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ABSTRACT 
 

Mechanical circulatory support (MCS) is a viable therapy for end stage heart 

failure. However, despite clinical success, the ability to compare MCS devices 

in vitro and perform training scenarios is extremely limited. Comparative studies 

are limited as different devices cannot be interchanged in a patient due to the 

surgical nature of implant. Further, training and failure scenarios cannot be 

performed on patients with devices as this would subject a patient to a failure 

mode. A need exists for a readily available mock system that can perform 

comparative testing and training scenarios with MCS devices.  

  

Previously, our group has fabricated a well characterized mock circulation 

system consisting of a SynCardia temporary Total Artificial Heart (TAH) and 

Donovan Mock Circulatory tank (DMC tank)1. Further, utilizing this system with 

the TAH operating in reduced output mode, a heart failure model was 

developed2. In the present study, three ventricular assist devices (VADs) were 

independently attached to the heart failure model to compare device 

performances over a range of preloads and afterloads. In addition, specific 

clinical scenarios were created with the system to analyze how VAD-displayed 

waveforms from the system correlate with clinical scenarios. Finally, each VAD 

was powered off while attached to the heart failure model to compare fluid flow 

through the VAD in a pump-failure scenario. We demonstrated that this system 

can successfully be utilized to compare MCS devices (i.e. ventricular assist 

devices) and for successful training of patients and clinicians. 
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CHAPTER 1 - HEART FAILURE AND MECHANICAL 
CIRCULATORY SUPPORT 

 

HEART FAILURE 
Heart failure (HF) is a growing issue worldwide and affects millions of people. 

Over 16 million people in the United States and Europe are currently diagnosed 

with congestive heart failure which contributes to more than 300,000 deaths per 

year in the United States and has a prevalence of 2.5% in persons over the age 

of 60 years, increasing to 10% over the age of 80 years3–6. Nearly five million 

Americans are currently inflicted with the syndrome (i.e. show symptoms), 

attributing to an annual healthcare cost of over $56 billion for heart failure 

patients alone, making it the leading cause of hospitalization and the largest 

expenditure of Medicare in the United States3,5,7,8. The condition causes more 

deaths than all forms of cancer combined, and the risk of a person over the age 

of 40 years developing heart failure is about 1 in 5. All causes of heart failure 

directly related to lifestyle are not yet clearly defined, making it a difficult 

condition to completely prevent5.  

Commonly defined as an ejection fraction of less than 40%, heart failure 

is a condition that causes the heart to inadequately act as a pump to circulate 

blood throughout the body. As the heart is unable to pump enough blood to the 

body, the renin-angiotensin system (RAS) system and sympathetic activity is 

activated to try to compensate for this low cardiac output (CO). The systems 

trying to help regulate blood flow in turn put an increased stress on the already 

failing heart, making the decompensated heart even worse and the symptoms 

more severe. Typical causes of heart failure include hypertension, aortic 

valvular stenosis, viral cardiomyopathy, infarction, senescence and idiopathic 

pathways. Having an extensive epidemiology trail, heart failure is the final 

common pathway of myocardial dysfunction in most forms of cardiac disease, 

and the occurrence continues to increase every year, at a rate of 550,000 new 

cases per year9.  Coronary artery disease is the most common etiology of heart 

failure, and 75% of congestive heart failure cases are accompanied by 
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antecedent hypertension. Heart failure symptoms are not always apparent, and 

a majority of patients may die suddenly and unexpectedly before symptoms 

persist. 

There are different types of heart failure based on pathophysiology and 

the area of the heart that is affected. Diastolic heart failure can be caused by 

either a decreased compliance in the heart (a restrictive heart), or an increased 

compliance (a dilated heart) in the heart10. Systolic heart failure is characterized 

as a reduction in the left ventricle’s ability to contract, which leads to an 

increased diastolic left ventricular pressure, a depressed cardiac output at rest, 

and an elevated heart rate at rest. Since left ventricular pressure is elevated, 

pulmonary pressure increases and this can lead to pulmonary edema, causing 

the lungs to stiffen and make breathing very difficult.  Increases in right 

ventricular diastolic pressure and systemic venous pressure lead to peripheral 

venous congestion and edema, hence the name “congestive heart failure”. The 

end result of systolic heart failure is a large, dilated, poorly contracting heart, 

exhibiting elevated end-diastolic ventricular pressures and volumes, increased 

end-systolic volume, and a diminished stroke volume11.  

Treatment for end-stage heart failure includes medicinal and surgical 

therapies. There are many pharmacologic options for patients and clinicians to 

choose from, and surgical therapies can be specifically targeted to diseases. 

Despite these treatment options, heart failure still attributes to many deaths 

each year. Of the population that dies from heart failure every year, about 15-

25 percent were on the organ transplant list awaiting transplantation12. The 

availability of cardiac transplants does not match the need, and if more donor 

organs were available, it is estimated that 30,000 to 70,000 additional 

Americans could benefit from cardiac replacement each year13. Cardiac 

replacement is the best treatment option for those with end-stage heart failure.  

 
MEDICAL THERAPIES 

There are many pharmacologic treatment options when heart failure is first 

diagnosed to help manage the disease and prevent or slow it from progressing 
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further. These therapies include the use of diuretics, digitalis glycosides, 

angiotensin-converting-enzyme inhibitors, vasodilators, and beta(β)-blockers. 

These therapies help regulate volume, calcium, the RAS, afterload and 

coronary vascular tone, and catecholamine, respectively. Heart failure may 

affect all of these systems which each try to compensate for the inadequate 

blood supply, in turn making heart failure symptoms worse. Managing these 

systems that are affected by heart failure helps keep heart failure controllable. 

These regulation therapies have been proven to reduce the risk of 

hospitalization and death in patients with mild-to-moderate heart failure, but in 

general only manage symptoms to marginally prolong life, and in turn do not 

significantly modulate the cause of heart failure or survival. For patients with 

more severe heart failure, surgical therapies are necessary. One surgical 

technique that attempts to alleviate the symptoms of heart failure is a coronary 

artery bypass grafts (CABG). CABG helps widen blocked coronary arteries to 

enable more blood to nourish the heart. These medicinal and surgical 

techniques have been proven to prolong the lives of patients with heart failure 

but ultimately, the best surgical treatment for patients with end stage HF is a 

heart transplant.  

 
MECHANICAL CIRCULATORY SUPPORT DEVICES 

When heart failure symptoms become severe, a cardiac transplant is 

necessary. However, when a donor organ is not readily available, mechanical 

circulatory support (MCS) becomes the next treatment of choice. Mechanical 

support devices act to “assist” the heart in providing oxygenated blood to the 

body. Patients in need of MCS include those with chronic heart failure who 

have decompensated to a critically low output state which is threatening to 

tissue perfusion and organ viability. Usually, MCS devices are used as a bridge 

to transplantation, and the timing of MCS device implantation is extremely 

important to provide a positive patient outcome. Experience has shown that 

patients who are in extreme heart failure with multi-organ failure will not do well 

on a ventricular assist device, so it is vital that MCS therapies be performed 
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before this occurs. It is critical that a MCS device be implanted prior to 

irreversible renal, pulmonary, neurological and hepatic dysfunction.  

Ventricular assist devices (VADs) are a type of MCS that support the native 

heart; either the right ventricle (RVAD), left ventricle (LVAD), or both sides 

(BiVAD). BiVADs support both sides of the heart and are generally used for 

short term support, usually as a transition to another VAD. Left ventricular 

assist devices (LVADs) are the most common type of VAD, and these devices 

assist the left ventricle in pumping blood to the aorta to be distributed to the rest 

of the body. Overall, VADs help prolong life, but they may not reverse the 

pathology of heart failure, only the symptoms. They also come with additional 

risks to the patients, including infection, thrombo-embolic events, and bleeding. 

VAD support is also very expensive and the aid of insurance coverage is 

declining. The future of VAD use hopes to reverse the myocardial pathologies 

associated with heart failure, including the regeneration of myocytes, 

vasculature and the extra-cellular matrix. This means that the VAD would be 

implanted in advanced heart failure patients, work to improve the underlying 

cause, and then explanted and the patient could live with their native, repaired 

heart again.  

