 1999;2:141-145. 

30. Wilson E, Mai Q, Sudhir K, Weiss RH, Ives He. Mechanical strain induces growth of 

vascular smooth muscle cells via autocrine action of PDGF. J Cell Biol. 1993;123: 

741-747. 

31. Lee JJ, Tyml K, Menkis AH, Novick RJ, Mckenzie FN. Evaluation of pulsatile and 

nonpulsatile flow in capillaries of goat skeletal muscle using intravital Microscopy. 

Microvasc Res. 1994;48:316-327. 

32. Baba A, Dobsak P, Mochizuki S et al. Evaluation of pulsatile and nonpulsatile flow 

in microvessels of the bulbar conjunctiva in the goat with an undulation pump 

artificial heart. Artif Organs. 2003;27:875-881. 

33. Loebe M, Koster A, Sӓgner S et al. Inflammatory response after implantation of a 

left ventricular assist device: comparison between the axial flow Micromed debakey 

vad and the pulsatile novacor device. ASAIO J. 2001;47:272-274. 

34. Amir O, Radovancevic B, Delgado RM et al. Peripheral vascular reactivity in 

patients with pulsatile vs axial flow left ventricular assist device support. J Heart 

Lung Transplant. 2006;25:391-394. 

35. Gokce N, Keaney JF, Hunter LM et al. Predictive value of noninvasively determined 

endothelial dysfunction for long-term cardiovascular events in patients with 

peripheral vascular disease. J Am Coll Cardiol. 2003;41:1769-1775. 

36. Garcia S, Kandar F, Boyle A et al. Effects of pulsatile- and continuous-flow left 

ventricular assist devices on left ventricular unloading. J Heart Lung Transplant. 

2008;27:261-267. 



Chapter 1 

19 

 

37. Ootaki C, Yamashita M, Ootaki Y at al. Reduced pulsatility induces periarteritis in 

kidney: role of the local renin-angiotensin system. J Thorac Cardivasc Surg. 

2008;136:150-158. 

38. Ündar A. Myths and truths of pulsatile and nonpulsatile perfusion during acute and 

chronic cardiac support. Artif Organs. 2004;28:439-443. 

39. Ündar A. Benefits of pulsatile flow during and after cardiopulmonary bypass 

procedures. Artif Organs. 2005;29:688-690. 

40. Guan Y, Karkhanis T, Wang S et al. Physiologic benefits of pulsatile perfusion 

during mechanical circulatory support for the treatment of acute and chronic heart 

failure in adults. Artif Organs. 2010;34:529-536. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

Reproduced from: S. Bozkurt, F. N. van de Vosse, M. C. M. Rutten, “Improved Arterial Pulsatility by 
Feedback Control of a Continuous Flow Left Ventricular Assist Device via in-Silico Modeling”, 
International Journal of Artificial Organs, ahead of print, doi: 10.5301/ijao.5000328. 

 

 

 

 

 

Chapter 2 

 

Improving Arterial Pulsatility by 

Feedback Control of a Continuous Flow 

Left Ventricular Assist Device: Numerical 

Modeling and Simulations 
 

Abstract 

Continuous Flow Left Ventricular Assist Devices (CF-LVADs) generally operate at a 

constant speed, which causes a decrease in pulse pressure and pulsatility in the 

arteries and allegedly may lead to late complications such as aortic insufficiency and 

gastrointestinal bleeding. The purpose of this study is to increase the arterial pulse 

pressure and pulsatility while obtaining more physiological hemodynamic signals, by 

controlling the CF-LVAD flow rate.  A lumped parameter model was used to simulate the 

cardiovascular system including the heart chambers, heart valves, systemic and 

pulmonary arteries and veins. A baroreflex model was used to regulate the heart rate 

and a model of the Micromed DeBakey CF-LVAD to simulate the pump dynamics at 

different operating speeds. A model simulating the flow rate through the aortic valve 

served as reference model. CF-LVAD operating speed was regulated by applying 

proportional-integral (PI) control to the pump flow rate. For comparison, the CF-LVAD 

was also operated at a constant speed, equaling the mean CF-LVAD speed as applied 

in pulsatile mode. In different operating modes, at the same mean operating speeds, 

mean pump output, mean arterial pressure, end-systolic and end-diastolic volume and 

heart rate were the same over the cardiac cycle. However, the arterial pulse pressure 



Chapter 2 

22 

 

and index of pulsatility increased by 50 percent in the pulsatile CF-LVAD support mode 

with respect to constant speed pump support. This study shows the possibility of 

obtaining more physiological pulsatile hemodynamics in the arteries by applying output 

driven varying speed control to a CF-LVAD. 

2.1 Introduction 

Continuous Flow Left Ventricular Assist Devices (CF-LVADs) are small rotary 

blood pumps, implanted in patients with end-stage heart failure. They generally operate 

at a constant speed. However, constant speed CF-LVAD assistance reduces the pulse 

pressure and index of pulsatility over a cardiac cycle, which may lead to long term 

complications [1]. Although it was reported that the effects of the non-pulsatile CF-LVAD 

assistance is tolerated under certain conditions, the same studies show that pulsatile 

blood flow is more beneficial.  

In the long term, the outcome of CF-LVAD support is similar for pulsatile and 

non-pulsatile support [2-4]. However, while supported, patients under pulsatile support 

exhibit less remodeling and functional changes in their vascular system than patients 

under constant flow support [5-12]. This leads to less gastrointestinal (GI) bleeding, 

aortic wall remodeling and a better vascular auto-regulatory function. Geisen et al. 

report that non-surgical bleeding in the CF-LVAD patients can be explained by acquired 

von Willebrand disease [13]. However, Crow et al. report that loss of von Willebrand 

factor multimeres alone cannot be a predictor of GI bleeding [14]. Nevertheless, 

comparative studies show that loss of von Willebrand Factor is higher under CF-LVAD 

support than in pulsatile assist device support [15,16] which may be interpreted as 

pulsatile circulatory support being more beneficial for LVAD patients. Under pulsatile 

support, pulmonary vascular resistance reduces more than under constant flow support 

[17]. Furthermore, long-term organ function appears to be preserved better with 

pulsatile support [18-20]. Inflammatory responses reportedly occur at a lower rate in 

patients under pulsatile support as well [21,22].  

In literature, pulsatile vs. continuous flow cardiac support and benefits of the 

pulsatile perfusion have been summarized in [23-25]. From these studies it is clear that 

pulsatile support may be beneficial for reducing the late complications of CF-LVAD 

support. 

Models for pulsatile CF-LVAD operation have been described for different 

purposes. Cox et al. defined a sinusoidal pump speed variation in a numerical model of 

a CF-LVAD supported patient to evaluate ventricle models and compare the effects of 
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pulsatile and constant speed mechanical circulatory support on the coronary blood flow 

[26]. In their study, varying speed support improved the perfusion and unloading of the 

left ventricle in comparison with constant speed support. However, there was no 

improvement in the arterial pulsatility. In a similar operating mode, Shi et. al operated a 

CF-LVAD at a sinusoidal speed to evaluate the hemodynamic response of the 

cardiovascular system under assistance [27]. They concluded that constant pump 

speed is the most efficient work mode for a rotary blood pump.  Ando et al. used a 

controller for counter pulsating operation of a CF-LVAD, and showed that in a CF-LVAD 

this mode enhances the myocardial perfusion [28]. They did not consider the effects on 

pulsatility. Ising et al. used different CF-LVAD flow rate to modulate the operating speed 

in order to increase the pulsatility in a simulation study [29]. They changed the pulse 

width and amplitude of the flow signal through the pump. Thus, they showed the 

possibility of increasing pulsatility through pump control, although the control method 

itself was disregarded. To do so, a proper physiologically relevant reference model for 

systemic flow rate is needed. Furthermore, the ventricles were described using a time 

varying elastance model in these studies. However, it has been reported in the literature 

that time varying elastance models are not sufficient to describe the ventricle function 

under CF-LVAD support [30].  

Vandenberghe et al. did a comparison study between the continuous and 

pulsatile CF-LVAD operating modes using a Deltastream diagonal pump [31]. The driver 

of this pump allows the user to set the pulse frequency of the rotational speed, outflow 

pulse pressure and mean pump flow rate. The shape of the pump speed variations was 

sinusoidal only. Khalil et al. varied the amplitude of the speed, heart rate and systolic 

duration of the left, right or both pumps in an axial flow total artificial heart to increase 

the pulsatility [32]. The CF-LVADs were driven at a sinusoidally time-dependent 

rotational speed profile for increasing the pulsatility in the studies mentioned above. 

Such a speed profile does not necessarily produce physiological pressure and flow rate 

signals in the circulatory system, although it may increase the pulsatility. 

In this study, we aim to develop a model reference control algorithm for a CF-

LVAD in order to enhance the pulsatility in the systemic arterial pressure so as to deliver 

better long-term support for CF-LVAD patients. The controlled variable is the pump flow 

rate, to enable direct dynamic control of the pump output over a cardiac cycle, thus 

enabling pulsatile flows through the circulatory system as if the heart were functioning 

normally. The reference model and the pump driving mode allow obtaining more 
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physiological signal shapes in the arterial hemodynamics, and combines earlier partial 

findings into a complete control method. 

2.2 Materials and Methods 

To develop varying speed CF-LVAD control, models for describing the behavior 

of the cardiovascular system including the baroreflex function and a model of a CF-

LVAD were used in a lumped parameter model. The reference flow rate signal to drive 

the pump was obtained from a separate lumped parameter model of the circulation and 

fed into a PI controller to drive the pump. 

2.2.1 Cardiovascular system model 

The cardiovascular system model used in the simulations includes heart 

chambers, heart valves and the complete systemic and pulmonary circulations. The 

applied ventricle models are based on the model developed by Bovendeerd et al. [33]. 

This model describes the ventricular wall mechanics using myocardial constitutive 

properties. The ventricular wall mechanics model relates the macroscopic ventricular 

pressure and volume with microscopic tissue properties which are fiber stress, fiber 

strain, radial wall stress and radial wall strain. Active and passive fiber stress relations 

include the myocardial constitutive laws for fiber stress and radial stress. Expressions 

for the left ventricular pressure (plv), volume change (dVlv/dt) and active fiber stress (σa) 

are given below. Detailed information about the full heart model can be found in [33]. 
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In [1-3], σf and σm,r denote fiber stress and radial wall stress, Vw and Vlv 

ventricular wall and cavity volume, respectively. Qmv and Qav are flow rate through the 

mitral and aortic valves. c is the parameter defining the strength of the contractility, σar is 

the active fiber stress and f, g and h are the non-dimensional functions that define the 

influence of sarcomere length (ls), muscle activation and sarcomere shortening velocity 

(υs) respectively. 

The circulatory system is described with a lumped parameter model including 

electrical analogues for resistance, compliance and inertia [34] and is depicted in Fig. 
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2.1. Similarly, the heart valves were modeled as ideal diodes allowing one-way blood 

flow. Atria have been modeled as passive compliances only. In this system, the change 

of systemic arterial pressure (dpas/dt) and the change of the flow rate in the aorta 

(dQas/dt) are given by: 

as as av

as

dp Q Q

dt C
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as as sv as as
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dQ p p R Q
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                       (2.5) 

With Qav the flow rate through the aortic valve, and psv the pressure in the 

systemic veins. Cas, Ras and Las represent the arterial compliance, resistance and 

inertance respectively.  The change of the pressures and flow rates in the other 

compartments were modeled in the same way using different parameter values (Table 

1). 

2.2.2 Baroreflex heart rate control model 

The baroreflex model to modulate the heart rate was taken from Ursino [35]. It 

has been used in other studies, e.g., for investigating aspects of the effects of intra-

aortic balloon pumps on hemodynamics [36]. In this model the afferent baroreflex 

pathway was defined using a sigmoidal function and linear first order differential 

equations. The model for the regulation effectors for the duration of a heart beat is: 
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Here, σT,s and σT,v are the sympathetic and vagal activities, with strengths GT,s 

and GT,v and time delays DT,s and DT,v and time constants , τT,s and τT,v. fes and fev denote 

the sympathetic efferent and vagal efferent pathway frequencies respectively. t is 

instantaneous time, ΔTs and ΔTv denote sympathetic and vagal stimulation and T0 

denotes the heart period in absence of cardiac innervations, respectively. 
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2.2.3 CF-LVAD model 

To simulate CF-LVAD support, a model which estimates the pressure difference 

across the Micromed DeBakey VAD considering the operating speed of the pump, flow 

rate and change of the flow rate through the pump (37) was integrated into the 

cardiovascular system model: 

2 CF LVAD
CF LVAD CF LVAD CF LVAD CF LVAD CF LVAD

dQ
p K R Q L

dt
 

    
                 (2.11) 

1 2CF LVAD CF LVADR k Q k
 

                (2.12) 

In the equations above, ΔpCF-LVAD and QCF-LVAD denote the pressure difference 

across the pump and flow rate through the pump. LCF-LVAD (2e-2mmHg s
2
/mL) and RCF-

LVAD are the inertance and resistance effects in the pump. K (8.56e-05mmHg s
2
/rad

2
), k1 

(9.17e-04mmHg s
2
/mL

2
) and k2 (203e-3mmHg s/mL) are the estimated parameters [37] 

and ωCF-LVAD denotes the operating speed of the pump. 

2.2.4 CF-LVAD controller 

In the simulations of the assisted cardiovascular system, the operating speed of 

the CF-LVAD was regulated by applying proportional-integral (PI) control to flow rate 

through the CF-LVAD. A PI controller is defined as below. 

0

( ) ( ) ( )
t

p iu t K e t K e d                               (2.13) 

In a PI control application, proportional gain (Kp) is multiplied by the error, 

e(t),thus reducing the instant error. Integral gain (Ki) is multiplied by the integration of 

the error over time to eliminate the steady state error. The sum of both actions (P and I) 

constitutes the output of the controller, u(t). The proportional (Kp) and integral (Ki) gains 

were selected as 14 mL
-1

 and 50 mL
-1

s
-1

 respectively, in the simulations. The control 

gains were tuned according to the Ziegler-Nichols method [38]. 

2.2.5 Flow control reference model 

The reference flow rate was obtained from a model which describes the 

dynamics of a passive left atrium, active left ventricle and systemic arteries (Figure 2.1). 

The left atrium and ventricle and heart valve models were described in the same way as 

in the complete cardiovascular system. The systemic arteries were represented as RC 

circuits including their resistance and compliance properties. The flow rate through the 
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aortic valve in the reference cardiovascular system model was used as the reference 

flow rate in the control application. The equations describing the reference flow rate are 

given below: 

  , , , , , , , , , – – – – / /as m as m tot m u m lv m as m as m la m as mQ p V V V p C C R         (2.14) 
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In the equations above, pas,m and plv,m are the systemic arterial pressure and left 

ventricular pressure in the reference model. Vtot,m, Vu,m and Vlv,m represent total, 

unstressed (zero pressure), and left ventricular blood volume, respectively. Rav,m and 

Ras,m are the characteristic resistances of aortic valve and systemic arteries, Cas,m and 

Cla,m denote compliances of the systemic arteries and left atrium in the reference model 

respectively. Qas,m and Qref denote the reference model systemic arterial and reference 

flow rates for the control application, a1 and a2 are the parameters defining the 

amplitude and the shape of the reference flow signal. In the reference model, a1 is the 

compliance of the aorta and a2 equals one. For simplicity, the same parameter values 

as in the full cardiovascular system were used in the reference model. The block 

diagram, indicating the connection between the used models and the application of flow 

control is given in Figure 2.1. 

2.2.6 Pathological cases 

A dilated cardio-myopathy (DCM) condition was simulated as the pathological 

case in this study. To simulate DCM, contractility of the left ventricle (c) was reduced 

from 1 to 0.55. The ventricular cavity volume is described by the inlet and outlet blood 

flow of the left ventricle. The reduced contractility reduces the contraction as calculated 

in the single fiber model and this changes the ventricular pressure and volume levels 

accordingly [26]. Left ventricular wall volume was increased from 200 mL to 225 mL, 

zero pressure left-ventricular volume, increased from 0.3Vw,lv to 0.4Vw,lv as defined in 

[26]. Systemic arterial resistance was increased to simulate the increased systemic 

resistance in the DCM patient, from 1 mmHg·s/mL to 1.4 mmHg·s/mL. The systemic 

resistance was kept as in the DCM model for the CF-LVAD supported circulatory model. 

The parameters used in the models of a healthy and a DCM heart, baroreflex and 

CF-LVAD were taken from [26,33,35,37]. The parameter values for blood vessel 
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properties were taken from [39-41], and slightly adjusted to obtain physiological 

responses from the model. The parameter values in the circulatory model are listed in 

Table 2.1. 