There are over 50,000 patients per year that would benefit from a heart 

transplant, but the supply to accommodate this need does not exist14. Only 

about 2000 patients per year actually receive a heart transplant, hence the 

availability of donor hearts only meets 4% of the current patient need. Since 

transplants are rare and carry the burden of antibodies and rejection, the use of 

long-term mechanical circulatory support systems for the treatment of end 

stage heart failure has become increasingly popular. This is referred to as an 

alternative to transplantation (ATT)15. ATT offers qualifying end-stage heart 

failure patients who are not candidates for a biological donor heart, the choice 

to receive an implantable ventricular assist or total artificial heart system15. With 

the growing use of MCS devices, the reliability of long-term use of these 

devices needs to be analyzed and reviewed. For this purpose, the American 

Society for Artificial Internal Organs (ASAIO) assembled a working group of 
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experts in the field of long-term MCS to form a recommendation to the U.S. 

Food and Drug Administration (FDA) on the reliability goals for these 

systems15.   

 

THE SYNCARDIA TOTAL ARTIFICIAL HEART 

For patients that require a heart transplant and do not receive one (about 96% 

of the patients that need a transplant), their best option is a total artificial heart. 

SynCardia’s temporary Total Artificial Heart (TAH; SynCardia Systems, Inc. 

Tucson, Arizona), seen in Figure 1, is a pneumatically driven cardiac 

replacement that takes place of both native cardiac ventricles and all valves of 

the heart16. By replacing both ventricles, the problems often associated with left 

ventricular and biventricular assist devices are decreased, specifically right 

heart failure, valvular regurgitation, cardiac arrhythmias, ventricular clots, and 

low blood flows16. The safety and efficacy of the SynCardia TAH has been 

studied vastly as a bridge to transplantation, and Copeland et al found that the 

TAH had a 79% rate of survival to transplantation, and that the implantation of 

the TAH improved the rate of survival to cardiac transplantation16,17. The TAH is 

ideal for patients who have irreversible biventricular failure and are candidates 

for cardiac transplantation16. For people with severe forms of cardiac 

dysfunction and irreversible biventricular failure, total cardiac transplantation 

has emerged as the only effective therapy that provides longevity and quality of 

life, with survival rates of up to one and five years of 94 percent and 78 percent, 

respectively.  The use of the TAH as a destination therapy has recently become 

more popular. The Food and Drug Administration (FDA) recently approved a 

clinical study of the effectiveness of the SynCardia TAH for permanent use, and 

the study is set to begin soon. The FDA approved the Investigational Device 

Exemption (IDE) application in December of 2014 to begin a study of 19 

patients who did not qualify as donor heart recipients. As a destination therapy, 

the TAH can help save lives of over 4,000 patients a year in the United States 

alone that are not eligible for a transplant18.  
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Figure 1 - SynCardia's Total Artificial Heart (TAH) 

The TAH is comprised of two separate ventricles each having a rigid spherical 

housing inclosing an inner diaphragm assembly all fabricated together using 

segmented polyurethane (SPUS). The diaphragm assembly includes a blood-

contacting diaphragm, two inner diaphragms, and an air-contacting diaphragm. 

This layer of diaphragms creates two chambers within each ventricle- an air-

contacting chamber and a blood-contacting chamber. The air-contacting 

chamber is pressure-controlled by an external driver which provides positive 

and negative air pressure through a driveline (from the driver to the TAH), 

which mobilizes the diaphragms causing a pulsatile pumping action that pumps 

blood through each artificial ventricle. The external pneumatic drivers used with 

the SynCardia TAH (CSS Console, Companion 2 Driver, or Freedom Driver) 

allow for the control of different driving parameters, depending on the driver 

type. The Companion 2 Driver (used in all of these studies) and the CSS 

Console each allow for the control of heart rate, percent systole, and driveline 

and vacuum pressures for each ventricle. The Companion 2 Driver is an 

external mobile pneumatic driver that supplies pulses of pneumatic pressure to 

the air chambers of the TAH ventricles through drivelines, and is intended for 

use in the hospital. The Freedom Driver, meant to be a hospital discharge 

driver, only allows for the control of heart rate; all other settings are preset 
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within the driver and cannot be adjusted. The Freedom Driver system is a multi-

component electro-mechanical unit designed to provide pneumatic power to the 

implanted TAH. It is intended for use in and out of the hospital for clinically 

stable patients. The TAH is a Class III medical device in the US, a Class IV 

medical device in Canada, and an active implantable medical device in the EU. 

It is PMA approved in the US, has the CE mark, and is approved for use in 

Canada18.  

 

DEVICE SELECTION 

Device selection for patients depends on several different factors, such as 

whether the patient requires a bridge-to-recovery, bridge-to-transplant, or a 

destination therapy. Bridge-to-recovery is effective for patients with hibernating 

myocardium or less severe cases of heart failure. Younger patients that are 

otherwise in good physical health would use a device as a bridge-to-transplant. 

Bridge to transplant is an option for patients that cannot live with their native 

heart alone until they receive a transplant, but in order to be considered a 

“bridge to transplant”, they must meet the qualifications of a heart transplant 

recipient. Destination therapy is generally used in older (over 60 years old) 

physically sound patients that plan to be sustained by the device for the rest of 

their life after the device is implanted. Destination therapy is not for 

transplantation candidates.  

 

MECHANICAL CIRCULATORY SUPPORT AND PUMPS 
Mechanical circulatory support (MCS) devices are needed because the optimal 

treatment for heart failure, heart transplant, is in great shortage to the 

population that needs it. The use of MCS devices in bridging to cardiac 

transplantation has steadily increased over the years, especially for patients 

who do not respond appropriately or have stopped responding to 

pharmacologic and electrophysiological therapies15,19. The efficiencies of MCS 

devices have improved, including the number of applications, duration of 

support, and an increased reliability of the devices.  Over the years, the size of 
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MCS devices have decreased and their durability and survival rates have 

increased19. As size has decreased, the ease of implantation, reliability and 

performance have all increased20,21.  Rehabilitation programs for MCS device 

patients have been created to aid these patients and improve their quality of 

life15. The use of portable and wearable controllers for MCS devices have 

enabled patients to be discharged from the hospital while they are supported by 

the device, and allowed them to live at home with their families while they await 

transplantation15. This is a great stride in the MCS world, as people can make 

the “bridge” to transplant more tolerable and can have an improved quality of 

life until they get a transplant.  

Mechanical support use has become the standard for bridge-to-

transplant care for end-stage heart failure patients, and the use of MCS devices 

will continue to increase, as devices become increasingly available and 

efficient. The ultimate effectiveness and user-friendliness of these devices 

depends on the existence of a physiological model that can easily be used by 

clinicians and engineers and that serves as a control system to determine 

accurate measurements of pump flow and hemodynamics22. There is also a 

need for the complete understanding of MCS mechanics and the characteristic 

differences between different devices. This need requires a platform to evaluate 

and compare MCS devices. The knowledge and understanding of differences in 

each device can help caregivers and surgeons decide upon the best device 

selection for each patient, ultimately personalizing this therapy to better treat 

heart failure.  

 

LIMITATIONS OF PUMPS 

Aside from the cost of living with an MCS device, there are several major 

problems associated with their use including thrombosis, bleeding, infections, 

and stroke6. Because of these issues, MCS patients must remain on a careful 

balance between anti-coagulant and pro-coagulant factors. Problems stem from 

the fact that a foreign object is inside the body (an artificial surface) and 

because blood is propelled through a device, causing platelet activation and 
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shear forces. These two things make bleeding and thromboembolic 

complications the two major causes of morbidity, reoperation, and death after 

implantation of a left ventricular assist device (LVAD)23–25.  Ventricular assist 

device (VAD) patients also run the risk of hemolysis, which is the destruction of 

red blood cells (RBCs) due to the wall shear stress of flow acceleration and the 

interaction with artificial surfaces. Hemolysis, along with the other bleeding 

issues discussed above, can result in fatal anemia in VAD patients26,27. Based 

on the design of the device, one device may have a different effect on 

hemolysis and activation of the coagulation system over another. Heilmann et 

al. discovered that BiVADs displayed much more severe hemolysis than 

LVADs, and centrifugal LVADs had slightly less pronounced erythrocyte 

damage than axial flow LVADs. Even with different effects on these cascades, 

most devices cause patients to suffer from von Willebrand syndrome, a 

coagulation abnormality24,28. Von Willebrand syndrome develops due to the 

reduction in high molecular weight multimers of von Willebrand factor29. 