 

Figure 2.1. Electric-analogue of the cardiovascular system and block diagram of the control 

application. R, L and C denote resistance, inertance and compliance, p, Q and V denote pressure, 

flow rate and volume, MV, AV, TV and PV are mitral, aortic, tricuspid and pulmonary valves, e an u 

are error and input of the CF-LVAD in the control application, ω is the operating speed of CF-

LVAD, t and T are the instantaneous time and heart beat duration and subscripts la, lv, ra and rv 

denote left atrium and ventricle and right atrium and ventricle, as,  sv, pa and pv denote systemic 

arteries, systemic veins, pulmonary arteries and pulmonary veins, ref and m represent reference 

and model. 
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Table 2.1. Parameters values used in the blood vessels, heart valves, ventricles and atria (same 

parameter set used for the reference model) [39-41], *parameters values used in the DCM model. 

 

  

R 

[mmHg‧s/mL] 

L 

[mmHg‧s
2
/mL] 

C 

[mL/mmHg] 

Left atrium - - 5 

Mitral valve 5e-3 - - 

Aortic valve 8e-3 - - 

Systemic arteries 1(1.4*) 1e-5 1.5 

Systemic veins 9e-2 1e-5 82.5 

Right atrium - - 5 

Tricuspid valve 5e-3 - - 

Pulmonary valve 3e-3 - - 

Pulmonary arteries 9e-2 1e-5 3 

Pulmonary veins 7e-2 1e-5 5 

 

2.2.7 Model output 

To quantify the pulsatility in the systemic arterial pressure signal, the index of 

pulsatility (Ip) was taken from [42] and normalized using the mean values over a cardiac 

cycle, so as to have a descriptive parameter for pulsatility, usable in different pump 

support modes. 

,max , ,( ) /p as as min as meanI p p p             (2.17) 

The simulations were performed using Matlab Simulink R2010a. The set of the 

equations was solved using the ode15s solver. The maximum step size was 5e-3 s, 

relative tolerance was set to 1e-3. The hemodynamic signals for the healthy and DCM 

situations without mechanical circulatory support in the cardiovascular system are 

calculated first. The physiological ranges of the hemodynamic signals such as 

pressures in the heart chambers and main blood vessels, ventricular volumes, cardiac 

output, ejection fraction etc. are summarized in [26,43] for healthy and DCM conditions. 

This information was used to compare the simulation results for the healthy and DCM 

models. To obtain realistic results in the varying speed CF-LVAD assisted model, the 

lower and upper bounds of the operating speed were set to 5 krpm and 15 krpm 

respectively, according to the operational boundaries of the native Micromed total 

artificial heart controller. 
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2.3 Results 

The hemodynamic parameters for healthy and DCM models are listed in Table 

2.2. The hemodynamic parameters for the healthy model were within the healthy range 

as defined in [26,43]. For the DCM model except the end-systolic arterial pressure, end-

systolic and end-diastolic arterial pressures the hemodynamic pressures were within the 

range described in [26], so the model used as the DCM was eligible for CF-LVAD 

implantation. 

Table 2.2. Simulation results for healthy and DCM models, compared with the data in the literature 

[26,43]. p and V represent pressure and volume, subscripts lv, as, rv and ap denote left ventricle, 

systemic arteries, right ventricle and pulmonary arteries, es, ed and mean represent end-systolic, 

end-diastolic and mean, HR and EF are heart rate and ejection fraction. 

 
Healthy Model DCM Model 

plv,es [mmHg] 124 96 

plv,ed [mmHg] 3 25 

pas,es [mmHg] 122 94 

pas,ed [mmHg] 81 68 

pas,mean [mmHg] 101 81 

prv,es [mmHg] 26 41 

prv,ed [mmHg] 1 0 

pap,es [mmHg] 25 40 

pap,ed [mmHg] 15 34 

pap,mean [mmHg] 19 37 

Vlv,es [mL] 41 205 

Vlv,ed [mL] 123 255 

HR [bpm] 66 76 

EF [%] 66 20 

 

All the simulations reached a periodic solution after a maximum of 30s of 

simulated time. Results are presented as a 2s time interval of the periodic solution. In 

Figure 2.2, left and right ventricular pressures, systemic and pulmonary arterial 

pressures, left and right ventricular volumes and p-V loops of the ventricles are given for 

the healthy and DCM models.  
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Figure 2.2. Simulation results for healthy and DCM conditions. plv, pas, prv and pap are pressures in 

the left ventricle, systemic arteries, right ventricle and pulmonary arteries, Vlv and Vrv are left and 

right ventricular volumes and Qav is the flow rate through aortic valve, H and DCM show the results 

for healthy and DCM modes respectively. 

In the DCM model, there was a significant decrease in end-systolic left ventricular 

and systemic arterial pressures with respect to the healthy situation. Simultaneously, 

there was an increase in end-diastolic left ventricular pressure. Left ventricular volume 

over a cardiac cycle increased as well, due to impaired left ventricular contractility. The 

stroke volume in the ventricles decreased by 40% in the DCM heart model. End-systolic 

pressure in the right ventricle and pulmonary artery increased as well as the mean 

pulmonary arterial pressure in the DCM situation. Right ventricular end-diastolic volume 

decreased slightly while right ventricular end-systolic volume increased. The amplitude 

of the flow rate signal through the aortic valve decreased for the DCM heart model. 

Ejection fraction decreased by 20% in the DCM model. So, the DCM model clearly has 

the features of a CF-LVAD implantation candidate. For both varying and constant speed 

CF-LVAD assistance, ventricular and arterial pressures, ventricular volumes and 

pressure-volume loops are given in Figure 2.3.  

In both assistance modes systemic arterial pressure at the end of the systole 

exceeded 100 mmHg. Increased end-diastolic left ventricular pressure in the DCM 

situation decreased under CF-LVAD assistance in both operating modes. Similarly, the 

right ventricular and pulmonary arterial end-systolic pressures decreased to 25 mmHg. 

End-systolic left ventricular volume was slightly lower under constant speed CF-LVAD 

assistance than the varying speed CF-LVAD assistance. Stroke volume of the right 

ventricle increased under both varying and constant speed CF-LVAD support modes. 

However, stroke volume of the left ventricle decreased more under constant speed CF-

LVAD support. In both operating modes, left ventricular pressure did not exceed the 
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systemic arterial pressure for the simulated pump speeds, so, the aortic valve remained 

closed and blood was flowing only through the CF-LVAD throughout the cardiac cycle. 

In varying speed mode the systolic pressure increase was faster than in constant speed 

support, leading to a maximum pressure obtained earlier in systole.  

 

Figure 2.3. Simulation results for CF-LVAD assisted circulatory model. plv, pas, prv and pap are 

pressures in the left ventricle, aorta, right ventricle and pulmonary arteries, Vlv and Vrv are left and 

right ventricular volumes, VS and CS show the simulation results for varying speed and constant 

speed CF-LVAD supported circulatory models 

A similar effect is observed when the arterial pressure becomes lowest. It starts 

to increase immediately due to the change in pump speed. Under constant speed CF-

LVAD support, the transition between the pressures in the systolic and diastolic phases 

is smoother. Likewise, the shape of the ventricular volume graphs in pulsatile mode 

resembles the physiological ones better than the ones calculated for constant speed 

pump operation. The comparison of the systemic arterial pressures for the healthy 

model, the DCM model and the CF-LVAD assisted model for both operating modes, the 

operating speed of the CF-LVAD and the flow rate through the pump, together with 

pressures at the inlet and outlet of the pump and the actual flow rate signals through the 

CF-LVAD in both operating modes together with the reference flow rate signal in varying 

speed CF-LVAD support are given in Figure 2.4.  
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Figure 2.4. Systemic arterial pressures in healthy model (pas,h), DCM model (pas,DCM), CF-LVAD 

assisted model at a constant speed assistance (pas,cs), CF-LVAD assisted model at the varying 

speed assistance (pas,vs), Flow rates through the CF-LVAD in constant speed assistance mode 

(QCF-LVAD,cs), varying speed assistance mode (QCF-LVAD,vs), and reference flow rate (Qref) in varying 

speed assistance mode and CF-LVAD operating speed (ωCF-LVAD) over a cardiac cycle with 

pressures in the left ventricle (plv), systemic arteries (pas) and CF-LVAD flow rate (QCF-LVAD) in 

varying speed control application 

As mentioned before, the varying speed CF-LVAD support causes a faster 

increase which is more physiological in the systolic arterial pressure. Under continuous 

speed CF-LVAD assistance, arterial pulse pressure did not reach the healthy level. 

Varying speed CF-LVAD support increased the arterial pulse pressure by 12 mmHg with 

respect to constant speed pump assistance. In varying speed control, the operating 

speed of the CF-LVAD increased rapidly when the afterload reached its minimum. With 

the fast increase of the operating speed, the pump flow rate increased rapidly as well. 

The CF-LVAD operating speed remained constant during the left ventricular contraction 

and decreased rapidly after left ventricular relaxation began. When the afterload 

reached a maximum over a cardiac cycle, the CF-LVAD operating speed started to 

increase again to avoid reverse flow through the pump. With the decrease of the 
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afterload the CF-LVAD operating speed started to decrease and continued decreasing 

until the afterload reached the minimum over a cardiac cycle. The amplitude of the flow 

rate signal in the varying speed CF-LVAD operating mode was higher than the 

amplitude of the flow rate signals in the constant speed CF-LVAD operating mode. The 

applied control method showed a good performance on the mean flow rate through the 

pump. The mean pump output was almost the same as the mean of the reference signal 

over a cardiac cycle. However, the performance of the applied control on the 

instantaneous flow rate was not as good as the performance on the mean flow rate due 

to upper and lower bounds of the operating speed imposed by the controller. Figure 2.5 

shows the comparison of the hemodynamic variables under assistance of different 

operating modes and healthy and DCM models.  

Arterial pulse pressure decreases in the DCM situation. Under constant speed 

CF-LVAD assistance arterial pulse pressure was the lowest, while varying speed CF-

LVAD control provided a significant increase. For both operating modes the decreased 

mean arterial pressure in the DCM situation increased to a normal level. Ip increased by 

43 percent with the increase of the arterial pulse pressure. The generated flow by the 

CF-LVAD under assistance was as high as the cardiac output in the healthy model for 

both operating modes. Due to increased flow rate under CF-LVAD assistance, the 

increased heart rate in the DCM model decreased to a healthy level under both CF-

LVAD support modes. The considered hemodynamic parameters in Figure 2.5 were at 

the same level except the arterial pulse pressure and Ip. These parameters were 

markedly higher under varying speed CF-LVAD support than the constant speed CF-

LVAD support. The heart rate was 60 bpm under constant speed CF-LVAD support 

while it was 64 bpm under varying speed pump operating mode. 

2.4 Discussion 

In the previous sections the benefits of the pulsatile perfusion in the LVAD 

patients were associated with a reduction of long-term complications. Although there are 

studies that report that continuous flow does not have deleterious effects on the end-

organ function, the debate continues on the non-pulsatile vs. pulsatile support [24]. As 

an example of the studies stating that the continuous flow is tolerated well, Klotz et al. 

reported that left ventricular pressure unloading is similar in patients with non-pulsatile in 

comparison with pulsatile devices, although volume unloading is better in pulsatile assist 

devices [44]. In another study, Slaughter claims that according to clinical evidence 

under support of continuous flow assist devices end-organ perfusion and function can 
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be well maintained for longer assistance periods [45]. So, at first sight, there seems to 

be no need for pulsatile pump flow. However, long-term complications, such as GI 

bleeding, AI etc., typical for CF-LVAD support even in third generation CF-LVADs, 

indicate the need for pulsatile pumping [46]. 

 

Fig. 2.5 – Comparison of the hemodynamic parameters in healthy model (H), DCM model (DCM), 

CF-LVAD assisted model at a constant speed (CS) and CF-LVAD assisted model at the varying 

speed (VS). CO and MPO are cardiac output and mean pump output, Vlv,ed and Vlv,es are the end-

systolic and end-diastolic volumes in the left ventricle 
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The aim of this study was to show the possibilities of pulsatile CF-LVAD 

assistance compared to constant speed support.  The operating speed of a Micromed 

DeBakey CF-LVAD was regulated applying a PI control to pump flow rate to increase 

arterial pulsatility. The proposed control strategy provided an increase in the pulse 

pressure and Ip in the arterial pressure signals over a cardiac cycle without reducing the 

level of support. The time-dependent total cardiac output flow rate resembled normal 

physiological aortic flow much better than the flow rate under constant speed LVAD 

support. The peak flow rate through the CF-LVAD was around 370 mL/s under pulsatile 

support mode while it was around 200 mL/s under constant speed support.  Under 

varying speed CF-LVAD support the considered hemodynamic variables in the 

simulations were at the same levels with constant speed CF-LVAD support. The applied 

control showed a good performance on the mean pump flow rate; however, 

instantaneous performance of the applied control was not as good as the performance 

on the mean flow. The upper and lower bounds were restricted according to the native 

Micromed DeBakey CF-LVAD speed limits, thus limiting the instantaneous performance 

of the controller. It should also be noted that in a dynamic pump operating mode the 

power consumption of the CF-LVAD might be higher than in constant speed pump 

support mode. 

The used control strategy was applied to increase the pump flow at the systolic 

phase and to minimize flow in the diastolic phase. The applied control strategy 

increased the arterial pulsatility index by regulating the pump operating speed. 

However, change in the arterial pulsatility is dependent on different factors such as 

preload and afterload of the left ventricle and the pressure-flow relation at different 

speeds of the CF-LVAD. In case of a change in the preload and afterload, the pulsatility 

index will increase due to synchronization of the pump and the heart. The level of 

increase will be determined by the pressure-flow characteristics of the CF-LVAD. 

Left ventricular cardiac output decreases due to DCM, which leads to a decrease 

of right ventricular preload and thus end- diastolic volume, which will in turn decrease 

right ventricular output until an equilibrium is reached. In the presented model, in DCM, 

the end-diastolic pressure and volume of the right ventricle is slightly decreased 

compared to the healthy condition, however, the end-systolic pressure increases and 

right ventricular ejection fraction reduces. Vecchia et al. [47] report the reduced ejection 

fraction of right ventricle in DCM condition. The ventricular pressures were described by 

fiber stress (σf), radial wall stress (σm,r), ventricular wall volume (Vw) and ventricular 

cavity volume (Vv) (Eq. 1). The increased end-systolic cavity volume in the right ventricle 
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increases the right ventricular fiber stretch ratio. The non-dimensional functions f and h 

are the functions that define the influence of sarcomere length (ls), and sarcomere 

shortening velocity (υs) on fiber stress. When either of them becomes larger, the active 

and total fiber stress (σf) in the DCM model will follow. Therefore, a larger right 

ventricular pressure is obtained for the same contractility (c) at increased end-systolic 

right ventricular volume. Furthermore, the relation between the ventricular pressure and 

volume is nonlinear (eq. 1). Therefore, the ESPVR line does not follow a linear trend 

[26]. In Ursino’s baroreflex model [35], heart rate, contractility, splanchnic and 

extrasplanchnic resistances are regulated. In this study, only heart rate regulation was 

considered because the change in splanchnic and extrasplanchnic resistances 

becomes very low in [35] and does not have a significant effect on the results. The 

contractility was reduced to model DCM in the simulations. The DCM model was able 

produce the hemodynamics in good agreement with the available patient data (26). The 

heart rate remains lower compared to clinical observations in LVAD recipients. The set-

point (60 bpm) of the baroreflex most likely changes in DCM patients, due to the long 

term heart condition they have, leading to a higher basic heart rate. A different set-point 

value of HR could influence the results. Nevertheless, a higher pulsatility is expected 

due to synchronization and speed variations under varying speed CF-LVAD support, 

independent of the chosen heart rate. In a separate study, the baroreflex coefficients for 

DCM patients should be determined for Ursino’s model, to account for the higher heart 

rates in these patients. 

In a real world application, the heart rate varies with each heart beat, which 

means heart rate has to be estimated. This needs further elaboration including modeling 

of pathological conditions in the heart such as arrhythmias, which are very common in 

LVAD patients. Existence of the model describing the left ventricular and arterial 

dynamics as a reference model will allow predicting such kind of conditions and change 

the operating speed accordingly. The Micromed DeBakey CF-LVAD includes a flow 

sensor to measure the pump flow during the operation. With the onset of ventricular 

contraction the flow rate through the CF-LVAD starts to increase. During the ventricular 

relaxation flow rate through the CF-LVAD decreases and in the diastolic phase reaches 

a minimum. The change of the flow rate through the CF-LVAD can be used for 

synchronizing the operating speed over a cardiac cycle accordingly. In this study, 

results for full CF-LVAD support were presented. In a real application, flow rate through 

the aortic valve needs to be estimated under partial support of a CF-LVAD. This 

requires a more detailed model and estimation techniques to assess aortic flow. In such 

a support mode, it is expected to have lower aortic valve flow due to synchronization of 
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the peak reference flow with the systolic phase in the ventricle. Thus, an increased 

arterial pulsatility due to synchronization, and lowered aortic valve flow even under 

partial pump support is to be expected. For reasons of simplicity, it was assumed that 

heart rate was estimated properly and the control system adjusted timing of the 

reference signal accordingly.  