Although common, this syndrome has been shown to normalize after a heart 

transplant following LVAD use30. 

Continuous flow pumps are an effective circulatory support option and differ 

from previous generations of pulsatile flow pumps. Although continuous flow 

pumps have proven to be successful for long term support of end-stage heart 

failure patients, their technology has shown to morph the internal physiology of 

patients as it introduces physiologic phenomena not familiar to a natural body, 

and can lead to gastrointestinal bleeding, septal shifts, right-sided heart failure, 

and aortic valve insufficiency31. All of these issues are manageable but must be 

kept on the radar when using this type of pump as a therapy for heart failure. 

Aside from the potentially fatal issues with MCS devices, an easy 

mechanism for direct and objective comparison of one MCS device to another 

does not exist. Although this can be accomplished theoretically, there is no way 

to easily, directly compare MCS devices physically. With the increased use of 

ventricular assist devices (and considering all of the above limitations), new 

needs have emerged. These needs include (1) a reliable and reproducible 
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physical system that allows assessment of VAD performance under defined 

operating conditions, (2) a simple means of performing inter-device comparison 

under physiologic (loading) conditions, and (3) a means of training caregivers 

(and patients) to operate VADs under varying scenarios (i.e. a flight simulator). 

 

AXIAL VERSUS CENTRIFUGAL-FLOW PUMPS 

Continuous flow pump technologies were first introduced in the early 1990’s to 

reduce the complications associated with pulsatile devices32. There are two 

main types of continuous flow pumps, differing by design, and these are axial 

and centrifugal continuous flow pumps. Both axial and centrifugal flow pumps 

both contain one single moving component which rotates to create continuous 

blood flow from the inlet to the outlet, and this is known as the impeller. The use 

of both axial and centrifugal pumps and this impeller theory allows for a drastic 

miniaturization in the size of the device in comparison to previous generations 

of pulsatile devices. The main difference between centrifugal and axial pumps 

is the design of the rotary elements of the two. The blades inside a centrifugal 

pump act as a blood “flinger”, as fluid catches on it and then is “thrown” 

tangentially off the blade tip as it turns. Axial pumps, in contrast, “push” the 

blood through their housing as the interworking’s act like a propeller19.  The 

design of an axial pump can be thought of as a screw, with the inner member 

attempting to screw itself into the incoming fluid (as seen in Figure 2), which 

works against the resistance force of the outlet (afterload) and overcomes the 

difference between preload and afterload (head)19.    

The design of the rotor is another variant between axial and centrifugal 

pumps. A rotor supports the rotating element of the pump.  Different types of 

bearing elements used in rotors include mechanical/pivot, hydrodynamic, 

electromagnet/position sensor, and a permanent magnet. HeartMateII, an axial-

flow pump made by Thoratec, for example, utilizes a mechanical/pivot 

mechanism, shown in Figure 2, where the rotor is suspended with mechanical 

bearings on spherical surfaces rotating in sockets. These bearings are usually 

made of an extremely hard jewel or ceramic material and are in mechanical 
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contact as the rotor spins. The continuous-flow HVAD by HeartWare, in 

contrast, utilizes a hydrodynamic bearing mechanism (Figure 3) where the rotor 

derives lifting from the fluid forces in thin, fluid blood films between the rotor 

and pump housing, based on the relative motion of surfaces19.  
 

 
Figure 2 - Mechanical Pivot Bearings of an Axial-Flow Pump, Adapted from Moazami et al. 

Generic drawing of the interworking’s of an axial-flow pump. The rotating element is suspended 

between pivot bearings on both ends as it spins.  

 

 
Figure 3 - Hydrodynamic Bearings of a Continuous-Flow HVAD, Adapted from Moazami et al. 

HeartWare’s HVAD uses a hydrodynamic thrust and permanent magnet bearing combination. Left 

diagram shows centrifugal components and right diagram shows the cross section of these 

components. Permanent magnets (1-1) align and separate the disc impeller from the center shaft 

of pump. This forms a permanent magnet bearing. A fluid wedge created by pressure generation 

of thin fluid film creates sufficient hydrodynamic forces to lift the impeller off of the housing bearing 

surface. Red line within the housing is the blood fluid film.  

Although both centrifugal and axial flow pump use has increased over the 

years, there is still controversy about whether one may have hemodynamic or 

clinical advantages over the other20,33. Based on these differences, researchers 

and clinicians suggest that LVAD selection can be assigned according to 

patient-specific conditions20. For example, centrifugal pumps can handle much 

higher viscosities of liquids. However, as liquid viscosity rises, there is an 
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increase in penalty loss, and once this top limit of viscosity has been reached, 

the patient cannot be transitioned to a larger pump34.  Pennings et al. found 

that in axial pumps, flow estimation from power uptake alone was not accurate. 

In a centrifugal pump (HVAD), they found that pump flow increased linearly with 

power uptake, which resulted in a power-based pump model that estimated 

static pump flow accurately22. Given these advantages and limitations of each 

design, it is important to highlight all of these differences to ensure efficient 

MCS patient care.  

 

H-Q CURVES 

Pumps have been designed for many applications, whether to create a 

recirculation line or to be a complex pipeline delivering essential oxygenated 

blood to the entire body, yet the overall purpose of all pumps is the same- to 

move liquid from one point to another. When designing a pump, the head 

generated by the pump must be analyzed, and this is determined by the system 

head curve which is a graphical plot of the total static head and friction losses 

at various flow rates. From this plot, the head generated at any flow rate can 

easily be interpolated34. When analyzing the pump as a system, head capacity 

(HQ) curves are used to define the desired shape of head capacity; these are 

also known as pump performance curves and one HQ curve can be seen in 

Figure 4. The pressure head of a pump is the change in pressure across the 

pump, also known as the differential pressure. The stability of an HQ curve 

dictates how the pump operates, and typically an unstable curve will develop 

more head and be more efficient than counterpart curves. As pump speed 

increases, HQ curves typically become more stable. HQ curves provide a 

means of assessing pump performance by using pump flow, pump speed, 

pressure differences across the pump, and power uptake22.  
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Figure 4 - Example Head Capacity (HQ) Curve 

An ideal pump would generate constant pressure across all pump flow rates, 

equating to a flat HQ line. But in real pumps, there are pressure head losses in 

the device which result in a non-ideal, non-flat HQ line20.  Flatter HQ lines 

correlate with a higher sensitivity to pressure head changes, i.e. preload and 

afterload variations. Each VAD has a characteristically different family of HQ 

curves based on the device’s pressure head and flow relationship. Figure 5, 

from Giridharan et al. shows typical curves of an ideal pump, an axial-flow and 

a centrifugal-flow pump20. Generally, centrifugal flow LVADs have flatter HQ 

curves compared to axial flow pumps, and they are generally more efficient 

because of this lower pressure head loss. Because centrifugal pumps typically 

have flatter HQ curves and have higher pressure head sensitivity, they have a 

lower occurrence of ventricular suction, but this also means that they have 

lower flow rates at higher afterloads. Since centrifugal pumps are more 

efficient, they also consume less power than axial-flow pumps20. Axial flow 

pumps typically have steeper HQ curves, which results in a nonlinear current-

to-flow relationship. This nonlinear relationship can affect the monitoring of the 

device, and result in discrepancies between the pump-estimated outflow and 

the true pump outflow.   
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Figure 5 - Pressure head and flow relationships for an ideal pump, axial- and centrifugal-

flow pumps, Adapted from Giridharan et al. ASAIO 2014. 

Since centrifugal flow pumps have higher pressure head sensitivity, at a given 

pressure head variation these pumps will exhibit a larger change in outflow 

when compared with axial flow pumps19,35.   Because of this, centrifugal flow 

LVADs exhibit a greater flow “pulsatility transfer” compared with axial-flow 

pumps. The “pulsatility”, as can be seen in Figure 6, is based on the cyclical 

pressure head variation across the pump that results from the native ventricular 

contraction. A higher flow “pulsatility” results from a larger difference in left 

ventricular end-systolic and end-diastolic volumes20. Figure 6 shows that in the 

same time period, centrifugal-flow pumps vary in flow over a wider range, from 

as low as 2.5 L/min to as high as 5.1 L/min. The range of axial flow pump 

outflow only ranges from about 3.1 L/min to a peak of 4.1 L/min under the same 

conditions.  
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Figure 6 - Pump flow waveforms recorded in LVAD patients, Adapted from Giridharan et al. 