The flow rate through the pump increases in the systolic phase when the left 

ventricle has a low pressure difference with respect to the aorta. It is minimized at 

diastolic phase. Under such a CF-LVAD support mode, the blood is pumped in the 

systolic phase predominantly. However, under constant speed CF-LVAD support blood 

is pumped continuously over a cardiac cycle. For the same mean pump outputs, the 

applied control strategy provides more physiological hemodynamical signal shapes. 

Furthermore, suction is not expected because the ventricle is unloaded during the 

systole and the applied control strategy actively minimizes the blood flow through pump 

during diastole. Thus, the ventricle will be filled in the diastolic phase without blood 

being ejected through the pump. 

The applied control strategy doubled the pulsatility index in arterial pressure and 

CF-LVAD flow rate. The control variable was pump flow rate and the pump operating 

speed was regulated to achieve the required flow as good as possible. Due to the 

construction of CF-LVADs, fast changes of pump speed are hard to acquire. Adding a 

more aggressive pump speed control may be convenient to increase the benefit of the 

applied control strategy. This, however, will imply higher power consumption, which, in 

view of the battery power current CF-LVADs rely on, may be difficult to achieve. 

In this study, our aim was to use a hemodynamic control variable (flow rate), 

rather than just pump speed. In case of using the pump speed as a control variable, the 

relation between the pressure levels in the left ventricle and aorta, the flow rate through 

the pump and the operating speed of the pump should be taken into account together, 

and a model should be developed to obtain more physiological pressure and flow 

signals in the circulation. Instead of this, we used a simpler approach, which does not 

only increase the pulsatility, but also allows to obtain more physiological pressure and 

flow signals in the systemic circulation. 

2.5 Conclusion 

Numerous studies report the beneficial effects of the pulsatile mechanical 

circulatory support over continuous speed support. In this study, we have shown and 

quantified the effects of varying operating speed over a cardiac cycle to improve arterial 
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pulsatility. The flow rates generated in our method resemble normal physiological 

systemic flow. Using a reference model for describing the left ventricular and arterial 

system dynamics produced physiological hemodynamic signals in the systemic arteries. 

The numerical study shows the enhanced pulsatility and more physiological 

hemodynamic signals in varying speed control, which may reduce the long-term 

complications associated with CF-LVAD support. Varying speed control may combine 

the beneficial effects of pulsatile mechanical circulatory support and the durability of CF-

LVADs. 

2.6 References 

1. Frazier, OH. Unforeseen consequences of therapy with continuous-flow pumps. 

Circ Heart Fail. 2010;3:647-649. 

2. Thohan V, Stetson SJ, Nagueh SF et al. Cellular and hemodynamics response of 

failing myocardium to continuous flow mechanical circulatory support using the 

DeBakey-Noon left ventricular assist device: a comparative analysis with pulsatile-

type devices. J Heart Lung Transplant. 2005;24:566-575. 

3. Klotz S, Stypmann J, Welp H et al. Does continuous flow left ventricular assist 

device technology have a positive impact on outcome pretransplant and post 

transplant? Ann Thorac Surg. 2006;82:1774-1778. 

4. Ventura PA, Alharethi R, Budge D et al. Differential impact on post-transplant 

outcomes between pulsatile- and continuous-flow left ventricular assist devices. 

Clin Transplant. 2011;25:E390-395. 

5. Saito S, Westaby S, Piggot D et al. End-organ function during chronic nonpulsatile 

circulation. Ann Thorac Surg. 2002;74:1080-1085. 

6. Letsou GV, Connelly JH, Delgado RM et al. Is native aortic valve commissural 

fusion in patients with long-term left ventricular assist devices associated with 

clinically important aortic insufficiency? J Heart  Lung Transplant. 2006;25:395-

399. 

7. Crow S, John R, Boyle A et al. Gastrointestinal bleeding rates in recipients of 

nonpulsatile and pulsatile left ventricular assist devices. J Thorac Cardiovasc Surg. 

2009;137:208-215. 

8. Nishimura T, Tatsumi E, Takaichi S et al. Prolonged nonpulsatile left heart bypass 

with reduced systemic pulse pressure causes morphological changes in the aortic 

wall. Artif Organs. 1998;22:405-410. 



Chapter 2 

40 

 

9. Nishimura T, Tatsumi E, Nishinaka T, Taenaka Y, Takano H. Aortic reaction to 

prolonged nonpulsatile left heart bypass. J Artif Organs. 1999;2:141-145. 

10. Wilson E, Mai Q, Sudhir K, Weiss RH, Ives He. Mechanical strain induces growth 

of vascular smooth muscle cells via autocrine action of PDGF. J Cell Biol. 

1993;123:741-747. 

11. Amir O, Radovancevic B, Delgado RM et al. Peripheral vascular reactivity in 

patients with pulsatile vs axial flow left ventricular assist device support. J Heart 

Lung Transplant. 2006;25:391-394. 

12. Gokce N, Keaney JF, Hunter LM et al. Predictive value of noninvasively 

determined endothelial dysfunction for long-term cardiovascular events in patients 

with peripheral vascular disease. J Am Coll Cardiol. 2003;41:1769-1775. 

13. Geisen U, Heilmann C, Beyersdorf F et al. Non-surgical bleeding in patients with 

ventricular assist devices could be explained by acquired von Willebrand disease. 

Eur J Cardiothorac Surg. 2008;33:679-684. 

14. Crow S, Chen D, Milano C et al. Acquired von Willebrand syndrome in continuous-

flow ventricular assist device recipients. Ann Thorac Surg. 2010;90:1263-1269. 

15. Malehsa D, Meyer AL, Bara C, Strüber M. Acquired von Willebrand syndrome after 

exchange of the HeatrMate XVE to HeartMate II ventricular assist device. Eur J 

Cardiothorac Surg. 2009;35:1091-1093. 

16. Crow S, Milano C, Joyce L et al. Comparative analysis of von Willebrand factor 

profiles in pulsatile and continuous left ventricular assist device recipients. ASAIO 

J.2010;56:441-445. 

17. Garcia S, Kandar F, Boyle A et al. Effects of pulsatile- and continuous-flow left 

ventricular assist devices on left ventricular unloading. J Heart Lung Transplant. 

2008;27:261-267. 

18. Sandner SE, Zimpfer D, Zrunek P et al. Renal function after implantation of 

continuous versus pulsatile flow left ventricular assist devices. J Heart Lung 

Transplant. 2008;27:469-473. 

19. Lee JJ, Tyml K, Menkis AH, Novick RJ, Mckenzie FN. Evaluation of pulsatile and 

nonpulsatile flow in capillaries of goat skeletal muscle using intravital Microscopy. 

Microvasc Res. 1994;48:316-327. 

20. Baba A, Dobsak P, Mochizuki S et al. Evaluation of pulsatile and nonpulsatile flow 

in microvessels of the bulbar conjunctiva in the goat with an undulation pump 

artificial heart. Artif Organs. 2003;27:875-881. 



Chapter 2 

41 

 

21. Loebe M, Koster A, Sӓgner S et al. Inflammatory response after implantation of a 

left ventricular assist device: comparison between the axial flow Micromed 

debakey vad and the pulsatile novacor device. ASAIO J. 2001;47:272-274. 

22. Ootaki C, Yamashita M, Ootaki Y at al. Reduced pulsatility induces periarteritis in 

kidney: role of the local renin-angiotensin system. J ThoracCardiovasc Surg. 

2008;136:150-158. 

23. Ündar A. Myths and truths of pulsatile and nonpulsatile perfusion during acute and 

chronic cardiac support. Artif Organs. 2004;28:439-443. 

24. Ündar A. Benefits of pulsatile flow during and after cardiopulmonary bypass 

procedures. Artif Organs. 2005;29:688-690. 

25. Guan Y, Karkhanis T, Wang S et al. Physiologic benefits of pulsatile perfusion 

during mechanical circulatory support for the treatment of acute and chronic heart 

failure in adults. Artif Organs. 2010;34:529-536. 

26. Cox LGE, Loerakker S, Rutten MCM, de Mol BAJM, van de Vosse FN. A 

mathematical model to evaluate control strategies for mechanical circulatory 

support. Artif Organs. 2009;33:593-603. 

27. Shi Y, Lawford PV, Hose DR. Numerical modeling of hemodynamics with pulsatile 

impeller pump support. Ann Biomed Eng. 2010;38:2621-2634. 

28. Ando M, Takewa Y, Nishimura T et al. A novel counterpulsation mode of rotary left 

ventricular assist devices can enhance myocardial perfusion. J Artif Organs. 

2011;14:185-191. 

29. Ising M, Warren S, Sobieski AM, Slaughter MS, Koenig SC, Giridharan GA. Flow 

modulation algorithms for continuous flow left ventricular assist devices to increase 

vascular pulsatility: a computer simulation study. Cardiovascular Engineering and 

Technology. 2011;2:90-100. 

30. Vandenberghe S, Segers P, Steendijk P, Meyns B, Dion RA, Antaki JF, Verdonck 

PR. Modeling ventricular function during cardiac assist: does time-varying 

elastance work? ASAIO J.2006; 52:4-8. 

31. Vandenberghe S, Segers P, Antaki JF, Meyns B, Verdonck PR. Hemodynamic 

modes of ventricular assist with a rotary blood pump: continuous, pulsatile, and 

failure. ASAIO J. 2005;51:711-718. 

32. Khalil HA, Kerr DT, Schusterman MA, Cohn WE, Frazier OH, Radovancevic B. 

Induced pulsation of a continuous-flow total artificial heart in a mock circulatory 

system. J Heart Lung Transplant. 2010;29:568-573. 



Chapter 2 

42 

 

33. Bovendeerd PH, Borsje P, Arts T, van de Vosse FN. Dependence of 

intramyocardial pressure and coronary flow on ventricular loading and contractility: 

a model study. Ann Biomed Eng. 2006;34:1833-1845. 

34. de Pater L, van den Berg JW. An electrical analogue of the entire human 

circulatory system. Med Electron Biol Eng. 1964;2:161-166. 

35. Ursino M. Interaction between carotid baroregulation and the pulsating heart: a 

mathematical model. Am J Physiol Heart Circ Physiol. 1998;275:1733-1747. 

36. Fresiello L, Khir AW, Di Molfetta A, Kozarski M and G Ferrari. Effects of IABP 

Timing on Baroreflex Activities in a Closed Loop Cardiovascular Hybrid Model. Artif 

Organs. 2013;37:237-247. 

37. Moscato F, Danieli GA, Schima H. Dynamic modeling and identification of an axial 

flow ventricular assist device. Int J Artif Organs. 2009;32:336-343. 

38. Ziegler JG, Nichols NB, Rochester NY. Optimum settings for automatic controllers. 

Transactions of the ASME. 1942;64:759-768. 

39. Darowski M, De Lazzari C, Ferrari G, Clemente F, Guaragno M. The influence of 

simultaneous intra-aortic pumping and mechanical ventilation on hemodynamic 

parameters—numerical simulation. Front Med Biol Eng. 1999;9:155-174. 

40. De Lazzari C, Darowski M, Ferrari G, Clemente F, Guaragno M. Computer 

simulation of haemodynamic parameters changes with left ventricle assist device 

and mechanical ventilation. Comput Biol Med. 2000;30:55-69. 

41. Ferreira A, Chen S, Simaan MA, Boston JR, Antaki JF. A nonlinear state-space 

model of a combined cardiovascular system and a rotary pump. Proceedings of 

the 44th IEEE Conference on Decision and Control, and the European Control 

Conference. Sevilla, Spain, 2005:897-902. 

42. Salamonsen RF, Lim E, Gaddum N. Theoretical foundations of a starling-like 

controller for rotary blood pumps. Artif Organs. 2012;36:787-796. 

43. Heldt T, Shim EB, Kamm RD, Mark RG. Computational modeling of cardiovascular 

response to orthostatic stress. J Appl Physiol. 2002;92:1239-1254. 

44. Klotz S, Deng MC, Stypmann J at al. Left ventricular pressure and volume 

unloading during pulsatile versus nonpulsatile left ventricular assist device support. 

Ann Thorac Surg. 2004;77:143-149. 

45. Slaughter MS. Long-term continuous flow left ventricular assist device support and 

end-organ function: prospects for destination therapy. J Card Surg. 2010;25:490-

494. 



Chapter 2 

43 

 

46. Loforte A, Monica PLD, Montalto A, Musumeci F. HeartWare third-generation 

implantable continuous flow pump as biventricular support: mid-term follow-up. 

Interact Cardiovasc Thorac Surg. 2011;12:458-460. 

47. La Vecchia L, Zanolla L, Varotto L et al.Reduced right ventricular ejection fraction 

as a marker for idiopathic dilated cardiomyopathy compared with ischemic left 

ventricular dysfunction. Am J Heart.2001;42:181-189. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/pubmed/21172943


 

 

 

 

 

 



 

Reproduced from: S. Bozkurt, S. van Tuijl, S. Schampaert, F. N. van de Vosse, M. C. M. Rutten, 
“Enhancing the Arterial Pressure Pulsatility by Controlling the CF-LVAD Flow Rate in a Mock 
Circulatory System”, submitted to Medical & Biological Engineering & Computing. 

 

 

 

 

 

Chapter 3 

 

Improving Arterial Pulsatility by 

Feedback Control of a Continuous Flow 

Left Ventricular Assist Device: In-vitro 

Experiments 
 

Abstract 

Continuous Flow Left Ventricular Assist Devices generally operate at a constant speed, 

which reduces pulsatility in the arteries and may lead to complications such as 

functional changes in the vascular system and/or gastrointestinal bleeding. The purpose 

of this study is to increase the arterial pulse pressure and pulsatility by controlling the 

CF-LVAD flow rate. A Micromed DeBakey pump was used as CF-LVAD. A model 

simulating the flow rate through the aortic valve was used as reference model to drive 

the pump. A mock circulation containing two synchronized servomotor-operated piston 

pumps acting as left and right ventricle was used as a circulatory system. Proportional-

integral control was used as the control method. First, the CF-LVAD was operated at a 

constant speed.  At varying speed CF-LVAD assistance, the pump was driven such that 

the same mean pump output was generated. Continuous and varying speed CF-LVAD 

assistance provided the same mean arterial pressure and flow rate, while the index of 

pulsatility increased in both arterial pressure and pump flow rate signals under pulsatile 

pump speed support. This study shows the possibility of improving the pulsatility in CF-

LVAD support by regulating pump speed over a cardiac cycle without reducing the 

overall level of support. 
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3.1 Introduction 

Continuous Flow Left Ventricular Assist Devices (CF-LVADs) generally operate 

at a constant speed. However, constant speed CF-LVAD assistance reduces the pulse 

pressure and index of pulsatility over a cardiac cycle, which may lead to long term 

complications [1]. The patients under pulsatile support exhibit less remodeling and 

functional changes in their vascular system than patients under constant flow support 

[2-9]. This leads to less gastrointestinal (GI) bleeding, aortic wall remodeling and a 

better vascular auto-regulatory function. Geisen et al. report that non-surgical bleeding 

in the CF-LVAD patients can be explained by acquired von Willebrand disease [10]. 

However, Crow et al. report that loss of von Willebrand factor multimeres alone cannot 

be a predictor of GI bleeding [11].  Nevertheless, comparative studies show that loss of 

von Willebrand Factor is higher under CF-LVAD support than in pulsatile assist device 

support [12,13] which may be interpreted as pulsatile circulatory support being more 

beneficial for LVAD patients. Under pulsatile support, pulmonary vascular resistance 

reduces more than under constant flow support [14]. Furthermore, long-term organ 

function appears to be preserved better with pulsatile support [15-17]. Inflammatory 

responses reportedly occur at a lower rate in patients under pulsatile support as well 

[18,19].  

In literature, pulsatile vs. continuous flow cardiac support and benefits of the 

pulsatile perfusion have been summarized in [20-22]. From these studies it is clear that 

pulsatile support may be beneficial for reducing the late complications of CF-LVAD 

support. 

In this study, we aim to validate the results presented in chapter 2 which presents 

a model reference control algorithm for a CF-LVAD in order to enhance the pulsatility in 

the systemic arterial pressure. The controlled variable is the pump flow rate, to enable 

direct dynamic control of the pump output over a cardiac cycle. The reference model 

and the pump driving mode allow obtaining more physiological signal shapes in the 

arterial hemodynamics, and show the possibility of obtaining an increased pulsatility 

using a physiological control algorithm. 

3.2 Materials and Methods 

3.2.1 Flow control reference model 

The same reference model was used as in chapter 2 in order to control the CF-

LVAD flow rate. This numerical model describes the left atrial, left ventricular and 
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systemic arterial dynamics. The ventricle model is based on the model developed by 

Bovendeerd et al. [23]. This model describes the ventricular wall mechanics using 

myocardial constitutive properties. The ventricular wall mechanics model relates the 

macroscopic ventricular pressure and volume with microscopic tissue properties which 

are fiber stress, fiber strain, radial wall stress and radial wall strain. Active and passive 

fiber stress relations include the myocardial constitutive laws for fiber stress and radial 

stress. Detailed information about the full heart model can be found in [23]. The 

circulatory system is described with a lumped parameter model including electrical 

analogues for resistance and compliance [24]. Similarly, the heart valves were modeled 

as ideal diodes allowing one-way blood flow. The left atrium has been modeled as a 

passive compliance only.  