ASAIO 2014. 

 

LEFT VENTRICULAR ASSIST DEVICES 
HEARTWARE HVAD 

The HeartWare HVAD (HeartWare International Inc, Framingham, MA) is a 

centrifugal, continuous flow pump; fluid enters through an inlet and revolves 

centrifugally with bladed disks. The HVAD is unique in that a wide-blade 

impeller is suspended within the pump by hybrid passive magnets and 

hydrodynamic forces36. Fluid going through the device works against little 

resistance within the device, ultimately limiting pump suction and power, as 

seen in Figure 719.  As part of its full operating range, it is capable of delivering 

up to 10 L/min of flow. The pump sits next to the heart in the pericardial space 

when implanted, with the inflow port being inserted into the bottom of the left 

ventricle and the outflow attaching to the ascending aorta. The inner workings 

of the pump can be seen in Figure 3.  The pump is connected to an external 

system composed of a microprocessor-based controller, a monitor, lithium-ion 

battery packs, power adapters, and a battery charger36. The microprocessor 

controller has physiologic algorithms that control the pump to ensure safe 
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operation. The monitor displays pump performance, is used to set and adjust 

operating parameters, and can be used to download data from the controller36.  

 
Figure 7- HeartWare Fluid Flow, Adapted from Moazami et al. 

First launched in 2008, the HVAD is a third-generation device that is widely 

used clinically, and can be used as a long-term assist device. Because of the 

smaller size of the device in comparison to similar LVADs, it was predicted to 

widen the patient population while offering a lower risk of infection, a simplified 

implantation procedure, and improved durability.  

 

HEARTMATEII 

HeartMateII (HMII; Thoratec Inc., Pleasanton, CA) is an axial flow pump that 

utilizes a propeller in a pipe design (Figure 8). The propeller screws itself into 

fluid coming into the inlet, and in turn pushes it towards the outlet, increasing 

suction at the inlet19. When implanted, this pump draws blood from the apex of 

the left ventricle and delivers it to the ascending aorta37. When blood enters the 

pump, it passes through the inlet stator, a fixed component that forms the pivot 

for the rotor. This housing straightens the flow of blood as it passes across the 

pump, then the blood flows through the internal rotor.  When blood flows 

around the pump rotor, the spinning action of the pump rotor introduces a radial 

velocity to the blood flow and imparts kinetic energy to the fluid, which then 

flows out the outlet stator31.  The twisted shape of the rotor converts the radial 

velocity of the flow to an axial direction, hence the axial flow pump38.  As flow 

gets turned in the axial direction, the kinetic energy converts to static pressure 
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which produces a blood flow field that increases pressure across the pump. 

HeartMateII is electronically controlled by an external system controller and 

power system which it is connected to via a percutaneous lead37. The external 

system sends power and operating signals to the pump, and also receives 

information from the pump.  It can provide up to 10 L/min flow with a mean 

pressure of 100mmHg, all while weighing 390 g and encasing a volume of 

63mL. Flow coming out of the pump is estimated based on the relationship 

between pump speed (rpm) and time-varying electrical power that the pump 

motor is consuming39. At any given pump speed, the pump flow is linearly 

related to power over a limited power range. This second-generation pump 

design is widely used clinically, and may be used as a long term assist device. 

It was chosen for these studies because of its wide use and proven efficacy40.  

 
 

 
HEARTASSIST5   

The HeartAssist5® (ReliantHeart, Houston, TX) is a “next generation” left 

ventricular assist device that gets implanted above the diaphragm. It weighs 

less than 100 grams and usually does not require the need to create a surgical 

pocket. Because of this, the surgical implant of HeartAssist5 is said to be safer 

and less complicated with a reduced recovery time compared to the 

HeartMateII. HeartAssist5 (Figure 9) has the CE mark and is implanted in 

Figure 8 - HeartMateII Ventricular Assist Device (http://heartmateii.com/) 
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Europe, but is still under Investigational Use in the United States41. It features 

True Flow Speed and Power Reporting, which offer real-time 24/7 remote 

monitoring through an iPad application.  

 

 
Figure 9 - HeartAssist5 Ventricular Assist Device (http://reliantheart.com/heartassist5/) 

 

MOCK CIRCULATION SYSTEMS 
Mock circulation systems are necessary for testing mechanical circulatory 

support devices, and many different variations have been constructed and used 

to try to conquer this feat most accurately and efficiently. Testing mechanical 

circulatory support devices in vitro is an essential part of performance 

evaluation prior to in vivo testing4,42–44. This is most successfully done with 

mock circulation loops42.  

Many mock circulation loops (MCL) have been constructed to accurately 

mimick the human cardiovascular system, and they come in many different 

forms and sizes. Timms et al. created a compact mock circulation loop of 

600x600x600mm that was used in conjunction with a computer mathematical 

simulation42. With this system, the group was able to reproduce the 

physiological hemodynamics of a healthy and failing heart. With this MCL, the 

group was able to switch between a healthy and a failing heart by altering 

ventricle contractility, vascular resistance and compliance, heart rate, and 

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://reliantheart.com/news-media-center/resources-for-reporters/&ei=v_gRVdzwCMuqgwSkooLoCA&psig=AFQjCNEL7ugB3Qs12UuQbFROvp9BWDG0tw&ust=1427327543005184
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vascular volume42. This system also allowed for real time analysis of 

cardiovascular hemodynamic pressures (arterial, venous, atrial, ventricular), 

flows (systemic, bronchial, pulmonary), and volumes (ventricular, stroke)42. 

Important aspects of MCL creation include the physical characteristics of the 

system, including pipe dimensions. The system must also have some sort of 

pneumatic drive parameters to create pressure and flows. The pipe diameters 

used in the system are also very important, as they represent the resistance, 

compliance and fluid inertia of the native cardiovascular system. There are 

many different iterations of MCL designed to specifically test single devices.  

 

THE DONOVAN MOCK CIRCULATION SYSTEM 

Francis M. Donovan, Jr., a University of South Alabama professor, created one 

of the first mock circulation loops during the time that the first artificial hearts 

were being developed45.  In the 1970’s and 1980’s when artificial heart designs 

were being developed, there was no way to test them on a human-like structure 

other than to implant into animals. Animal testing was the best way to test these 

devices and to predict how they would function in humans46. The Donovan 

Mock Circulation tank (DMC tank, Figure 10) is a 24x16x8 inch box constructed 

of ½ inch acrylic sheet. It was developed to test the artificial heart which would 

be mounted to the front of the device. The mounted artificial heart pumps fluid 

from the systemic venous chamber into the pulmonary arterial chamber, and 

then from the pulmonary venous chamber into the systemic chamber of the 

tank. Each of the four chambers of the tank is hermetically sealed and the 

compliance of each chamber is determined by the volume of air trapped above 

the fluid in the chamber. The pulmonary and systemic resistances of the DMC 

tank are set and can be adjusted by bellows-operated valves to simulate the 

baroreceptor response in the systemic arteries, and the passive pulmonary 

resistance response in the pulmonary arteries. In addition to pressures within 

each chamber, cardiac output is measured by a turbine flowmeter in the 

systemic circulation45. The four chambers of the tank are connected by joints 

made of stainless steel screws and solvent glue.  
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The Donovan Mock Circulation tank (DMC tank), seen in Figure 10, 
hydraulically simulates the systemic and pulmonary portions of the human 

circulatory system. The four chambers of the DMC are as follows: right atrial 

pressure (RAP) chamber, pulmonary arterial pressure chamber (PAP), left 

atrial pressure (LAP) chamber, and the aortic pressure (AoP) chamber. The 

RAP chamber simulates systemic venous pressure and provides the inflow of 

fluid into the right ventricle. From the right ventricle, fluid flows into the PAP 

chamber, which simulates the pulmonary resistance via a bellows-operated 

valve. Fluid in the PAP chamber flows through the pulmonary bellows-operated 

resistance valve into the LAP chamber, which simulates the return pressure 

from the lungs (preload), into the left ventricle. The left ventricle expels fluid into 

the systemic arterial pressure chamber (AoP), which simulates aortic pressure, 

also known as afterload. Fluid from the AoP chamber flows across the systemic 

bellows-operated resistance valve and back into the RAP chamber. All 

chambers are hermetically sealed except for the RAP chamber, which is open 

to atmospheric pressure.  