3.2.2 CF-LVAD controller 

To regulate the CF-LVAD operating speed, straightforward Proportional-Integral 

(PI) control was applied as the control method. The control application includes three 

main components, a PI controller, a DC motor driver and the CF-LVAD. The control 

algorithm was developed using Matlab Simulink R2006a implementing a Runge-Kutta 

solver scheme. The time step was 0.001 seconds. To enable pulsatile pump speed 

control, an industrial BLDC motor driver was used (Maxon DECS 50/5, Maxon, 

Switzerland) for driving the CF-LVAD. This driver uses an input voltage as the reference 

signal to regulate the pump operating speed towards a certain level. The maximum 

signal input voltage of this driver is 5 Volts [25]. A MicroMed DeBakey CF-LVAD was 

used as the assist device. With respect to other devices this device is more responsive 

to the control input signals over the duration of a cardiac cycle. Additionally, it has a flow 

sensor attached, enabling direct feedback of the control variable. 

3.2.3 Experimental setup 

The mock circulation contained two synchronized servomotor-operated piston 

pumps acting as left and right ventricle. The ventricles were connected to the circulation 

system via two polyurethane valves. The systemic circulation was modeled by a 

cylindrical, polyurethane tube with constant diameter of 25 mm. The systemic and 

pulmonary impedance were modeled by four-element Windkessel models, positioned 

distal from the aorta and pulmonary valve, respectively. Compliance chambers 

represented passive atria and functioned as preload for ventricular filling. Detailed 

information about the mock circulation can be found in [26]. The schematic 
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representation of the mock circulation and the block diagram of the control application 

are given in Figure 3.1. 

 

Figure 3.1. The schematic representation of mock circulation and the block diagram of control 

application. LV and RV represent the left and right ventricles, R and C denote resistance and 

compliance, MV, AV, TV and PV are mitral, aortic, tricuspid and pulmonary valves, ao, lv and la are 

aorta, left ventricle and left atrium, m is model, ref is reference e and u are error and input of the 

CF-LVAD in the control application, 1, 2, 3 and 4 denote the resistances in the afterload sections. 

Left ventricular and aortic pressures were monitored using pressure sensors 

(Becton Dickinson Medical P10EZ-1). CF-LVAD flow rate was measured with a 

Transonic ME13PXN flow probe at the outlet of the pump, connected to a Transonic 410 

flow meter (Transonic, Ithaca, NY). 

3.2.4 Pathological cases 

First, the experiments were performed under healthy and pathological conditions. 

The contractility of the left ventricular model in the mock circulatory was reduced in 

order to obtain the DCM conditions. In total 10 experiments were performed for the 

assisted circulatory system including constant speed and varying speed CF-LVAD 

assistance. The heart rate was kept at 75 bpm during the experiments. The systemic 

arterial resistance was adjusted manually to obtain physiological pressure and flow 

signals in the systemic arteries. Different contractility values which represent mild 
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(c=0.8) and severe (c=0.5) heart failure were used to be able to assess the pump 

performance and improvement in the pulsatility under varying speed CF-LVAD support. 

The applied settings in the experiments for the assisted circulation are given in Table 

3.1. 

Table 3.1. Applied settings in the experiments for the assisted circulation (0.5 for the contractility 
represents severe pathology and 0.8 for the contractility represents mild pathology) 

  Contractility Reference CF-LVAD flow rate [L/min] 

1 0.5 2.6 

2 0.5 3.1 

3 0.5 3.6 

4 0.5 4.1 

5 0.5 4.6 

6 0.8 2.5 

7 0.8 3.0 

8 0.8 3.9 

9 0.8 4.5 

10 0.8 5.0 

 

3.2.5 Output of the experiments 

The pulsatility was quantified using the index of pulsatility (Ip) [27]. The definition 

of Ip is given below. 

max( ) /p min meanI X X X            (3.1) 

Here, X denotes the hemodynamic variable that is considered in the calculation 

of the index of pulsatility. 

For comparison, the CF-LVAD was operated at a constant speed generating the 

same mean pump output as in pulsatile pump speed control mode. The data obtained 

from the experiments were analyzed employing one tailed t-test in Microsoft Excel 2007. 

P values less than 0.05 were considered to be significant. 

3.3 Results 

Representative left ventricular and aortic pressure signals and flow rate signal 

through the aortic valve for healthy and DCM condition were given in Figure 3.2. 
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Figure 3.2. Experimental results for healthy (h) and DCM (dcm) conditions. plv and pao are 

pressures in the left ventricle and aorta, Qav is the flow rate through aortic valve 

The results are given for the CF-LVAD assisted failing heart under different 

assisting modes for the same mean pump output (3.65 L/min). The left ventricular and 

aortic pressure and pump flow rate under pulsatile and constant speed CF-LVAD 

assistance modes are given in Figure 3.3. 

As seen in Figure 3.3, under pulsatile speed CF-LVAD assistance mode, the 

amplitudes of the aortic pressure signals are larger than at constant speed CF-LVAD 

assistance. 

Figure 3.3. Aortic pressures (pao) under varying (vs) and constant (cs) speed CF-LVAD operating 

modes, pump flow rates (Qcf-lvad) under varying (vs) and constant (cs) speed CF-LVAD operating 

modes 

Under both operating modes, the mean aortic pressure was 86 mmHg. Under 

varying speed CF-LVAD support, the amplitude of the measured pump flow signals was 

higher than the amplitude of the flow signal at constant speed CF-LVAD support. The 

mean flow rate was 3.65 L/min for both operating modes.  
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Figure 3.4 shows the comparison of the hemodynamic variables under 

assistance with different operating modes. Under constant speed CF-LVAD assistance 

aortic pulse pressure was lower than the varying speed CF-LVAD operating mode 

(P<0.05). For both operating modes the mean aortic pressure was at the same level 

(P>0.05) Similar to the aortic pulse pressure, the index of pulsatility in the aortic 

pressure was significantly higher under varying speed CF-LVAD support (P<0.05). Also 

the generated CF-LVAD flow rate was the same in both support modes (P>0.05) while 

both amplitude of the CF-LVAD flow rate and index of pulsatility were significantly higher 

under varying speed CF-LVAD support (P<0.05). 

 

Figure 3.4. Arterial pulse pressure (i), mean aortic pressure (ii), index of pulsatility in aortic 

pressure (iii), amplitude of CF-LVAD flow rate (iv), mean pump output (v) and index of pulsatility in 

pump flow rate (vi) under constant speed (CS) and varying speed (VS) CF-LVAD support. (Error 

bars represent 2*standard deviation) 

3.4 Discussion 

The aim of this study was to show the possibilities of pulsatile CF-LVAD 

assistance compared to constant speed support in a mock circulatory system.  The 

operating speed of a Micromed DeBakey CF-LVAD was regulated applying a PI control 

to pump flow rate to increase arterial pulsatility. The proposed control strategy provided 

an increase in the pulse pressure and Ip in the arterial pressure signals over a cardiac 

cycle without reducing the level of the support.  
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Flow rate through the CF-LVAD did not strictly follow the reference model due to 

design of the pump. The main mechanical components of the CF-LVAD are the inducer, 

the impeller and the diffuser.  The main electrical components are the stator and rotor 

which also functions as the impeller. It is thought that because of the gap between the 

embedded magnets in the impeller and coil in the stator, the pump response is not 

sufficiently fast to follow the reference. However, using a feedback control includes a 

reference model for regulating the speed increased the arterial pulsatility. Presence of 

the flow sensor Micromed CF-LVADs allows to measure the flow rate through the pump 

which makes the operating mode reliable even in long term use. Although the 

instantaneous tracking error was considerable in the pulsatile speed CF-LVAD support 

mode, the control algorithm doubled the amplitude and pulsatility index in arterial 

pressure and CF-LVAD flow rate signals. 

The strength of the contractions in the heart is also one of the important 

parameters affecting the pulsatility in the arteries. The heart becomes more dominant 

for the higher contractility values. Therefore the varying CF-LVAD speed generates less 

pulsatility in comparison to lower contractility values. Nevertheless, speed variations in 

both heart failure modes increase the arterial pulsatility. 

3.5 Conclusion 

Numerous studies report the beneficial effects of the pulsatile mechanical 

circulatory support over continuous speed support. In this study, we have shown and 

quantified the effects of varying operating speed over a cardiac cycle to improve arterial 

pulsatility. Furthermore, we showed that it is possible increase the arterial pulsatility in a 

CF-LVAD supported cardiovascular system by using an in-vitro experimental method. 

Varying speed control may combine the beneficial effects of pulsatile mechanical 

circulatory support and the durability of CF-LVADs. 
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Chapter 4 

 

Improving Arterial Pulsatility by 

Feedback Control of a Continuous Flow 

Left Ventricular Assist Device: Ex-vivo 

Experiments 
 

Abstract 

Continuous Flow Left Ventricular Assist Devices (CF-LVADs) reduce arterial pulsatility, 

which may cause long term complications in the cardiovascular system. The aim of this 

study is to improve the pulsatility by driving a CF-LVAD at a varying speed, synchronous 

with the cardiac cycle in an ex-vivo experiment. A Micromed DeBakey pump was used 

as CF-LVAD. The heart was paced at 140 bpm to obtain a constant cardiac cycle for 

each heartbeat. First, the CF-LVAD was operated at a constant speed.  At varying 

speed CF-LVAD assistance, the pump was driven such that the same mean pump 

output was generated. For synchronization purposes, an algorithm was developed to 

trigger the CF-LVAD each heart beat. The pump flow rate was selected as the control 

variable and a reference model was used for regulating the CF-LVAD speed. 

Continuous and varying speed CF-LVAD assistance provided the same mean arterial 

pressure and flow rate, while the index of pulsatility doubled in both arterial pressure 

and pump flow rate signals under pulsatile pump speed support. This study shows the 

possibility of improving the pulsatility in CF-LVAD support by regulating pump speed 

over a cardiac cycle without compromising the overall level of support. 
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4.1 Introduction 

Constant operating speed of Continuous Flow Left Ventricular Assist Devices 

(CF-LVADs) reduces the pulsatility in the arteries of the patient under LVAD support. 

Ever since the continuous flow pumps were introduced into the clinic, the debate on the 

pros and cons of continuous flow has been ongoing. Reduced pulsatility may cause 

long-term complications such as aortic valve insufficiency and gastro-intestinal (GI) 

bleeding [1,2]. Bleeding occurrences are the main reason of morbidity and reoperations 

in the LVAD recipients. Schaffer et al. [3] reports that in their clinic incidence of GI 

bleeding was 28 percent in CF-LVAD implanted patients. The GI bleeding occurrence 

rate was reported in different studies under continuous flow mechanical circulatory 

support [4-6]. Geisen et al. reports that non-surgical bleeding in the CF-LVAD patients 

can be explained by the acquired von Willebrand disease [7]. However, Crow et al. 

reports that loss in von Willebrand factor multimeres alone cannot be a predictor of GI 

bleeding [8]. Nevertheless, comparative studies show that loss of the von Willebrand 

factor platelet is higher under CF-LVAD support than the pulsatile assist device support 

[9, 10] which can be interpreted as pulsatile pump support may improve the situation of 

the LVAD patients. Although there are studies reporting that this rate was decreased 

under support with a HeartMate II (Thoratec corp.), the problem still remains and causes 

morbidity [11]. Furthermore, non-pulsatile blood flow generated by the CF-LVADs flow 

leads to remodeling in vessel properties such as diminishing the vascular contractility, 

decrease in the thickness of the aortic wall and the volume ratio of smooth muscle cells 

[12-17]. Even though pulsatile flow and continuous flow in mechanical circulatory 

support (MCS) reduced the size of the left ventricle almost equally and showed similar 

levels of ventricular unloading, pulsatile flow MCS reduced the pulmonary vascular 

resistance more than the continuous flow MCS in long term assistance [18]. Existence 

of pulsatility in the capillaries increases the number of perfused capillaries, thus a better 

perfusion is obtained under pulsatile blood flow and pulsatile MCS [19,20]. Another 

adverse effect of the reduced pulsatility under continuous flow MCS is a higher 

incidence of inflammation in comparison with pulsatile MCS [21,22]. The benefits of 

pulsatile MCS over its non-pulsatile counterpart are summarized in [23-25].  

Third generation CF-LVADs, which have a relatively smaller size, were 

developed to improve clinical outcome of the continuous flow MCS. In these devices, 

magnetic levitation and hydrodynamic suspension were used for eliminating the contact 

bearings [26]. However, clinical reports show that GI bleeding occurs in the third 

generation CF-LVADs as well [27,28]. 
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Pulsatile CF-LVAD operation has been described for different purposes in the 

literature. Cox et al. defined a sinusoidal pump speed variation in a numerical model of 

a CF-LVAD supported patient to evaluate ventricle models and compare the effects of 

pulsatile and constant speed mechanical circulatory support on the coronary blood flow 

[29]. In their study, varying speed support improved the perfusion and unloading of the 

left ventricle in comparison with constant speed support. However, there was no 

improvement in the arterial pulsatility. In a similar operating mode, Shi et. al operated a 

CF-LVAD at a sinusoidal speed to evaluate the hemodynamic response of the 

cardiovascular system under assistance [30]. They concluded that constant pump 

speed is the most efficient work mode for a rotary blood pump.  Ising et al. used a 

different CF-LVAD flow rate to modulate the operating speed in order to increase the 

pulsatility in a simulation study [31]. They changed the pulse width and amplitude of the 

flow signal through the pump. Thus, they showed the possibility of increasing pulsatility 

through pump control; however, they did not define a control method to drive the pump. 

Furthermore, the ventricles were described using a time varying elastance model in 

these studies. However, it has been reported in the literature that time varying elastance 

models are not sufficient to describe the ventricle function under CF-LVAD support [32]. 

The studies mentioned so far have been done using numerical models and have not 

been validated experimentally, so applicability of these studies is not yet clear.  Ando et 

al. [33] used a controller for counter-pulsating operation of a CF-LVAD, and showed that 

in a CF-LVAD this mode enhances the myocardial perfusion. They did not look deeply 

into the effects on pulsatility. Vandenberghe et al.[34] did a comparative study between 

the continuous and pulsatile CF-LVAD operating modes using a Deltastream diagonal 

pump. The driver of this pump allows the user to set the pulse frequency of the 

sinusoidal rotational speed, outflow pulse pressure and mean pump flow rate. They did 

not look into the shape of the hemodynamic signals, but restricted themselves to 

sinusoidal speed variation signals. Khalil et al. [35] varied the amplitude of the speed, 

heart rate and systolic duration of the left, right or both pumps in an axial flow total 

artificial heart to increase the pulsatility. The CF-LVADs were driven at a sinusoidally 

time-dependent rotational speed profile for increasing the pulsatility in the studies 

mentioned above.  

In this paper, we aim to operate a CF-LVAD (MicroMed DeBakey) at varying 

speed over a cardiac cycle, by using a feedback control mechanism incorporating a 

reference model for the pump flow rate, to closer mimic physiological systemic flow 

rates, and thus arterial pulsatility. An ex-vivo circulatory system, incorporating a live 
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porcine heart, was used for mimicking the systemic circulation [36]. The controlled 

variable is the pump flow rate. The method presented in this study includes the 

application of a complete control method to operate the pump dynamically, 

synchronized with the cardiac cycle. 

4.2 Materials and Methods 

4.2.1 CF-LVAD controller 

In order to apply the varying speed control algorithm, flow rate was selected as 

the control variable. To regulate the CF-LVAD operating speed, straightforward 

Proportional-Integral (PI) control was applied as the control method. In a PI control 

application, the error signal (e) which is the difference between the reference and 

measured signals, is multiplied by the proportional gain (Kp).  The time-integrated error 

signal is multiplied by the integral gain (Ki), and these two are summed to achieve the 

desired action from the dynamical system, i.e.: 

    
0

( ) ( ) ( )
t

p iu t K e t K e d            (4.1) 

            The block Diagram of the control application for pulsatile CF-LVAD flow rate 

control is given in Figure 4.1. 

 

Figure 4.1. Block diagram of the CF-LVAD flow rate control, Vin is the reference voltage at the 

BLDC motor driver for regulating the pump speed, Vout is the output voltage of the BLDC motor 

driver. 

The control application includes three main components, a PI controller, a DC 

motor driver and the CF-LVAD. The control algorithm was developed using Matlab 

Simulink R2006aimplementing a Runge-Kutta solver scheme. The time step was 0.001 

seconds. To enable pulsatile pump speed control, an industrial BLDC motor driver was 

used (Maxon DECS 50/5, Maxon, Switzerland) for driving the CF-LVAD. This driver 

uses an input voltage as the reference signal to regulate the pump operating speed 

towards a certain level. The maximum signal input voltage of this driver is 5 Volts [37]. A 

MicroMed DeBakey CF-LVAD was used as the assisting device. With respect to other 
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devices this device is more responsive to the control input signals over the duration of a 

cardiac cycle. Additionally it has a flow sensor attached, enabling direct feedback of the 

control variable.  

4.2.2 Flow control reference model 

The reference flow rate (Qref) was modeled using a trigonometric function in 

pulsatile speed CF-LVAD assistance (Equation 4.2). 

  
 



sin(2 * 2 * ), / 4

0, / 4
ref

A T t t T
Q

t T
,                      (4.2)

 

Where A is the amplitude of the reference signal, t is the relative time and T is the 

cardiac cycle length. In the experiments, A was 250 mL/s varying part of the CF-LVAD 

flow signal over a cardiac cycle. The reference flow signal consisting of the positive part 

of a sinusoidal signal, resembling systolic aortic flow, for the first ¼ of the heartbeat. The 

reference flow signal is zero for the remainder of the heart cycle. A triggering algorithm 

was developed to synchronize the reference flow signal with the beating heart. The 

operations applied in the triggering algorithm for deriving the reference flow rate are 

summarized in Figure 4.2. 

 

Figure 4.2.Transformation of the pacing signal (SP) into the reference CF-LVAD flow rate (Qref) in 

four steps,1-The pacing signal (SP) transformed into the pulses (SE) by thresholding and 

normalization, 2-A separate clock generates the real time signal (SRT) and onset of each pulse 

constant signal (SET) over a cardiac cycle, 3-Relative time (t) was obtained from the remainder of 

division of real time signal (SRT) to enabled time signal (SET), 4-Reference flow rate (Qref) obtained 

using the relative time (t) 
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To obtain a constant heart rate, the heart will be paced using a pacemaker. In the 

triggering algorithm, the analog pacing signal (Sp, Fig. 4.2) is transformed into a digital 

one, by taking the level of 5V as a trigger. The digital signal pulse SE (Figure 4.2) resets 

the relative time clock to 0, so as to obtain a measure for the time (t) passed during the 

actual cardiac cycle. The reference flow rate (Qref, eq. 4.2) is obtained using this relative 

time signal. 

4.2.3 The ex-vivo experiment 

To test the new method, an isolated porcine heart experiment was used, to 

provide a realistic environment mimicking both heart and circulatory behavior, without 

the need for modeling either of the components. Furthermore, by using a beating heart, 

pumping blood through a mock circulation at physiological flow- and pressure levels, we 

can concentrate on the LVAD function at constant speed vs. pulsating speed and 

monitor both LVAD and heart function as realistically as possible, without the need for 

animal tests or patient studies. 

A porcine heart obtained from the slaughterhouse was prepared and attached to 

the windkessel type mock circulatory system with an LVAD according to the protocol 

described in [36] for testing the proposed CF-LVAD support mode. In short, the heart 

was explanted from the animal, cooled down on ice, and transported to the lab, such 

that the warm ischaemic time was less than 5 minutes. In the experiments, the heart 

was instrumented with RV pacing leads and an LV pressure sensor. Subsequently, it 

was connected to a systemic flow loop consisting of a controllable preload system and a 

Windkessel-type mock systemic circulation. The venous return circuit was equipped with 

an oxygenator and heating elements, such that the blood was well oxygenated and kept 

at 38°C. The inflow cannula of the CF-LVAD was connected to the left ventricle, through 

the apex, using the standard suture ring. Its outflow graft was connected to the aortic 

tube of the afterload system. The left side of the heart was connected to the mock 

circulation loop, and on perfusion with warm blood regained its contractile behavior 

spontaneously. The blood flowing through the coronary system, collected in the 

coronary sinus, returned through the right ventricle into the venous return system 

through a separate tube (Figure 4.3).  

 Left ventricular and aortic pressures were monitored using pressure sensors 

(Becton Dickinson Medical P10EZ-1). CF-LVAD flow rate was measured with a 

Transonic ME13PXN flow probe at the outlet of the pump, connected to a Transonic 410 

flow meter (Transonic, Ithaca, NY). The operating speed of the CF-LVAD was 
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determined by measuring its commutation frequency, directly from the controller. 

LabVIEW 8.5 was used for acquiring data at a 4000 Hz sampling rate. The high 

sampling rate was necessary to resolve the pump speed signal adequately. 

 

Figure 4.3. The beating heart platform, porcine heart and CF-LVAD used in the experiments 

4.2.4 Output of the experiment 

The pulsatility was quantified using the index of pulsatility (Ip) considering the fact 

that aortic valve remained closed in the experiments. Because in such situation energy 

equivalent pressure becomes mean arterial pressure if the aortic valve remains closed 

[23]. Furthermore mean arterial pressure is given for both constant and pulsatile CF-

LVAD support. 

max( ) /p min meanI X X X                               (4.3) 

In equation 4.3, X denotes the hemodynamic variable that is considered in the 

calculation of the index of pulsatility.  

For comparison, the CF-LVAD was operated at a constant speed generating the 

same mean pump output as in pulsatile pump speed control mode. 
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4.3 Results 

The left ventricular and aortic pressure signals and flow rate through the aortic 

valve signal for the healthy and pathological settings are given in Figure 4.4. 

Peak left ventricular pressure was 120 mmHg and the aortic pressure changed 

between 72 mmHg and 110 mmHg or the healthy condition. Mean aortic pressure was 

90 mmHg and the cardiac output was 6.9 L/min. The left ventricular peak pressure 

reduced to 79 mmHg when the pathological settings applied. The aortic pressure varied 

between 49 mmHg and 75 mmHg while the mean aortic pressure was 61 mmHg. 

Cardiac output decreased to 3.33 L/min. 

 

Figure 4.4. i) Left ventricular (plv) and aortic pressures (pao) for healthy (h) settings, ii) Flow through 

the aortic valve (Qav) for healthy (h) settings  iii) left ventricular (plv) and aortic pressures (pao) for 

pathological (p) settings, iv) Flow through the aortic valve (Qav) for pathological (p) settings 

The results are given for the CF-LVAD assisted failing heart under different 

assisting modes for the same mean pump output (6.3 L/min). The left ventricular 

pressure, aortic pressure and pump flow rate under pulsatile and constant speed CF-

LVAD assistance modes are given in Figure 4.5. 

As clearly seen in Figure 4.5, under pulsatile speed CF-LVAD assistance mode, 

the amplitudes of the aortic pressure signals are larger than constant speed CF-LVAD 
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assistance. Under both operating modes, the mean arterial pressure was 80 mmHg. 

Under pulsatile speed CF-LVAD support, the amplitude of the measured pump flow 

signals was twice the amplitude of the flow signal at constant speed CF-LVAD support. 

The mean flow rate was 6.3 L/min for both operating modes. 

 

Figure 4.5. i) Left ventricular (plv) and aortic pressures (pao) under pulsatile (ps) and constant (cs) 

speed CF-LVAD operating modes, ii) Aortic pressures (pao) under pulsatile (ps) and constant (cs) 

speed CF-LVAD operating modes, iii) Pump flow rate (QCF-LVAD) under pulsatile (ps) and constant 

(cs) speed CF-LVAD operating modes 

The pump operating speed was approximately 9650 rpm for constant speed CF-

LVAD support (Figure 4.6). For pulsatile speed CF-LVAD support, the operating speed 

varied between 7200 rpm and 12000 rpm over a cardiac cycle. The mean CF-LVAD 

rotation speed in this case was approximately 9800 rpm over a cardiac cycle.  

 

Figure 4.6. Operating speed (n) of the CF-LVAD for constant speed (i) and pulsatile speed 

pump support (ii) 

Increase in the pulsatility of the CF-LVAD flow rate will increase the arterial 

pressure pulsatility as well. However, the mean arterial pressure and generated flow 

rate under pulsatile speed support should be at the same levels with respect to constant 

speed pump support in order to achieve the same level of assistance (Figure 4.7). 

Arterial pulse pressure, mean arterial pressure, index of pulsatility in arterial pressure, 

amplitude of CF-LVAD flow rate, mean pump output and index of pulsatility in pump flow 

rate under different assistance modes are given in Figure 4.7. 
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At constant speed pump support, the aortic pulse pressure was 6 mmHg while 

the amplitude of the CF-LVAD flow rate was 45 mL/s (Figure 4.7). Pulsatile speed 

support doubled the pulse pressure in the aorta as well as the amplitude of the CF-

LVAD flow rate. The speed variation in the pulsatile CF-LVAD control application 

generated the same mean aortic pressure level as the constant speed pump support. 

Also the generated CF-LVAD flow rate was the same in both support modes. 

Accordingly, the index of pulsatility in aortic pressure was also doubled with increased 

pulse pressure under pulsatile speed CF-LVAD support, in comparison with the 

constant speed pump support. The same holds for the index of pulsatility in pump flow 

rate signals under varying speed support.   

 

Figure 4.7. i) Arterial pulse pressure, ii) mean aortic pressure, iii) index of pulsatility in aortic 

pressure, iv) amplitude of CF-LVAD flow rate, v) mean pump output, vi) index of pulsatility in pump 

flow rate under constant speed (CS) and pulsatile speed (PS) CF-LVAD support 

The reference flow rate for pulsatile speed CF-LVAD support and measured flow 

rate under pulsatile speed and under constant speed are given in Figure 4.8.  

The amplitude of the reference CF-LVAD flow rate signal was 250 mL/s at each 

cardiac cycle. There was a delay between the reference flow rate and measured flow 

rate due to inertial effects and mechanical structure of the CF-LVAD in the pulsatile 
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pump support. However, the applied control method doubled the amplitude of the pump 

flow signals with respect to constant speed CF-LVAD support. 

 

Figure 4.8. Reference CF-LVAD flow rate (Qref) and measured CF-LVAD flow rates under 

pulsatile (QCF-LVAD,ps) and constant speed operating modes (QCF-LVAD,cs) 

4.4 Discussion 

 The aim of this study was to show the benefits of the pulsatile operating speed 

over a cardiac cycle by controlling the pump flow rate in order to increase the index of 

pulsatility. The same mean pump output and mean arterial pressure were achieved 

under the same mean operating speed for both assistance modes. The results show 

that a more pulsatile CF-LVAD support can be achieved by regulating the CF-LVAD 

speed over a cardiac cycle, without loss of overall levels of ventricular unloading. 

Pulsatile mechanical circulatory support was tested by Amacher et al. [38] in the 

animal studies. In their study, the start of pump ejection was delayed between 0% and 

100% of the cardiac period in 10% increments of the cardiac cycle. They concluded that 

the timing of pump ejection in synchronized mode yields control over left ventricular 

energetics and can be a method to achieve gradual reloading of a recoverable left 

ventricle. The effects on levels of pulsatility, compared to constant speed support with a 

CF-LVAD, so far has not been elucidated in literature. 

One of the potential adverse effects of the applied method in this study is the 

blood damage due to increased shear stress caused by the accelerating impeller. 

However, this requires the measurement of hemolysis. In this study we only aimed to 

show the possibility of pulsatile pumping by regulating the operating speed. Also 

different pump geometries will result in different amounts of stress on the surfaces 
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interacting with blood [39]. So, in such an operating mode it should be investigated 

whether the blood damage is a problem or not in different pumps. 

Mean aortic pressure must be at a certain level to maintain overall organ 

functions. Change in this parameter may e.g., cause kidney problems. Therefore, the 

mean aortic pressure should be maintained at the same level under pulsatile speed CF-

LVAD support with respect to constant speed support.  

The integral term in a PI control, sums the instantaneous error over time. Thus 

the controller tries to minimize the difference between the actual total flow and the total 

of reference over time. In case of a miss-trigger, the reference flow rate will be at the 

baseline level because the reference signal will not be generated due to lack of the 

triggering signal. Thus, over pumping, leading to suction, will not be an issue in such a 

control application. 

Flow rate through the CF-LVAD did not follow the reference model due to design 

of the pump. The main mechanical components of the CF-LVAD are the inducer, the 

impeller and the diffuser.  The main electrical components are the stator and rotor which 

also functions as the impeller. It is thought that because of the gap between the 

embedded magnets in the impeller and coil in the stator, the pump response is not 

sufficiently fast to follow the reference. However, using a feedback control includes a 

reference model for regulating the speed doubled the arterial pulsatility. Existence of the 

flow sensor Micromed CF-LVADs allows to measure the flow rate through the pump 

which makes the operating mode reliable even in long term use. Although the 

instantaneous tracking error was considerable in the pulsatile speed CF-LVAD support 

mode, the control algorithm doubled the amplitude and pulsatility index in arterial 

pressure and CF-LVAD flow rate signals. The generated mean pump output over one 

minute was more than 6 L/min under both assistance modes. This mean pump flow rate 

was more than sufficient to achieve a healthy level of perfusion [40]. The cardiac output 

of a pig is typically 4-5 L/min [41]. Likewise the generated mean CF-LVAD flow rate and 

operating speed, the mean arterial pressure was the same under constant speed and 

pulsatile speed CF-LVAD assistance. 

The design and electromechanical structure of the available heart pumps limits 

the possibilities of different operating modes. The Micromed DeBakey pump is an axial 

rotary pump, in its class of pumps it is more responsive to varying speed control than 

e.g., the Thoratec HeartMate II. Therefore we used this pump in the experiments, to 

show the possibility of synchronous dynamic heart support. The application of 
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centrifugal pumps might be more suited, since these pumps may have better pulsatile 

control possibilities.  

During the beating heart experiment, the CF-LVAD was triggered by an external 

signal, inducing a heart rate of 140 bpm, which was just above the natural rhythm of the 

heart used in the experiment. However, it should be noted that the heart rate was rather 

high with respect to heart rates typically observed in CF-LVAD patients, possibly due to 

the heart rate autoregulation mechanism of the isolated heart not being present 

anymore. The natural ECG has a very sharp peak (the R-peak in the QRS-complex) at 

the beginning of the heart cycle. This peak is widely used for synchronization purposes 

clinically, e.g., in imaging methods such as MRI or CT. Synchronizing a pump with this 

signal should not be difficult. Furthermore, approximately half of the LVAD patients has 

a pacemaker, so in a clinical setting, synchronizing with the pacemaker signal should be 

feasible.  

In the experiment, the diastolic phase was very short over a cardiac cycle. This 

caused a slightly different shape of CF-LVAD flow rate signal over a heartbeat than one 

would expect in a patient [42]. The alterations in diastolic fraction might have an effect 

on the pump flow in this phase. In constant speed CF-LVAD operating mode, diastolic 

flow rate is expected to be higher with respect to varying speed pump operating mode. 

A higher pulsatility and flow rate is expected in the systolic phase, by reducing the pump 

flow rate in the diastolic part of a cardiac cycle, while keeping the average flow rate 

constant. This also occurs in the native, healthy heart. The applied control strategy 

increased the pulsatility indexes in arterial pressure and CF-LVAD flow rate signals 

under this high level heart rate. The increased pulsatility with respect to constant speed 

CF-LVAD support is expected to render better perfusion levels and a higher index of 

pulsatility in the arteries under normal conditions. Also, the arterial pulse pressure was 

around 12 mmHg under pulsatile CF-LVAD support. At a normal or lower, heart rate it is 

expected to be higher. 

The data were acquired using a 4000 Hz sampling rate. With a higher sampling 

rate the operating speed signal will be smoother. However, this sampling rate also 

provided sufficient information about the change of the CF-LVAD operating speed. 

In a clinical application, duration of the cardiac cycle must be estimated to trigger 

the pump at each cardiac cycle. However, this requires elaborated models of 

pathological conditions such as dilated cardio-myopathy and cardiac arrhythmias. As 

mentioned before, the aim of this study was to show the benefits of the varying CF-
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LVAD operating speed experimentally. Further steps for heart rate estimation are 

needed for the in-vivo application to become feasible. 

4.5 Conclusion 

Numerous studies report the beneficial effects of the pulsatile mechanical 

circulatory support over continuous speed support.In this study, the possibility of speed 

variation of CF-LVAD support to improve the arterial pulsatility was shown 

experimentally in an isolated beating heart. The presented method includes the control 

strategy and triggering algorithm. They were assessed using a real pump. Mean aortic 

pressure and mean pump flow rate which are very important for the proper organ 

functions were kept at the same level under both support modes. Thus it is possible to 

support the heart at the same level as the constant speed CF-LVAD support.The 

applied control method is simple and easy to implement. In the future, it may be 

possible to use it in patients to reduce the long-term adverse effects of CF-LVADs. 
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Chapter 5 

 

Improving Arterial Pulsatility in a 

Continuous Flow Left Ventricular Assist 

Device Supported Cardiovascular 

System: A Stepwise Change in the Pump 

Operating Speed 
 

Abstract 

Continuous Flow Left Ventricular Assist Devices (CF-LVADs) generally operate at a 

constant speed in the human body. This causes a decrease in the pulsatility of 

hemodynamic variables. To increase the pulsatility a stepwise change was applied to 

the CF-LVAD operating speed over a cardiac cycle. To do this, a numerical 

cardiovascular system model and a pump model were used. The model was developed 

by considering the static characteristics of the MicroMed DeBakey CF-LVAD. First, the 

simulations were performed at constant operating speeds, 8500 rpm, 9500 rpm and 

10500 rpm. Pulsatility indexes were calculated for left ventricular (LV) pressure, aortic 

pressure, LV volume and CF-LVAD flow. Cardiac output (CO) was calculated at 

constant operating speed and these values used for comparing the pulsatility indexes 

with stepwise and constant operating speeds. The LVAD was operated at two different 

constant speeds in the stepwise operating speed simulations. Low and high operating 

speeds were adjusted so as to obtain the same cardiac output values with the constant 

operating speed simulations. The operating speeds in the simulations were 7800-11250 

rpm, 9300-1250 rpm and 10300-11250 rpm. The same cardiac output values were 
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obtained with an increase in the pulsatility of the hemodynamic variables without 

significant changes in their shapes except the CF-LVAD flow. The obtained results show 

that it is possible to obtain more physiological results by applying a stepwise change to 

CF-LVAD operating speed over a cardiac cycle. 