 
Figure 10 - Donovan Mock Circulation Tank, Adapted from Donovan et al. 1975.  

A schematic of the Donovan Mock Circulation Tank developed in 1975 by F. Donovan. 
Originally used as a means of performing accurate in vitro testing of artificial hearts, the 
DMC tank is still used today to test devices, including SynCardia’s FDA-approved total 

artificial heart.45 
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The DMC tank (Figure 11) has been and still is used by SynCardia Systems, 

Inc. to test their FDA-approved artificial hearts and drivers. With the use of the 

DMC tank, the SynCardia total artificial heart (TAH) received FDA approval for 

use in the United States, and has also been approved for use in Europe, Asia 

and Australia. The DMC tanks are distributed by SynCardia to institutions that 

implant the SynCardia TAH. Every center that is certified as a SynCardia 

Implant Center is sent a DMC tank with their implant materials. This DMC tank 

is sent to these implant centers so they can test the drivers that operate the 

heart. At SynCardia Systems, Inc., the DMC tanks are used to test 

manufactured drivers and commence FDA testing, including reliability and 

characterization studies.  

 
Figure 11 - Donovan Mock Circulation System with Attached Total Artificial Heart 

Through all of the different variations of simple and more advanced 

mock circulation loops, the Donovan Mock Circulation tank remains to be a 

prominent, robust, simple to use model of patient vasculature to test MCS 

devices. Along with its ease of use, it is widely distributed across the world to 

many implant centers, and is easily accessible by many different types of 

people.  
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CHAPTER 2 - THE HEART FAILURE MODEL AND  

VAD-AUGMENTED PERFORMANCE 

 
THE DONOVAN MOCK CIRCULATION SYSTEM AND TOTAL ARTIFICIAL HEART 
AS A  LEFT-SIDED HEART FAILURE MODEL 
Crosby (Doctoral Dissertation 2015) used a previously described system, 

comprised of a Donovan Mock Circulation tank (DMC tank) in conjunction with 

a SynCardia Total Artificial Heart (TAH), to create a model of heart failure2. The 

system was previously used to physiologically characterize the TAH in 

comparison to the human heart1.  In the previous characterization of the system 

under normal, non-failure operating conditions, it was shown that the TAH 

demonstrates Starling-like behavior, with preload sensitivity consistent with the 

human heart, but without afterload sensitivity47.  The lack of afterload sensitivity 

is due to the robustness of the partial-fill, full eject principal used to drive the 

TAH, as it generates pressures to overcome presented afterloads. After proving 

physiological similarities and outlining the differences of the TAH to those of a 

healthy human heart, the TAH was then set to a reduced output mode to create 

a model of heart failure2.  

To create the heart failure model, the driving pressure of the TAH’s left 

ventricle was reduced and the driveline vacuum pressure on the left ventricle 

was removed. The DMC tank was also set to pressures that correlated with 

clinical left ventricular failure conditions. Heart failure conditions of this model 

were defined as a left drive pressure (LDP) of 120mmHg, a right ventricular 

pumping pressure (RDP) of 60mmHg, a right vacuum of -10mmHg, a left 

ventricular pumping pressure of 0mmHg, a percent systole of 50%, and a heart 

rate of 100 beats per minute. The left drive pressure of “normotensive” 

conditions and typically used clinically is 180mmHg. The left drive pressure 

used for this heart failure model and in all proceeding studies is 120mmHg, 

equaling the lowest attainable left drive pressure of the Companion 2 Driver.  

With these driver settings, the DMC tank parameters correlating with heart 

failure conditions are the following: aortic pressure (AoP) 95±5mmHg, left atrial 
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pressure (LAP) 30±5mmHg, right atrial pressure (RAP) 12±5mmHg and 

pulmonary arterial pressure (PAP) 27±5mmHg.  

Afterload was varied on the heart failure model by adjusting the systemic 

vascular resistance bellows-operated valve, to restrict flow between the aortic 

pressure and right atrial pressure chambers of the DMC tank. Overall, with an 

increase in aortic pressure, there was a correlating increase in left ventricular 

pressure and left atrial pressure, and a decrease in right atrial pressure and left 

ventricular outflow. Preload was varied by adjusting the right ventricle’s vacuum 

pressure, in order to affect preload to the left ventricle, and effectively causing 

the end diastolic volumes (EDV) of the left ventricle to vary. The right vacuum 

was varied between 0 and -20 mmHg (normal right vacuum is around -10 

mmHg), correlating with a variation of end diastolic volumes (EDV) from 48 to 

73 mL. Overall, as EDV increased, there was a correlating increase in mean left 

atrial, mean left ventricular outflow, and mean aortic pressure. Pressure volume 

(PV) loops were created with these variations in preload and afterload at heart 

failure conditions, and these were compared to the PV loops of preload and 

afterload variations in normal operating conditions, as seen in Figure 122. 
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Figure 12 - Pressure-Volume Loops with Varying Afterloads and Preloads in Heart Failure and 
Normal Conditions (Crosby dissertation: http://hdl.handle.net/10150/344221)2 

Left: Pressure-Volume (PV) loops with variations in systemic vascular resistance, which varies 
the afterload that the heart sees. Right: PV loops with variations in right ventricular vacuum 
pressure, which varies the right ventricle filling, in turn the preload. Top plots show PV loop 

variations in heart failure conditions, and bottom plots show PV loops variations under normal 
operating conditions.  

The DMC tank with attached TAH is known as the Donovan Mock Circulation 

System (DMCS). When the DMCS was set to heart failure conditions, the 

DMCS presented increased mean left atrial and left ventricular pressures, and 

decreased mean aortic pressure and mean left ventricular outflow, similar to 

hemodynamics typically seen in clinical heart failure. With the heart failure 

model, Starling-like behavior was shown to decrease with an increase in 

preload. Pressure-volume relationships demonstrated enhanced sensitivity to 

afterload, consistent with behavior of the human heart2. 

This study characterized the heart failure model over a range of preloads 

and afterloads while examining hemodynamics as well as pressure-volume 

http://hdl.handle.net/10150/344221
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relationships. Pressure-volume relationships of the “heart failure” conditions 

were compared to normal conditions of the TAH.  This study determined that 

the TAH in reduced left sided drive mode, in conjunction with the DMC tank, 

serves as a representative model of a patient in left ventricular heart failure, 

representing similar hemodynamics to a patient with heart failure 2. 

Overall, a robust, physical model of heart failure was created utilizing the 

SynCardia Total Artificial Heart (TAH) attached to the Donovan Mock 

Circulation tank (DMC tank) with the TAH pneumatically pumped at 66% of the 

standard drive pressure. The model provides physiologically accurate, 

reproducible pressures and flows representative of a heart failure state. Proven 

to be a reliable model of heart failure and easily modifiable, this model allows 

for the physical addition of MCS devices to allow for comparison of 

hemodynamic augmentation provided by differing VADs.  

 

CONSTRUCTION OF A VAD-AUGMENTED CIRCUIT  
Using the heart failure model developed by Crosby et al., a ventricular assist 

device (VAD) was attached to the system allowing for the modulation of heart 

failure conditions. The effect of adding a VAD to the system was examined by 

its ability to correct and restore hemodynamics2.  

In the study by Crosby, the DMC tank with attached TAH was altered 

through modifications in the left ventricular outflow tubing to easily incorporate 

various MCS devices. Two T-junctions, separated by a one-way by-leaflet 

artificial heart valve, were placed between the outflow of the left ventricle and 

the inflow to the systemic arterial chamber of the DMC tank. With the insertion 

of a VAD to the model, flow through the circuit can be seen in Figure 13 and 

goes as follows: from the right atria of the tank to the right ventricle of the TAH, 

to the pulmonary arterial chamber of DMC tank, to the left atrial pressure 

chamber of DMC tank, to the left ventricle of the TAH, through the attached 

VAD, to the aortic chamber of the DMC tank, and then back to the right atrial 

chamber of the DMC tank. Flow sensors were placed at the inflow to the left 

ventricle, immediately after the VAD, and immediately after the left ventricle to 
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measure VAD inflow, VAD outflow and left ventricle outflow, respectively. 

Detailed VAD attachment to the circuit can be seen in Figure 142. 

 
Figure 13 - Fluid flow through the DMCS with Attached TAH and VAD (Crosby dissertation: 

http://hdl.handle.net/10150/344221)2 

Flow diagram of DMC tank with attached total artificial heart and ventricular assist device. 
Triangles represent inflow and outflow valves of the TAH, and the additional valve after 

the first T-junction attaching the VAD to the loop.  “Millar” rectangles represent placement 
of Millar pressure sensors on the setup; in the right TAH ventricle, DMC tank left atrial 

pressure chamber, left TAH ventricle, DMC tank aortic pressure chamber. Flow sensors 
were placed at the inflow to the left ventricle, immediately after the VAD, and immediately 

after the left ventricle.   

http://hdl.handle.net/10150/344221
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Figure 14 - Detailed Incorporation of a Ventricular Assist Device onto the Heart Failure 

Model (Crosby dissertation: http://hdl.handle.net/10150/344221)2 

AUGMENTATIVE PERFORMANCE OF CIRCULATION WITH A VAD 
A HeartMateII VAD was attached to the previously described circuit and was 

run at a range of pump speeds. As the HeartMateII pump speed was adjusted 

from 7,000 to 11,000 RPM, there was an overall increase in mean right atrial 

pressure and VAD outflow, and a decrease in mean left ventricular pressure, 

mean left atrial pressure and left ventricular outflow. At a clinically median 

speed of 9600 RPM, the VAD restored hemodynamics to near normal operating 

conditions2.  

This model proved to be useful in that it can display hemodynamics of the 

DMCS with the addition of a VAD. While the DMCS behaves in the same 

manner as a “patient” in heart failure conditions, the addition of a VAD returns 

“patient” hemodynamics to near normal conditions2. Proven to be a reliable 

model of heart failure and easily modifiable, this model allows for the physical 

addition of MCS devices to allow for comparison of hemodynamic 

augmentation provided by differing VADs under identical test conditions. Since 

http://hdl.handle.net/10150/344221


 

 39 

the system is readily manipulative of device additions and patient parameters, it 

is extremely versatile in its ability to model a multitude of clinical scenarios. 

With the ability to easily add on an MCS devices and manipulate conditions, 

this robust system has the potential to serve as a valuable tool to compare 

different MCS device (i.e. ventricular assist devices) performances and to teach 

proper MCS use.   
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CHAPTER 3 - RESEARCH AIMS 

 
PROJECT SIGNIFICANCE 
Mechanical circulatory support (MCS) is a viable therapy for end stage heart 

failure. Despite clinical success, the ability to compare MCS devices in vitro and 

perform training scenarios is extremely limited. A need exists for a readily 

available mock system that can perform comparative testing and training 

scenarios with mechanical circulatory support (MCS) devices. In this work, 

three ventricular assist devices (VADs) were independently attached to the 

previously described heart failure model to characterize individual device 

performance. Of the many available left ventricular assist devices (LVADs), 

three will be evaluated through the course of these studies: HeartWare’s 

HVAD, Thoratec’s HeartMateII (HMII), and ReliantHeart’s HeartAssist5 (HA5). 

The HVAD is a centrifugal flow LVAD while both HMII and HA5 are axial flow 

LVADs, employing different pump designs. The goal of this study was not to 

evaluate each LVAD’s performance individually, but to compare the 

performance of each VAD to other widely used devices. In addition, specific 

clinical scenarios were created with the system to analyze how waveforms from 

the DMCS correlate with clinical scenarios. Finally, each VAD was powered off 

while attached to the heart failure model to compare fluid flow through the VAD 

in a pump-failure scenario. The aim of this thesis is to provide clinicians and 

patients with a system that can be utilized to successfully compare MCS 

devices (i.e. ventricular assist devices) and train MCS use. It seeks to achieve 

these goals through the following aims.  

 

I. DEFINE THE OPERATIONAL ENVELOPES OF VADS THROUGH 
COMPARATIVE TESTING IN A HEART FAILURE MODEL 

PURPOSE AND APPROACH 

An unmet need exists for an easy to use, user friendly mock system that 

mimics clinical heart failure that can be used for comparative studies of differing 

VAD performance. In this study, the previously described HF model (mock 
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circulation tank with attached total artificial heart operating in reduced output 

mode) was used as a platform to compare and contrast mechanical circulatory 

support devices (e.g. left ventricular assist devices). Three ventricular assist 

devices (VADs) were independently subjected to defined conditions on the 

model and their performances were compared. The aim of this study was to 

use a readily-available system to compare and contrast VAD performance 

(axial versus centrifugal) over a range of preload and afterload conditions. 

 

IMPROVEMENT OF HEART FAILURE CONDITIONS WITH A VAD 

To prove that the system is a suitable platform to compare MCS devices, the 

devices must successfully improve heart failure conditions to bring the “patient” 

to normal conditions. With the addition of a VAD to the heart failure model, the 

VAD was able to improve heart failure hemodynamics (i.e. decrease left atrial 

pressure and increase cardiac output). After each device was proven to 

modulate heart failure conditions on the system, the degree to which they did 

this were compared. Over a range of clinically relevant pumping speeds for 

each device, the afterload and preload of the system were adjusted throughout 

a predefined range. This variation in afterloads and preloads is significant to 

see how each pump response to the differential pressures that they would be 

faced with when implanted in a patient.  

 

COMPARE AND CONTRAST VAD PERFORMANCE IN A HEART FAILURE MODEL 

By varying afterload and preload that the pumps face on the system, a set of 

performance HQ curves for each device was created. HQ curves for a pump 

are important because they display how the pump performs via the relationship 

between pressure head and flow. The shape of each HQ curve is directly 

dependent on the design of the pump. From this relationship, the effects of 

preload and afterload on flow can be determined.  

 From the set of HQ curves for each VAD, an “operational HQ area” can 

be created. This area encases the operational area of each device, showing the 

full range of flows at each differential pressure for the device. Further, the 
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operational HQ areas were analyzed more specifically to highlight the area of 

operation used 80% of the time clinically, showcasing the differential pressures 

and flows that would be obtained by pumping at the median pumping speeds 

used clinically. By comparing these values and areas, each pump’s 

performance can be observed under defined conditions. This performance can 

then be compared to normal operating conditions. 

 

II. USE THE SYSTEM (VAD-AUGMENTED HEART FAILURE MODEL) AS A 
TRAINING TOOL 

PURPOSE AND APPROACH 

An unmet need exists for a readily available mock system that can perform 

training scenarios with MCS devices. In this study, the previously described HF 

model (mock circulation tank with attached total artificial heart operating in 

reduced output mode) was used as a platform to perform mechanical 

circulatory support device (e.g. left ventricular assist device) training scenarios. 

Different clinical scenarios were set up on the VAD-augmented system to 

simulate events that may be seen with a VAD patient. The aim of this study was 

to use a readily-available system to mimic clinical scenarios and train MCS 

device use. 

 

SIMULATE CLINICAL SCENARIOS WITH A VAD 

First, an HVAD was attached to the system and run at its median operating 

speed in order to improve heart failure conditions. After the improvement of 

heart failure hemodynamics and reaching baseline VAD operating conditions, 

the user display of the HVAD was captured so that flow waveforms could be 

analyzed. This scenario was set up to examine the similarities in waveforms 

coming from the system in comparison to electronically simulated waveforms. 

Further, a model of hypertension and a model of hypotension were 

created with the VAD-augmented system. These conditions can persist in 

patients that have a VAD implanted, so the knowledge of specific pressures 

and flows under these conditions can help improve patient conditions. Finally, 
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three different ventricular assist devices (VADs) were independently attached 

to the system and a pump-failure scenario was simulated. Flow through each 

VAD was analyzed after the pump-failure scenario was induced.  