5.1 Introduction 

CF-LVADs operate at a constant speed in the human body. This speed causes a 

decrease in pulsatility in the hemodynamic variables such as LV pressure, LV volume, 

aortic pressure, flow rate of the CF-LVAD. In full support the aortic valve remains closed 

over a cardiac cycle and all the blood flows through the CF-LVAD [1]. The remaining 

pulsatility in a CF-LVAD assisted heart exists be-cause of contractions of the LV. This 

low pulsatility condition, may lead to aortic insufficiency and other long-term vascular 

complications. More physiological CF-LVAD operation may alleviate these problems. 

Several attempts to improve the assistance of the CF-LVADs in the human 

cardiovascular system have been described in literature. Moscato et al. developed a 

control strategy that provides an explicitly definable loading condition for the failing 

ventricle [2]. The studies show that there is a relation between the motor current and 

hemodynamic variables in a CF-LVAD assisted heart. This relation was used to develop 

LVAD control strategies [2-6]. The CF-LVADs show deleterious effects such as suction 

when the operating speed reaches a relatively high value. There are studies to detect 

and prevent the suction in the literature [7-11]. These studies show sufficient support to 

the circulation system and prevent suction. Pulsatility in the hemodynamic variables 

decreases in a CF-LVAD supported heart however pulsatility is a desired effect in a 

VAD assisted heart and can be obtained by using a pulsatile flow VAD. In a continuous 

flow VAD pulsatility diminishes and afterload increases [12]. In this paper, a different 

approach is presented to improve the long-term support capability of the CF-LVAD. A 

stepwise operating speed change was applied to obtain pulsatility in hemodynamic 

variables over a cardiac cycle.  

5.2 Materials and Methods 

5.2.1 CF-LVAD model 

A numerical pump model was developed to simulate the MicroMed DeBakey CF-

LVAD by considering the static characteristics of the pump. Static characteristics of this 

pump are given in Figure 5.1a. Detailed information about the measurements of 
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pressure across the LVAD can be found in [18]. The model used in the simulations is 

given below: 

2

2 1p K K Q               (5.1) 

The values of K1 and K2 were estimated to be 0.264 mmHg/mL/s and 0.0035 

mmHg/s
2
 respectively.  

The numerical pump model was implemented in the CVS model and simulations 

were performed for constant operating speed at 8500, 9500 and 10500 rpm. After 

completing the simulations at constant operating speeds, simulations were performed 

for stepwise LVAD operating speeds. In the stepwise operating speed simulations the 

LVAD switched to high speed at the peak LV pressure and kept constant until LV 

pressure reaches its minimum value. Three different simulations were performed at 

7800-11250 rpm, 9300-11250 rpm and 10300-11250 rpm operating speeds to obtain the 

same cardiac outputs as observed in the simulations for constant operating speeds. The 

maximum speed was set to 11250 rpm to prevent the suction. The CF-LVAD operating 

speed and LV pressure are given in Figure 5.1b. 

 

Figure 5.1. a) Static characteristics of the MicroMed DeBakey LVAD, b) LVAD speed (-continuous 

line), LV pressure (--dashed line) 

5.2.2 Cardiovascular system model 

To apply a stepwise operating speed over a cardiac cycle, a numerical human 

cardiovascular system (CVS) model and a numerical model for Micromed DeBakey 

LVAD were used. The operating speed was increased instantly when LV pressure 

reaches its peak value and kept constant until it reaches the lowest value. When LV 

pressure reaches its lowest value, the CF-LVAD operating speed was adjusted to the 

low value again and kept at this value until peak LV pressure was observed again. The 

results were compared with constant speed operation, rendering the same overall 

cardiac output. For an accurate comparison pulsatility indexes (PI) were defined for the 
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hemodynamic variables. The numerical CVS simulation model consists of an active left 

ventricle (LV) and right ventricle (RV), left atrium, right atrium, aortic valve (AV), mitral 

valve (MV), tricuspid valve (TV), pulmonary valve (PV), aorta, systemic veins, 

pulmonary arteries and pulmonary veins. The equivalent electric analogue is given in 

Figure 5.2. Abbreviations are given in Table 5.1. 

 

 

Figure 5.2. Equivalent electric analogue of CVS model and CF-LVAD 

Parameter values and the equations for compartments are taken from the 

available literature and all the parameter values and equations were used in the 

numerical model can be found in [13-16]. Elastance and activation functions of the 

ventricles were taken from [17]. The elastance function equation 5.2 of the ventricles is 

calculated by using the activation function equation 5.3. The activation function 

describes the contraction and relaxation phases in the ventricles.  
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Table 5.1. Abbreviations used in equations and Figure 5.1 
 

Nomenclature 

AV   Aortic valve   

C Compliance   

e Activation function   

E Elastance   

K Pump coefficient 

L Inertance   

MV Mitral valve  

PV Pulmonary valve   

Q Flow rate  

R Resistance   

T Heart beat period 

t Instantaneous time   

TV Tricuspid valve 

ΔP Pressure difference   

ω   Rotation speed   

Subscripts  

as  systemic arteries  

la    left atrium 

lv    left ventricle 

pa   pulmonary arteries  

pv   pulmonary veins  

ra  right atrium  

rv   right ventricle  

sv   systemic veins  

d   diastolic  

s   systolic  

1 peak systole, pump coefficient  

2 end systole, pump coefficient 

 

The symbols are referenced in Table 5.1. The same equation was used in both 

ventricle models but the parameter values were different. Es and Ed for the LV were 2.5 

mmHg/mL and 0.1 mmHg/mL respectively. Es and Ed for the RV were 1.15 mmHg/mL 

and 0.1 mmHg/mL respectively [17]. T was adjusted to 0.8 sec and kept constant in all 

the simulations. T1 was adjusted as 0.3*T and T2 was adjusted as 0.45*T. Dilated 
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cardiomyopathy was induced by reducing the Es value for both ventricles to 0.5 

mmHg/mL. 

5.2.3 Model output 

To determine and make a comparison between the pulsatility in the 

hemodynamic variables, pulsatility indexes were calculated as below. 

X Xmax minPI
( X X ) / 2max min





                      (5.4)

  

The parameter X is used for the hemodynamic variables that were considered in 

the simulations; LV pressure, aortic pressure, LV volume and CF-LVAD flow. The 

subscripts max and min in the equation 5.4 denote maximum and minimum values of 

these hemodynamic variables. Simulations were performed using the Matlab Simulink 

tool. Solver and maximum step size were set to ode15s and 0.0002 s respectively. 

5.3 Results 

Simulations were performed for healthy and pathological conditions without 

LVAD support first. LV pressure, aortic pressure, LV volume and cardiac output (CO) for 

healthy and pathological conditions are given in Figure 5.3 and summarized in Table 

5.2. 

 

Figure 5.3. a) LV pressure (- healthy, -. pathological), aortic pressure (-- healthy, : pathological) b) 

LV volume (- healthy, -- pathological) 
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Table 5.1. Simulation results 

  plv [mmHg] pao [mmHg] Vlv [mL] CO [mL/s] 

Healthy 7-120 79-121 53-122 86.3 

Pathological 17-78 58-78 160-202 52.5 

 

LV pressure, aortic pressure and LV volume under assisted conditions at 

constant speeds are given in Figure 5.4. 

 

Figure 5.4. a) LV pressure and aortic pressure at 8500 rpm, b) LV pressure and aortic pressure at 

9500 rpm, c) LV pressure and aortic pressure at 10500 rpm, (-- LV pressure, -aortic pressure), d) 

LV volume at constant speed (- 8500 rpm, -- 9500 rpm, -. 10500 rpm) 

For increasing constant CF-LVAD operating speed LV pressure decreases and 

aortic pressure increases with increasing CF-LVAD operating speed (Figure 5.4). End-

systolic and end-diastolic volume of the LV decrease with increasing constant operating 

speed. LV pressure, aortic pressure and LV volume under assisted conditions at 

stepwise changing speed are given in Figure 5.5. 

The shapes of the hemodynamic signals at the stepwise operating mode are 

similar to the constant operating speeds over a cardiac cycle. Stepwise change of the 

CF-LVAD operating speed hardly changes the shape of the hemodynamic signals. 

However the amplitude of the aortic pressure signal doubles. The CF-LVAD flow for 
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constant and stepwise operating speeds are given in Figure 5.6.  

 

Figure 5.5. a) LV pressure and aortic pressure at 7800-11250 rpm, b) LV pressure and aortic 

pressure at 9300-11250 rpm, c) LV pressure and aortic pressure at 10300-11250 rpm, (--LV 

pressure, -aortic pressure), d) LV volume (- 7800-11250 rpm, --9300-11250 rpm, -.10300-11250 

rpm) 

 

Figure 5.6. a) LVAD flow at constant operating speed (- 8500 rpm, -- 9500 rpm, -. 10500 rpm), b) 

LVAD flow at stepwise operating speed (- 7800-11250 rpm, -- 9300-11250 rpm, -. 10300-11250 

rpm) 

As shown in Figure 5.6, maximum value of the CF-LVAD flow increases and 

minimum value decreases to obtain same mean CO values with the constant operating 

speed mode at stepwise operating speed. The peak values are not excessively high, the 
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human CVS can handle these short term peak flows because of the large compliance of 

arterial system. 

The shape of the CF-LVAD flow changes significantly due to sudden change in 

the CF-LVAD operating speed. The PI values of the LV pressure, aortic pressure, LV 

volume and CF-LVAD flow were calculated according to equation 5.4. The change of PI 

values for the considered hemodynamic variables at the constant operating speeds and 

stepwise operating speed are given in Figure 5.7. 

 

Figure 5.7. PI of the LV pressure, aortic pressure, LV volume and CF-LVAD flow for constant 

operating speed and stepwise operating speed (o: stepwise speed change, x: constant speed) 

Stepwise change in the operating speed over a cardiac cycle provides increase 

in the pulsatility in all the hemodynamic variables considered (Figure 5.7). The systolic 

aortic pressure is increased if the operating speed changes stepwise over a cardiac 

cycle. PI values decrease for increasing cardiac outputs in both constant and stepwise 

change of speeds except for the LV volume. The difference between the maximum and 

minimum values in hemodynamic variables decreases for constant and stepwise 

operating speeds for increasing cardiac output values.  

5.4 Discussion 

In this paper a method was proposed and applied to increase the pulsatility of 

the hemodynamic variables in an CF-LVAD assisted circulation system. It is possible to 

increase pulsatility and systolic aortic pressure if the operating speed changes stepwise 

without a significant effect on the shape of the hemodynamic variables except the CF-

LVAD flow. CO values did not change indicating that support quality of the CF-LVAD is 

improved. In this study high speed was kept constant at 11250 rpm and the lower speed 

was changed. The operating speeds could be adjusted by considering heart rate, the 

inlet and the outlet pressure of the LVAD or any other parameter can be measured or 
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estimated to obtain more physiological results and a better support. Also a pump model 

was developed by using the static characteristics of MicroMed DeBakey LVAD. A 

dynamic pump model would give better and more accurate simulation results, because 

dynamic pump load changes due to contractions of LV. In the simulations operating 

speed was changed instantaneously which is impossible in a real application. In real 

pumps, there will be a transition time from one speed level to next. 

5.5 Conclusion 

In this chapter we showed that it is possible to increase the PI applying a high 

speed over the decay of the systolic phase and a low speed over the rest of the cardiac 

cycle. Although there will be a transient response when the pump speed changes from 

high to low or low to high modes the proposed way is relatively simple with respect to 

suggested method in the previous chapters. However, the method proposed in the 

previous chapters generates more physiological hemodynamical signals over a cardiac 

cycle. 
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Chapter 6 

 

Aortic Valve Function under Support 

of a Continuous Flow Left Ventricular 

Assist Device: Continuous vs. Dynamic 

Speed Support 
 

Abstract 

Continuous Flow Left Ventricular Devices (CF-LVADs) support the failing heart by 

pumping blood in parallel with the beating heart into the systemic circulation at a 

constant speed. Such an operating mode alters the loads on the aortic valve. This may 

cause insufficiency in the aortic valve under long-term CF-LVAD support. The aim of 

this study is to assess the aortic valve function under varying speed CF-LVAD support. 

To do so, a Medtronic freestyle valve and a Micromed DeBakey CF-LVAD were tested 

in a mock circulatory system mimicking the complete human circulatory system. First, 

the CF-LVAD was operated at constant speeds between 7500-11500 rpm with 1000 

rpm intervals. The mean pump outputs obtained from these tests were applied in 

varying speed CF-LVAD support mode using a reference model for the pump flow. The 

peak of the instantaneous pump flow was applied at the peak systole and mid-diastole, 

respectively. Ejection durations in the aortic valve were the longest when the peak pump 

flow was applied at mid-diastole among the CF-LVAD operating modes while they were 

the shortest when the peak pump flow was applied at peak systole. Furthermore, mean 

aortic valve area over a cardiac cycle was highest when the peak pump flow was 

applied at mid-diastole. Mean flow through the aortic valve, mean pressure load on the 

aortic valve and mean pump operating speeds were not significantly different over a 
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cardiac cycle. The results show that changing phase of the reference flow rate signal 

may reduce the effects of the CF-LVADs on altered aortic valve closing behavior, 

without compromising the overall pump support level. 

6.1 Introduction 

Continuous Flow Left Ventricular Assist Devices (CF-LVADs) generally operate 

at a constant speed in patients. However, such an operating mode reduces the arterial 

pulsatility and alters the loads on the aortic valve [1,2]. Reduced arterial pulsatility is 

associated with the problems such as gastro-intestinal bleeding, remodeling in vessel 

properties, increased inflammatory response or worsening long-term organ function [3-

10] under prolonged CF-LVAD support. Different methods were proposed to overcome 

the problems associated with reduced arterial pulsatility, such as different pump 

operating modes or feedback control mechanisms [11-14]. Furthermore, the reduced 

size of third generation CF-LVADs contributed to decrease the incidence of these 

problems [15,16]. 

The effects of the altered aortic valve load have been presented in many studies 

in literature. In the long term, aortic valve commissural fusion may occur in the aortic 

valve due to altered load on it [17-23].  As a result aortic insufficiency develops and 

causes reverse flow through the valve which increases the pump work and decreases 

systemic perfusion [24]. However, only a small number of studies propose a solution for 

a better washout of the aortic valve leaflets and improving the aortic valve motion over a 

cardiac cycle in a CF-LVAD assisted heart. Tuzun et al. applied intermittent low speed 

mode in a CF-LVAD for obtaining a better aortic valve leaflet washout [25]. In another 

study, Gregory et al. applied a sinusoidal speed variation in CF-LVAD and delayed the 

pulse phase using a mock circulatory system with an insufficient heart valve for the 

evaluation of the valve [26]. They concluded that surgical intervention is required when 

moderate or worse aortic insufficiency occurs, and that rotary blood pump operating 

strategies should be further explored to delay the onset and reduce the harmful effects 

of aortic insufficiency. 

In this study, we applied a feedback control mechanism to CF-LVAD flow rate for 

regulating the pump operating speed. A sinusoidal flow signal was used as a reference 

flow at different phases of a cardiac cycle. The aortic valve function under constant 

speed CF-LVAD and varying speed CF-LVAD support was compared at different phases 

of the cardiac cycle applying the same mean pump flow output in each case. 
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6.2 Materials and Methods 

6.2.1 Experimental setup 

The experiments were performed in a mock circulation containing two 

synchronized servomotor-operated piston pumps acting as left and right ventricles. The 

ventricles were connected to the circulation system via two polyurethane valves [27]. 

The systemic circulation was modeled by a cylindrical, polyurethane tube with constant 

diameter of 25 mm. The systemic and pulmonary impedance were modeled by four-

element Windkessel models, positioned distal from the aorta and pulmonary valve, 

respectively. Compliance chambers represented passive atria and functioned as 

preload for ventricular filling. Detailed information about the mock circulation can be 

found in [27]. A Micromed DeBakey CF-LVAD was used as the mechanical circulatory 

device. This pump is more responsive to the control input signals than other axial flow 

devices. A 23mm Medtronic freestyle valve was used as the aortic valve in the set-up. A 

saline solution was used as the circulating fluid in the system enabling camera 

recordings in a transparent environment. 

The left ventricular and aortic pressures were monitored using Becton Dickinson 

Medical P10EZ-1 pressure sensors. CF-LVAD flow rate was measured with a Transonic 

12 mm PAX series flow probe at the outlet of the pump, connected to a Transonic 410 

flow meter (Transonic, Ithaca, NY). The aortic valve motion was recorded using a Vision 

Research Phantom V9 high speed camera. The recording frequency was 1000 frames 

per second. The operating speed of the CF-LVAD was determined by measuring its 

commutation frequency. LabVIEW 7.1 was used for acquiring data at a 4000 Hz 

sampling rate. The high sampling rate was necessary to resolve the pump speed signal 

adequately. The scheme of the experimental set-up is given Figure 6.1. 

First, the experiments were done for a healthy model and DCM model in order to 

simulate the pathological conditions for the CF-LVAD support. The DCM model was 

obtained reducing the contractility coefficient from 1 to 0.65 in the reference left ventricle 

model. The arterial resistance was increased manually to obtain physiological 

hemodynamic signal shapes. The heart rate was kept at 75 bpm for all the experiments 

to be able to make an accurate comparison. The experiments were performed without 

pump assistance to be able to assess the effects of the constant and dynamic speed 

CF-LVAD support. The CF-LVAD was operated between 7500 and 11500 rpm speed 

with 1000 rpm intervals using the native Micromed pump controller in the experiments 

for  constant speed  pump  support. Mean  CF-LVAD flow rates over a cardiac cycle  at  
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Figure 6.1. Schematic representation of the experimental setup 

each pump speed was used as the reference mean pump flow in the experiments for 

dynamic CF-LVAD speed support. The instantaneous signals are presented for 8500 

rpm, 9500 rpm and 10500 rpm pump operating speeds and corresponding mean CF-

LVAD flow rates in varying speed pump applications. The mean values in the results 

section were calculated considering all the applied constant pump speeds and varying 

speed pump operating modes. The block diagram of the control application for varying 

speed CF-LVAD control is given in Figure 6.2. 

6.2.2 CF-LVAD controller 

To regulate the CF-LVAD operating speed, straightforward Proportional-Integral 

(PI) control was applied as the control method. The control variable was the pump flow 

rate. In a PI control application, the error signal (e) which is the difference between the 

reference and measured signals, is multiplied by the proportional gain (Kp).  The time-

integrated error signal is multiplied by the integral gain (Ki), and these two are summed 

to achieve the desired action from the dynamical system (Equation 6.1). 

t

p iu t K e t K e d    
0

( ) ( ) ( )   (6.1) 

            The control algorithm was developed using Matlab Simulink R2006a 

implementing a Runge-Kutta solver scheme. The time step was 0.001 seconds. To 

enable pulsatile pump speed control, an industrial BLDC motor driver was used (Maxon 
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DECS 50/5, Maxon, Switzerland) for driving the CF-LVAD. This driver uses an input 

voltage as the reference signal to regulate the pump operating speed towards a certain 

level. The maximum signal input voltage of this driver is 5 Volts [28].  

6.2.3 Flow control reference model 

The reference flow rate (Qref) was modeled using a trigonometric function in 

pulsatile speed CF-LVAD assistance (Equation 6.2). 

ref

Asin(2 * 2T* t ), t T / 4
Q

0, t T / 4

  
 


         (6.2) 

Here, A is the amplitude of the reference signal, t is the relative time and T is the 

cardiac cycle length. The reference flow signal consisting of the positive part of a 

sinusoidal signal, resembling systolic aortic flow, for the first ¼ of the heartbeat. The 

reference flow signal is zero for the remainder of the heart cycle. In the experiments, the 

peak of the reference flow signal was applied at the peak systole and mid-diastole for 

assessing effect of the dynamic pump assistance on the aortic valve motion. The mean 

flow rate through the CF-LVAD was increased by changing the amplitude of the 

reference flow rate. The period of the positive flow was kept the same in all 

experiments.  

 

Figure 6.2. Block diagram of the CF-LVAD flow rate control, u is the reference voltage at the BLDC 

motor driver for regulating the pump speed, VCF-LVAD is the output voltage of the BLDC motor driver. 

The recorded images were analyzed using ImageJ software. The sequence of 

the images for the each set of experiments was imported and thresholded considering 

grey scale histogram values to extract the valve orifice area in each frame. 

The data obtained from the experiments were analyzed employing analysis of 

variance in Microsoft Excel 2007. P-values less than 0.05 were considered to be 

significant. 
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6.3 Results 

The experiments were performed to obtain healthy and pathological 

hemodynamics first. The characteristic left ventricular and aortic pressures and aortic 

valve flow rate signals are given in Figure 6.3.  

 

Figure 6.3. Typical waveforms for the healthy settings in the mock circulatory system, i) left 

ventricular (plv) and aortic (pao) pressure, ii) Flow rate through the aortic valve (Qav) 

The aortic pressure signal changed between 75 mmHg and 120 mmHg while the 

peak left ventricular pressure was 125 mmHg. The amplitude of the flow rate signal 

through the aortic valve was approximately 23 L/min for the healthy settings. Arterial 

resistance was reduced manually to obtain the physiological signals for the pathological 

hemodynamics. Aortic pressure variation was between 55 mmHg and 90 mmHg while 

the systolic left ventricular pressure was 95 mmHg. The amplitude of the flow rate signal 

through the aortic valve was approximately 12 L/min for the DCM condition. Apart from 

their amplitudes, the shape of pressure and flow rate waveforms obtained for the DCM 

model was the same as in the healthy settings. The DCM settings were kept constant in 

the CF-LVAD assisted mock circulatory system. The CF-LVAD was operated at 
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constant speeds between 7500 rpm and 11500 rpm with 1000 rpm intervals. The mean 

CF-LVAD flow rates at each operating speed over a cardiac cycle are given in Table 

6.1. 

Table 6.1. The mean flow rates over a cardiac cycle at the constant speed CF-LVAD operating 

mode 

CF-LVAD Speed [rpm] 7500 8500 9500 10500 11500 

CF-LVAD Flow Rate [L/min] 2.65 3.12 3.65 4.25 4.65 

  

The mean pump output was 2.65 L/min at 7500 rpm speed. The mean pump 

output is expected to increase with increasing pump operating speed [2]. The same 

behavior was observed in the experiments. At 11500 rpm pump operating speed mean 

pump output was 4.65 L/min over a cardiac cycle. The CF-LVAD flow rate signals over a 

cardiac cycle, aortic valve flow rate signals during the ejection phase, and pressure 

difference across the aortic valve over a cardiac cycle at 8500-10500 rpm and 

corresponding mean pump flow rates are given in Figure 6.4. 

The amplitude of the CF-LVAD flow rate signal was largest when the peak pump 

flow was applied at peak systole for all the reference flows, due to the contraction of the 

left ventricle in synchrony. There was a second peak in the CF-LVAD flow rate signal 

when the peak pump flow was applied at mid-diastole due to acceleration of the impeller 

in the diastolic phase. Increasing pump operating speed and mean reference flow rates 

shifted the CF-LVAD flow rate signal upward. Among all the CF-LVAD operating modes, 

the longest ejection phase was obtained when the peak pump flow was applied at mid-

diastole. In contrast, the shortest ejection phase was obtained when peak pump flow 

was applied at peak systole. The amplitude of the flow rate signals through the aortic 

valve and the duration of the ejection phase reduced for increasing pump operating 

speeds and mean reference CF-LVAD flow rates. The pressure difference across the 

aortic valve was the highest when the peak pump flow was applied at mid-diastole due 

to acceleration of the pump impeller in the diastolic phase. Duration of the systolic 

phase was the longest when peak pump flow was applied at mid-diastole and the 

shortest when peak pump flow was applied at peak systole.  
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Figure 6.4. Change of the CF-LVAD flow rate (QCF-LVAD) over a cardiac cycle for i) 8500 rpm pump 

operating speed and 3.12 L/min mean reference CF-LVAD flow rate ii) 9500 rpm pump operating 

speed and 3.65 L/min mean reference CF-LVAD flow rate, iii) 10500 rpm pump operating speed 

and 4.25 L/min mean reference CF-LVAD flow rate. Change of flow rate through the aortic valve 

(Qav) during the ejection phase for iv) 8500 rpm pump operating speed and 3.12 L/min mean 

reference CF-LVAD flow rate v 9500 rpm pump operating speed and 3.65 L/min mean reference 

CF-LVAD flow rate, vi) 10500 rpm pump operating speed and 4.25 L/min mean reference CF-

LVAD flow rate. Change of the pressure difference across the aortic valve (Δpav) over a cardiac 

cycle for vii) 8500 rpm pump operating speed and 3.12 L/min mean reference CF-LVAD flow rate 

viii) 9500 rpm pump operating speed and 3.65 L/min mean reference CF-LVAD flow rate, ix) 10500 

rpm pump operating speed and 4.25 L/min mean reference CF-LVAD flow rate. (c: constant speed, 

ps: peak systole, md: mid-diastole). 
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Duration of the systolic phase decreased for increasing pump operating speeds 

and mean reference CF-LVAD flow rates. The mean CF-LVAD flow rates, flow rate 

through the aortic valve and pressure difference across the pump are given for the 

applied pump operating modes in Figure 6.5. 

 

Figure 6.5. i) Mean CF-LVAD flow rate over a cardiac cycle in constant speed (C) operating mode, 

when the peak pump flow rate was applied at peak systole (PS) and mid diastole (MD) (P>0.05), ii) 

mean flow rate through the aortic valve over a cardiac cycle inconstant speed (C) operating mode, 

when the peak pump flow rate was applied at peak systole (PS) and mid diastole (MD) (P>0.05), iii) 

Mean pressure difference across the aortic valve over a cardiac cycle in constant speed (C) 

operating mode, when the peak pump flow rate was applied at peak systole (PS) and mid diastole 

(MD) (P>0.05). Error bars show ±Standart deviation. 

The applied mean reference CF-LVAD flow rate was the same for the varying 

speed CF-LVAD support modes. These values were taken from the experiments at 

constant speed pump operating mode. The variation among the groups was very small 

(P>0.05). The highest mean aortic valve flow over a cardiac cycle was obtained when 

the peak of the reference flow rate applied to CF-LVAD at mid-diastole. However, there 

was no significant difference between the mean aortic valve flow rates at different pump 

support modes (P>0.05). Likewise, the mean flow rate through the aortic valve, and the 

mean pressure load on the aortic valve, were the highest when peak pump flow was 

applied at mid-diastole. However, the difference between the groups was not significant 

for this parameter either (P>0.05). The area of the aortic valve orifice during the ejection 

phase for the 8500-10500 rpm pump operating speed and the corresponding CF-LVAD 

flow rates is given Figure 6.6. 

Among all CF-LVAD operating modes, the aortic valve remained open longest 

when peak pump flow was applied at mid-diastole. In contrast, when peak pump flow 

rate was applied at peak systole, the aortic valve remained open shorter than in the 

other two pump operating modes. Although the maximum valve orifice area decreased 

for the increasing pump operating speed and mean reference flow rate, it was almost 
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the same for the same mean CF-LVAD flow rates. There were two peaks, in systole and 

diastole, in the CF-LVAD operating speed when peak pump flow was applied at peak 

systole. The peak was observed in the systolic phase because the impeller accelerated 

with the increasing reference flow rate in the systolic phase. In the diastolic phase the 

impeller accelerated to avoid the reversal of flow through the pump because of the high 

pressure difference between the inlet and outlet of the CF-LVAD. 

 

Figure 6.6. Change of the aortic valve area (Aav) during the ejection phase for i) 8500 rpm pump 

operating speed and 3.12 L/min mean reference CF-LVAD flow rate ii) 9500 rpm pump operating 

speed and 3.65 L/min mean reference CF-LVAD flow rate, iii) 10500 rpm pump operating speed 

and 4.25 L/min mean reference CF-LVAD flow rate. Change of the CF-LVAD operating speed (nCF-

LVAD) over a cardiac cycle for iv) 8500 rpm pump operating speed and 3.12 L/min mean reference 

CF-LVAD flow rate v) 9500 rpm pump operating speed and 3.65 L/min mean reference CF-LVAD 

flow rate, vi) 10500 rpm pump operating speed and 4.25 L/min mean reference CF-LVAD flow rate. 

(c: constant speed, ps: peak systole, md: mid-diastole). 

When the peak pump flow was applied at mid-diastole, the peak operating speed was 

observed only in the diastolic phase. The operating speed was minimal in the systolic 

phase because the flow rate through the CF-LVAD was already high due to the low 

pressure difference over the pump in systole. The speed of the CF-LVAD was 

minimized by the controller in order to reduce the pump flow rate in the systolic phase. 

The aortic valve area and the mean pump operating speed are given in Figure 6.7.  
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Mean aortic valve area was largest when the peak reference CF-LVAD flow was 

applied at mid diastole and lowest when the peak pump flow was applied at peak 

systole. The difference between the groups was significant (P<0.05) for the aortic valve 

area over a cardiac cycle.  

 

Figure 6.7. i) Mean aortic valve area over a cardiac cycle in constant speed (C) operating mode, 

when the peak reference flow rate was applied at peak systole (PS) and mid diastole (MD) 

(P<0.05), ii) Mean CF-LVAD operating speed in constant speed (C) operating mode, when the 

peak reference flow rate was applied at peak systole (PS) and mid diastole (MD) (P>0.05). Error 

bars show ±Standart deviation 

The mean pump operating speed over a cardiac cycle was higher than the 

constant speed pump support mode in both varying speed CF-LVAD support modes. 

However, there was no significant difference (P>0.05) between the groups. The 

reference flow rate signal and measured pump flow signals in different operating modes 

for 3.12 L/min mean pump are given in Figure 6.8. 

 

Figure 6.8. i) Reference CF-LVAD flow rate (QCF-LVAD,ref) and measured CF-LVAD flow rate (QCF-

LVAD,mes) when peak pump flow applied at peak systole for 3.12 L/min mean reference flow rate, ii) 

Reference CF-LVAD flow rate (QCF-LVAD,ref) and measured CF-LVAD flow rate (QCF-LVAD,mes) when 

peak pump flow applied at mid-diastole for 3.12 L/min mean reference flow rate 
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There was a delay between the reference CF-LVAD flow signal and measured 

CF-LVAD flow signal in both varying speed operating modes. The amplitude of the 

measured flow signal was higher when peak pump flow was applied at peak systole due 

to the contraction of the left ventricle. There were two peaks in the measured flow rate 

signal when peak pump flow was applied at mid-diastole. The first peak in the CF-LVAD 

flow rate signal appeared because of the contraction of the left ventricle, the second 

peak appeared because of acceleration of the impeller following the controller input in 

the diastolic phase. The maximum aortic valve orifice area for each applied pump 

operating mode is given in Figure 6.9. 

 

Figure 6.9. Maximum aortic valve orifice area at i) 8500 rpm, ii) 3.12 L/min mean reference flow 

when the peak pump flow was applied at peak systole, iii) 3.12 L/min mean reference flow when 

the peak pump flow was applied at mid-diastole, iv) 9500 rpm, v) 3.65 L/min mean reference flow 

when the peak pump flow was applied at peak systole, vi) 3.65 L/min mean reference flow when 

the peak pump flow was applied at mid-diastole, vii) 10500 rpm, viii) 4.25 L/min mean reference 

flow when the peak pump flow was applied at peak systole, ix) 4.25 L/min mean reference flow 

when the peak pump flow was applied at mid-diastole sys. (c: constant speed, ps: peak systole, 

md: mid-diastole). 
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The maximum aortic valve orifice area was almost the same for the same mean 

pump outputs. Increasing pump operating speed and mean reference CF-LVAD flow 

rate reduced the maximum aortic valve orifice area. 

6.4 Discussion 

In this paper, we compared the effects of varying CF-LVAD speed applied at 

different phases of a cardiac cycle and constant pump support on the aortic valve 

function. The findings in this study show that aortic valve ejection period and mean 

aortic valve area over a cardiac cycle become highest when the peak of the reference 

pump flow is applied at mid-diastole.  Other applied CF-LVAD support modes, including 

constant speed control and maximum pump flow at peak-systole have a less 

pronounced effect on aortic valve behavior. There was no significant difference between 

the mean flow rates through the aortic valve, pressure differences across the aortic 

valve and mean pump operating speeds over a cardiac cycle in the applied CF-LVAD 

support modes. This shows that the applied varying speed CF-LVAD support modes 

have the same support capacities as the standard operating mode with constant speed 

control. The average pump operating speed was the lowest in constant speed CF-LVAD 

support. However, the statistical analysis did not show a significant difference. 