 

THE SYSTEM AS A TRAINING TOOL FOR  MCS DEVICES 

Through modeling the scenarios previously described on the system, these 

setups can be recreated to help users become familiar and comfortable with 

MCS devices. Since this system is located at all institutions that implant the 

TAH, it is readily available to use and can be easily modified to recreate the 

above scenarios. These simulated scenarios can then be used to train patients 

and clinicians on proper MCS device use.  
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CHAPTER 4 - COMPARATIVE PERFORMANCE OF VADS IN A 
HEART FAILURE MODEL 

 
OVERVIEW 
Mechanical circulatory support (MCS) is a viable therapy for end-stage heart 

failure. With its continued success, there are a variety of MCS devices that are 

becoming increasingly efficient and showing success in long-term support. 

Despite clinical success, the ability to compare MCS devices in vitro is 

extremely limited.  Comparative studies are limited as different devices cannot 

be interchanged in a patient due to the surgical nature of implant. A need exists 

for a readily available mock system that can perform comparative testing with 

MCS devices.  

Previously, our group has fabricated a well characterized mock 

circulation system consisting of a SynCardia temporary Total Artificial Heart 

(TAH) and Donovan Mock Circulation tank (DMC tank)47. Further, utilizing this 

system, a heart failure model was developed and the ability to attach MCS 

devices was described2. In the present study, three ventricular assist devices 

(VADs) were independently attached to the heart failure model to compare 

device performance over a range of preloads and afterloads. Hemodynamics of 

all three devices were observed over these variations, including aortic pressure, 

left atrial pressure (LAP), left ventricular pressure (LVP), and total cardiac 

output (TCO). Uniquely, by virtue of interchangeability, we were able to use this 

robust system to analyze and compare VAD performance via HQ curves and 

operational HQ areas. HVAD was found to be more preload sensitive than 

HeartMateII and HeartAssist5, and HeartMateII was observed to improve HF 

conditions (LAP, LVP, TCO) the greatest. We demonstrated that this system 

can successfully be used to compare MCS devices (i.e. ventricular assist 

devices).  
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INTRODUCTION 
Heart failure is a growing issue around the world, and the treatment of choice 

for severe heart failure, heart transplant, is difficult due to the limited availability 

of donor hearts3,4,42,35,5. Mechanical circulatory support (MCS) has become a 

viable therapy for end stage heart failure, and, as more devices are becoming 

approved, they are becoming smaller, safer, and more efficient. As a result of 

continued MCS success and the limited supply of organ donors, MCS use has 

become an established treatment option for end-stage heart failure patients, as 

both bridge to transplant therapies and permanent therapies (i.e. destination 

therapy)35,48,40,49. Despite clinical success, the ability to compare MCS devices 

in vitro is extremely limited. Comparative studies are limited as different devices 

cannot be interchanged in a single patient due to the surgical nature of implant.  

Thus, an unmet need exists for the direct comparison of VAD 
performance on a single, human independent physical system.  

Over the past few years, several new MCS devices- notably a range of 

continuous flow VADs- have been developed, which differ greatly in working 

principals compared to the previously widely used and accepted pulsatile 

VADs35,50–52. Furthermore, with several new VAD designs in development, a 

need for comparative studies of VAD performance has emerged to evaluate 

inter-device comparisons under identical clinical heart failure conditions.  

Topkara et al. performed comparative analysis on left ventricular device 

(LVAD) patients who were bridged to transplantation after surviving with either 

a HeartMateII or HeartWare HVAD53. This study required data mining from over 

three years of specific patient records to determine that each LVAD provided 

similar hemodynamic unloading, pre-transplant end-organ function, and post-

transplant outcomes in patients that were bridged to transplantation with both 

the HeartMateII and HeartWare LVADs53. The study looked at specific physical 

outcomes of patients after they received a donor heart. Their main finding was 

that after transplantation, there were no significant differences in freedom from 

rejection or freedom from cardiac allograft vasculopathy between the two 

LVADs. Post-transplant graft survival rates were also found to be similar 
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between the two LVAD groups after one, two and three years. Ultimately, they 

concluded that their findings suggest similar hemodynamic unloading, pre-

transplant end-organ function, and post-transplant outcomes in the patients that 

were bridged to transplant with both the HeartWare and HeartMateII LVADs53. 

This study proved to be a good comparison of MCS devices across different 

models, but required many years of data mining and still obtained key 

differences such as length of survival between the models that cannot be 

accounted for.  

HeartWare’s HVAD (HeartWare International Inc., Framingham, MA) is a 

centrifugal, continuous flow pump, meaning fluid enters through an inlet and 

revolves centrifugally with bladed disks. The fluid going through the device 

works against little resistance, which ultimately limits pump suction and 

power19. When implanted, the device sits directly next to the heart in the 

pericardial cavity, with the inflow port being inserted into the bottom of the left 

ventricle and the outflow attaching to the ascending aorta. As part of its full 

operating range, it is capable of delivering up to 10 L/min of flow. The HVAD is 

a third-generation device, is widely used clinically, and can be used as a long 

term assist device. Because of the smaller size of the device in comparison to 

similar LVADs, it was predicted to widen the patient population while offering a 

lower risk of infection, a simplified implantation procedure, and improved 

durability.  

In contrast, the HeartMateII VAD (HMII; Thoratec Corp, Pleasanton, CA) 

is an axial-flow, non-pulsatile assist device that utilizes a propeller in a pump 

design. The propeller screws itself into fluid coming into the inlet, and in turn 

pushes it towards the outlet, increasing suction at the inlet19.  When implanted, 

this pump draws blood from the apex of the left ventricle and delivers it to the 

ascending aorta37. It can provide up to 10 L/min of flow with a mean pressure of 

100mmHg, all while weighing 390 grams and encasing a volume of 63mL37. 

Attached to the left ventricle and ascending aorta when implanted, it is 

electronically controlled by an external controller and power system connected 

via a percutaneous lead37.  This second-generation pump design is widely used 
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clinically, and may be used as a long term assist device. It was chosen for 

these studies because of its wide use and proven efficacy40.  

The HeartAssist5 (HA5; ReliantHeart, Houston, TX) is also an axial-flow, 

non-pulsatile left ventricular assist device, and is considered to be a “next 

generation” device that weighs 92 grams and sits inside the pericardial space 

when implanted54. Because of its placement and size, the surgical implant of 

HeartAssist5 is said to be safer and less complicated than other devices, with a 

reduced recovery time. The HA5 system includes true flow measurement and 

remote monitoring to provide a diagnostic opportunity with real-time and stored 

flow waveforms, and can measure pulsatility without creating a pump 

thrombus54,55.  The HA5 device currently has CE approval and is implanted in 

Europe, but is still under Investigational Use in the United States41.  This pump 

was chosen for as a comparative device because of its design history in the 

United States and its rising popularity in Europe.  

When comparing the performance of different VADs, it is important to 

investigate the degree to which pumps exhibit Starling behavior over their entire 

range of pump speeds, as this behavior is directly related to the preload that 

the pumps face. Device sensitivity to preload is a key parameter  to investigate 

as the device and native left ventricle see the same preload56. When analyzing 

Starling behavior, device behavior can be compared to the natural heart and 

the fundamental design of MCS devices can be improved upon in hopes of 

becoming more like the natural human heart. Being able to pinpoint device 

sensitivities to both afterload and preload is the underlying factor for 

determining device performance. If a pump is not preload sensitive, its 

response to hemodynamic changes is not physiological. If a pumps response is 

not physiological, doctors must determine device operating conditions, 

including pump speed, arbitrarily. . It is important for an LVAD to have a strong 

preload response, so that it will automatically increase pump output with an 

increase in the right ventricular output56. If the device has this constant check 

system in place, it minimizes the need to make any pump speed adjustments to 

compensate for changes in flow. If a device does not have control over the 
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balance between left and right ventricular output, and the device is outputting 

less flow than the right ventricle, the difference between left and right ventricle 

synchronization is increased. An increase in synchronization separation 

correlates with exponential cardiac decompensation. An ideal pump shall have 

a strong sensitivity to preload and minimal afterload sensitivity to minimize 

cardiac decompensation. The system utilized in this study characterizes device 

preload and afterload response over a wide range of pump speeds for three 

commonly used LVADs, allowing for better determination of ideal pump speed  

We have previously developed a mock circulation system that has been 

well characterized47. The mock circulation system, comprised of a SynCardia 

temporary Total Artificial Heart (TAH-t) and Donovan Mock Circulatory tank 

(DMC tank), was also characterized in reduced output conditions and 

presented as a model of clinical heart  failure (HF)2. This previously described 

HF model was determined to be a robust, physical model of left-sided heart 

failure. While in heart failure conditions, the system responded appropriately 

with elevated left atrial pressure and left ventricular pressure and reduced flow 

in comparison to normal operating conditions. Starling-like behavior was 

decreased with continued preload augmentation, and pressure-volume 

relationships demonstrated partial preservation of Starling-like mechanisms 

with preload augmentation. With the pressure-volume loops, heart failure 

conditions on the TAH demonstrated an enhanced sensitivity to afterload, as is 

consistent with the human heart. The heart failure model was then configured 

to allow for the ready addition of an MCS device, which upon insertion of a 

HeartMateII VAD operating at 9600 RPM, modulated hemodynamics to normal 

conditions2. As such, this system could successfully be used to compare 

mechanical circulatory support (MCS) devices and be used as a training 

module for patients and clinicians.  