Tuzun et al. [2] showed that increasing CF-LVAD speed increases the mean 

aortic pressure and pressure load on the aortic valve while it decreases the aortic valve 

duty cycle mean flow rate through the aortic valve over a cardiac cycle due to increased 

mean flow rate through the CF-LVAD. In this study, similar pressure results were 

obtained at the increasing pump speeds and mean flow rates through the CF-LVAD in 

each pump driving mode. However, the main aim was comparing and understanding the 

effects of different pump support modes on the aortic valve function.  

The leaflets of the native aortic valve are subjected to cyclic stresses under 

normal conditions. As mentioned before, aortic valve load increases while its open time 

reduces under CF-LVAD support [2,24]. Furthermore, the radial length of the leaflets 

increases due to increased pressure at the diastolic phase under normal conditions [29]. 

A further increase in the radial length of the leaflets is expected due to increased load 

over the aortic valve and reduced ejection period under support of a CF-LVAD. Our data 

show that it is possible to increase the ejection period through the aortic valve by 

applying the peak of the reference flow at the mid-diastole. The longer ejection period 

may reduce adverse effects of the increased load on the aortic valve.  



Chapter 6 

98 

 

Flow rate through the CF-LVAD did not follow the reference model due to the 

design of the pump and pulsatile controller. The pump operating speed was limited to 

12kRPM, while for the controller to follow the reference flow signal, the speed should 

increase even further, at a higher acceleration than possible with the hardware.  

However, using a feedback control includes a reference model for regulating the speed 

generated a considerable difference between the ejection period of the aortic valve and 

mean aortic valve area in the different CF-LVAD operating modes. The presence of the 

flow sensor in Micromed CF-LVADs allows measuring the flow rate through the pump 

which makes the pulsatile operating mode reliable in long term use.   

In a real application, beginning and duration of a cardiac cycle should be 

predicted to apply the proposed pump driving modes. The Micromed DeBakey pump 

includes a flow sensor for measuring the pump flow rate. Power consumption of the 

pump will change with changing load on the CF-LVAD and operating speed. These 

parameters may be used for finding the start of systole and thus forms a possible 

synchronization feature. 

The power consumption of the CF-LVAD will be the lowest in constant speed 

operating mode. However, the arterial pulsatility becomes higher when the peak of the 

reference flow is applied at peak systole. The data show that it is more beneficial to 

apply the peak of the reference at mid-diastole for improving the aortic valve motion. 

Different pump operating modes can be used for reducing the adverse effects of the 

decreased pulsatility and changed aortic valve motion sequentially. 

One of the potential adverse effects is the blood damage due to increased shear 

stress caused by accelerating impeller. However, this requires the measurement of 

hemolysis. In this study we only aimed to show the possibility of pulsatile pumping by 

regulating the operating speed. Different pump geometries may also result in different 

levels of stress on the surfaces interacting with blood [30]. So, in such an operating 

mode, it should be investigated whether the blood damage is a problem or not for other 

impeller designs. 

6.5 Conclusion 

The ejection period of the aortic valve and mean aortic valve area were the 

highest when the peak of the reference flow was applied at the mid-diastole. At the 

same time there was no significant difference between the flow rate though the aortic 

valve, mean pressure difference across the aortic valve and mean pump operating 

speeds in the applied CF-LVAD operating modes. So, the applied pump operating 
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modes are capable of supporting the heart sufficiently while showing benefits over the 

constant speed CF-LVAD support. The results show that it may be possible to reduce 

the adverse effects of the constant speed pump support by applying simple control 

algorithms to influence pump flow rate at different phases of the cardiac cycle. This may 

yield longer open times of the aortic valve, and therefore possible reduction of AI in the 

long term. 
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Chapter 7 

 

General Discussion and Conclusions 
 

7.1 General discussion 

The aim of this study was to show the possibilities of pulsatile CF-LVAD 

assistance compared to constant speed support.  The operating speed of a Micromed 

DeBakey CF-LVAD was regulated applying a PI control to pump flow rate to increase 

arterial pulsatility. The proposed control strategy provided an increase in the pulse 

pressure and pulsatility and improved aortic valve function reducing the level of support. 

The time-dependent total cardiac output flow rate resembled normal physiological aortic 

flow much better than the flow rate under constant speed CF-LVAD support.  

The proposed method to increase the arterial pulsatility (chapter 2) was validated 

employing in-vitro and ex-vivo experimental techniques. The statistical analysis in 

chapter 3 showed that there is a significant difference between the arterial pulsatility 

under constant speed and varying speed CF-LVAD support. The reference model for 

driving the mock circulatory system is the same as the model that was used to describe 

the heart dynamics in chapter 2. So it is warranted to state that an increase in the 

pulsatility in the in-vitro experiments is expected because the mock circulatory system 

acts in the same way as the numerical model for the heart does. The experimental 

results in chapter 4 show that the proposed method works also in a real heart with a real 

CF-LVAD but not only with in-silico and in-vitro modeling tools. 

In a real application, beginning and duration of a cardiac cycle should be 

predicted to apply the proposed pump driving modes. The Micromed DeBakey pump 

includes a flow sensor for measuring the pump flow rate. Power consumption of the 

pump will change with changing load on the CF-LVAD and operating speed. These 



Chapter 7  

104 

 

parameters may be used for finding the start of systole and thus forms a possible 

synchronization feature. However, this needs a detailed model and identification of the 

components of CF-LVAD. 

The period after CF-LVAD support is associated with ventricular arrhythmias 

although ventricular unloading and such ventricular arrhythmias can have a detrimental 

effect on survival. Despite the increasing use of CF-LVAD, little is known about post CF-

LVAD ventricular arrhythmias at the molecular level and organ level [1]. Identification of 

the mechanisms of ventricular arrhythmias will let to regulate the CF-LVAD operating 

speed in order to avoid the harmful effects over a cardiac cycle. The proposed 

numerical model should be elaborated to simulate the cardiac arrhythmias. Then, this 

model can be used to predict the cardiac arrhythmias and apply the control algorithm 

accordingly.  

Flow rate through the CF-LVAD did not strictly follow the reference model due to 

the design of the pump. The main mechanical components of the CF-LVAD are the 

inducer, the impeller and the diffuser. The main electrical components are the stator and 

rotor which also functions as the impeller. It is thought that because of the gap between 

the embedded magnets in the impeller and coil in the stator, the pump response is not 

sufficiently fast to follow the reference. It is expected more physiological hemodynamical 

signals with a better control performance and lower tracking errors. In this case the 

applied method would be a potential tool for the cardiac recovery or provide safe long 

term support for the circulatory system. Using a servomotor and connecting it to the 

impeller would provide a precise control of angular position, velocity and acceleration. 

However, in this case the design of the pump should be completely changed and 

interaction of the motor with blood should be avoided. 

Parameter values in the reference model describing the heart in chapter 2 and 

chapter 3 can differ for each patient and stages of the pathological condition. An 

elaborated model including the events in cellular level would make the reference model 

patient specific. For such a purpose the need of the pulsatility level for each patient 

should be defined. However, the exact mechanism of the remodeling in the tissues and 

changes in the structure are not clearly identified. A model can simulate the events 

beginning from the cellular level and ending up at the organ level would generate 

physiological results which can be used as a patient specific reference model. Then the 

CF-LVAD can operate according to patient’s situation and would generate blood flow 

according to patient’s needs. 
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In this thesis, two different methods were presented to increase the arterial 

pulsatility. The first method increases the arterial pulsatility and generates more 

physiological hemodynamic signals over a cardiac cycle. It allows changing more 

parameters and elaborating the reference model to consider different physiological 

scenarios. However, the second method proposed in chapter 5 is easier to apply, 

although hemodynamic signals are less physiological. Also the pressure load at the inlet 

and outlet of the pump should be estimated in order to obtain a blood flow rate in the 

physiological range in the arteries. The pressure-flow rate characteristics of the CF-

LVAD can be used for this purpose. Since the Micromed DeBakey pump has a flow 

sensor it is possible to measure the flow rate. 

The findings in this study show that aortic valve ejection period and mean aortic 

valve area over a cardiac cycle become highest when the peak of the reference pump 

flow is applied at mid-diastole. Other applied CF-LVAD support modes, including 

constant speed control and maximum pump flow at peak-systole have a less 

pronounced effect on aortic valve behavior. However, the arterial pulsatility becomes 

higher when the peak of the reference flow is applied at peak systole. The data show 

that it is more beneficial to apply the peak of the reference at mid-diastole for improving 

the aortic valve motion. Different pump operating modes can be used for reducing the 

adverse effects of the decreased pulsatility and changed aortic valve motion 

sequentially.  

One of the potential adverse effects of the applied method in this study is the 

blood damage due to increased shear stress caused by the accelerating impeller. 

However, this requires the measurement of hemolysis. In this study we only aimed to 

show the possibility of pulsatile pumping by regulating the operating speed. Also 

different pump geometries will result in different amounts of stress on the surfaces 

interacting with blood [2]. So, in such an operating mode it should be investigated 

whether the blood damage is a problem or not in different pumps. 

As a future work structural changes in the left ventricle and the unloading of the 

left ventricle can be investigated under varying speed CF-LVAD support and compared 

with the constant speed pump support.  

7.2 General conclusion 

Using a reference model for describing the left ventricular and arterial system 

dynamics produced physiological hemodynamic signals in the systemic arteries. The 

numerical and experimental studies show the enhanced pulsatility and more 
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physiological hemodynamic signals in varying speed control, which may reduce the 

long-term complications associated with CF-LVAD support.  Also the aortic valve 

function improved under varying speed pump support while the overall support level 

was the same for all the applied CF-LVAD operating modes. Varying speed control may 

combine the beneficial effects of pulsatile mechanical circulatory support and the 

durability of CF-LVADs. 

An elaborated model would be a valuable asset for applying different 

physiological scenarios and a better control performance would provide more significant 

differences and the developed method can be a tool for promotion of the recovery of the 

heart. 
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Appendices 
 

A. Numerical Model Used in Chapter 2 
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A.2. Right Ventricle 
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A.3. Atria 
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A.5. Circulatory Loop 
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A.7. CF-LVAD 
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A.8. Reference Model 
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A.9. Controller 

mes CF LVADe(t) Q (t) Q (t)           (A.77) 
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Table A.1. Abbreviations in the equations 

Nomenclature 

c Contractility coefficient 
 

σ Stress 

C Compliance 
 

τ Time constant 

D Delay 
 

ω CF-LVAD operating speed 

e Control error 
 

Subscripts 

f 
Sarcomere length function, 

frequency  
0 initial, zero value 

g Activation function 
 

1 coefficient number 

G Mechanism strength 
 

2 coefficient number 

h Velocity function 
 

∞ infinitive 

k CF-LVAD coefficient 
 

a active, activation 

K CF-LVAD coefficient 
 

ap pulmonary arteries 

l Length 
 

as systemic arteries 

L Compliance 
 

av aortic valve 

p Pressure 
 

es efferent sympathetic 

P Output of eq. 46 
 

ev efferent vagal 

Q Flow Rate 
 

f fiber 

r Radius 
 

i inner 

R Resistance 
 

im intra-myocardial 

t Instantaneous time 
 

la left atrium 

T Time 
 

lv left ventricle 

u Controller output 
 

m myocardium 

V Volume 
 

max maximum 

Δ Difference 
 

mes measured 

θ Integral variable 
 

min minimum 

λ Stretching coefficient 
 

mv mitral valve 

ν Velocity 
 

t time 

o Outer 
 

tot total 
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p pole 
 

tv tricuspid valve 

pv pulmonary valve 
 

u unstressed 

r radial 
 

v vagal 

ra right atrium 
 

vp pulmonary veins 

ref reference 
 

vs systemic veins 

rv right ventricle 
 

w wall 

s sympathetic 
 

z zero 

T  time 
   

 

Table A.2 Parameter values in the circulation system model 

  R [mmHg‧s/mL] L [mmHg‧s
2
/mL] C [mL/mmHg] 

Left atrium - - 5 

Mitral valve 5e-3 - - 

Aortic valve 8e-3 - - 

Systemic arteries 1 1e-5 15e-1 

Systemic veins 9e-2 1e-5 825e-1 

Right atrium - - 5 

Tricuspid valve 5e-3 - - 

Pulmonary valve 3e-3 - - 

Pulmonary arteries 9e-2 1e-5 3 

Pulmonary veins 7e-2 1e-5 5 

 

Table A.3 Parameter values in the CF-LVAD model 

Parameter Units Value 

K mmHgs
2
/mL 8.56e-5 

k1 mmHgs
2
/mL

2
 9.17e-4 

k2 mmHgs/mL 2.03e-1 

L mmHgs
2
/mL 2.00e-2 
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Table A.4 Parameter values in the ventricle models 

Parameter Units Left Ventricle Right Ventricle 

Vw mL 200 100 

V0 mL 0.3Vw,lv 0.75Vw,rv 

σf0 kPa 0.9 0.9 

σr0 kPa 0.2 0.2 

cf - 12 12 

cr - 9 9 

σar kPa 55 55 

c - 1 1 

ls0 μm 1.9 1.9 

ls,a0 μm 1.5 1.5 

ls,ar μm 2 2 

ν0 μm 10 10 

cv - 0 0 

tmax s 0.5T 0.5T 

 

Table A.5 Parameter values in the baroreflex model 

Parameter Units Values 

τz s 6.37 

τp s 2.076 

pn mmHg 92 

ka mmHg 11.758 

fmin spikes/s 2.52 

fmax spikes/s 47.78 

fes,0 spikes/s 16.11 

fes,∞ spikes/s 2.1 

fev,0 spikes/s 3.2 

fev,∞ spikes/s 6.3 

fcs,0 spikes/s 25 

kev spikes/s 7.06 

kes spikes/s 0.0675 

GT,s s/ν -0.13 

GT,v s/ν 0.09 

DT,s s 2 

DT,v s 0.2 
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B. Numerical Model Used in Chapter 5 

B.1. Left Ventricle 

s,lv d ,lv

lv d ,lv

E E
E E e

2


             (B.1) 

1

1

1
1 2

2 1

2

t
1 cos( ), t T

T

t T
e 1 cos( ), T t T

T T

0, T t T






 


 

   


  



          (B.2) 

lv
mv av

dV
Q Q

dt


             (B.3) 

lv lv lv lv,0p E (V V )              (B.4) 

B.2. Right Ventricle 

s,r v d ,r v

rv d ,rv

E E
E E e

2


             (B.5) 

rv
tv pv

dV
Q Q

dt


              (B.6) 

rv rv rv rv,0p E (V V )              (B.7) 

B.3. Atria 

la
vp mv

dV
Q Q

dt


              (B.8) 

la la lap V C              (B.9) 

ra
vs tv

dV
Q Q

dt


                         (B.10) 

ra ra rap V C            (B.11) 

 

 



Appendices  

117 

 

B.4. Heart Valves 

la lv

mv

mv

p p
Q

R


            (B.12) 

lv as

av

av

p p
Q

R


            (B.13) 

ra rv
tv

tv

p p
Q

R


            (B.14) 

rv ap

pv

pv

p p
Q

R


            (B.15) 

B.5. Circulatory Loop 

as av as

as

dp Q Q

dt C


                         (B.16) 

as as vs as as

as

dQ p p R Q

dt L

 
          (B.17) 

vs as vs

vs

dp Q Q

dt C


           (B.18) 

vs ra

vs

vs

p p
Q

R


            (B.19) 

ap pv ap

ap

dp Q Q

dt C


           (B.20) 

ap ap vp ap ap

ap

dQ p p R Q

dt L

 
          (B.21) 

tot as as vs vs ap ap la lv ra rv u

vp

vp

V p C p C p C V V V V V
p

C

       
      (B.22) 

vp la

vp

vp

p p
Q

R


            (B.23) 
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B.6. CF-LVAD 

CF LVAD CF LVAD CF LVADp K K Q
  

  2

2 1
             (B.24) 

 

Table B.1. Abbreviations in the equations 

Nomenclature 

C Compliance ap pulmonary arteries 

E Elastance as systemic arteries 

e Activation function av aortic valve 

K Pump coefficient d diastolic 

L Inertance la left atrium 

p Pressure lv left ventricle 

Q Flow rate mv mitral valve 

R Resistance pv pulmonary valve 

t Instantaneous time ra right atrium 

T Time rv right ventricle 

V Volume s systolic 

ω Rotation speed tot total 

Subscripts u unstressed 

0 initial, zero value vp pulmonary veins 

1 subscript vs systemic veins 

2 subscript     
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Table B.2 Parameter values in the equations 

  

R 

[mmHgs/mL] 

L 

[mmHgs
2
/mL] 

C 

[mL/mmHg] 

Es 

 [mmHg/mL] 

Left ventricle - - 
     - 2.5 

Left atrium - - 
     5 - 

Mitral valve 5e-3 - - - 

Aortic valve 8e-3 - - - 

Systemic arteries 1 1e-5 1.5 - 

Systemic veins 0.09 1e-5 82.5 - 

Right ventricle - - - 1.15 

Right atrium - - 5 - 

Tricuspid valve 5e-3 - - - 

Pulmonary valve 3e-3 - - - 

Pulmonary arteries 9e-2 1e-5 6.5 - 

Pulmonary veins 7e-2 1e-5 5 - 
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