In the present study, the previously described HF model (DMCS: mock 

circulation tank with attached total artificial heart) will be used as a platform to 

comparatively evaluate mechanical circulatory support devices (e.g. ventricular 

assist devices). HeartWare’s HVAD, Thoratec’s HeartMateII and 
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RelaiantHeart’s HeartAssist5 will all be subjected to the same conditions on the 

model and their performances will be compared. Over a range of clinically 

relevant pumping speeds, the afterload and preload of the DMCS will be varied 

and performance data will be collected. The aim of this study is to use a 
readily-available system to comparatively evaluate VAD performance 
(axial versus centrifugal) over a range of preload and afterload 
conditions. 

 

METHODS 
The Donovan Mock Circulation System (DMCS), consisting of a Donovan Mock 

Circulatory tank (DMC tank) and 70cc Total Artificial Heart (TAH; SynCardia 

Systems, Inc., Tucson, AZ) operating in reduced output conditions and driven 

by a Companion 2 Driver (SynCardia Systems, Inc., Tucson, AZ), was used for 

all experiments. This heart failure model was previously developed and 

characterized in Crosby 20142.  The DMC tank hydraulically simulates the 

systemic and pulmonary portions of the human vasculature in all studies, and 

contains four chambers that represent four blood-contacting domains: 1) right 

atrium, 2) pulmonary artery, 3) left atrium, and 4) aorta45. The pulmonary and 

systemic resistances can be adjusted by bellows-operated valves within the 

DMC tank. For all studies, the tank was filled with a 35% (w/v) 

glycerin/deionized water blood surrogate, with a viscosity of 3.5cPs at room 

temperature, equivalent to blood. 

The TAH is a pneumatically driven, pulsatile heart that is mounted to the 

front of the DMC tank, pumping fluid from the systemic venous chamber into 

the pulmonary arterial chamber through the right ventricle, and from the 

pulmonary venous chamber to the systemic arterial chamber through the left 

ventricle. Utilizing the heart failure model, a continuous flow ventricular assist 

device was attached to the TAH’s left ventricular outflow Tygon tubing (inflow to 

the VAD), and to the aortic chamber of the DMC tank (VAD outflow), via two T-

junctions, separated by a one-way bi-leaflet Open Pivot artificial heart valve 

(Medtronic, Minneapolis, MN). This attachment of the VAD, previously 
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described in Crosby 2014, extends the size of the left ventricle so that the 

inflow of any MCS device can be incorporated onto the system without 

damaging the ventricle of the TAH2.  

Flow sensors (ME 25 PXN, Transonic Systems, Inc., Ithaca, NY) were 

located immediately after the MCS insertion site to measure device outflow, 

immediately after the left ventricle of the TAH to measure flow coming out of the 

left ventricle (not going through the modified loop section), and immediately 

after the intersection of VAD outflow and left ventricular outflow to capture the 

combined outputs, equating to total cardiac output (TCO). Fluid flow through 

the VAD-augmented circuit can be seen in Figure 15.  

 
Figure 15 - VAD-Augmented Circuit 

Fluid flow and sensor placement throughout the VAD-augmented circuit. Circuit is comprised of 
the DMC tank, total artificial heart, and ventricular assist device. Fluid flows from the right atrial 

pressure chamber of the DMC tank to the right ventricle of the TAH, to the pulmonary arterial 
chamber of DMC tank, to the left atrial pressure chamber of DMC tank, to the left ventricle of the 

TAH, through the attached VAD, to the aortic chamber of the DMC tank, and then back to the right 
atrial chamber of the DMC tank.  Grey triangles represent inflow and outflow valves of the TAH.  
The red triangle is an additional Open Pivot valve inserted after the first T-junction attaching the 
VAD to the loop. The native outflow valve of the TAH’s left ventricle stays open when the VAD is 

on. Green “Millar” trapezoids represent placement of Millar pressure sensors on the setup; in the 
right and left ventricles of the TAH, immediately outside the exit of the DMC tank left atrial 
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pressure chamber, and at the entrance to the aortic pressure chamber of the DMC tank. Flow 
meters were placed immediately after the VAD, immediately after the first T-junction after the left 

ventricle, and right before the entrance to the aortic pressure chamber of the DMC tank.  

Calibrated strain gauge pressure transducers (Abbott, Abbott Park, Illinois) 

were used to monitor aortic pressure (AoP), left atrial pressure (LAP), right 

atrial pressure (RAP), and pulmonary arterial pressure (PAP) chambers of the 

DMC tank. The pressure transducers were secured to the side of the DMC tank 

and connected to a National Instruments compact data acquisition (DAQ) board 

which was connected to the computer for monitoring.  Four Millar catheters 

(SPR-524, Millar Instruments, Inc., Houston, TX) connected to a pressure 

control unit (PCU-2000, Millar Instruments, Inc.) were attached to the system to 

monitor continuous pressure inside the left and right ventricles of the TAH, at 

the outflow of the LAP chamber, and in the aortic tubing just before the 

entrance to the AoP chamber of the DMC tank, seen in Figure 15. Millar 

catheters monitored left ventricular pressure, right ventricular pressure, left 

atrial pressure and aortic pressure. Data from all pressure transducers, Millar 

catheters, and flow meters were acquired at 200 Hz with a DAQ board (NI-

9219, NI-9211, and two NI-9205, National Instruments, Austin, TX) interfaced 

with a custom LabView executable. 
 

The system was initially set to heart failure conditions, (TAH operating in 

reduced output mode) to emulate a patient with clinical heart failure. To do this, 

the Companion 2 Driver was first set to heart failure conditions as outlined in 

Table 1. Next, the DMC tank was set to HF pressures as outlined in Table 2. 

“Normal” conditions for the DMC tank and Companion 2 Driver, based on past 

and clinical characterization driver settings for the Companion 2 Driver 

operating under normotensive patient conditions, are outlined in Table 1 and 

Table 2 for reference. Building off of this previously described heart failure 

model, different VADs were then attached to the system, creating a VAD-

augmented circuit to improve heart failure hemodynamics. Companion 2 driver 

and DMC tank parameters were set to HF conditions and stabilized before VAD 

initiation. The three VADs compared in this testing included the HVAD 
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(HeartWare International Inc, Framingham, MA), HeartMateII (HMII; Thoratec 

Corp, Pleasanton, CA), and HeartAssist5 (HA5; ReliantHeart, Houston, TX).  

Table 1 - Companion 2 Driver Settings for Normal and Heart Failure Conditions 
Parameter Normal Heart Failure 

Right Drive Pressure (RDP) 60 mmHg 60 mmHg 

Left Drive Pressure (LDP) 180 mmHg 120 mmHg 

Right Vacuum (R VAC) -10 mmHg -10 mmHg 

Left Vacuum (L VAC) -10 mmHg 0 mmHg 

Beat Rate 100 BPM 100 BPM 

Systolic Duration (SYS) 50% 50% 
 

Table 2 - DMC Tank Settings for Normal and Heart Failure Conditions 

Parameter Normal Heart Failure 

Right Atrial Pressure (RAP) 6±5 mmHg 12±5 mmHg 

Aortic Pressure (AoP) 85±5 mmHg 95±15 mmHg 

Pulmonary Arterial Pressure (PAP) 20±5 mmHg 27±15 mmHg 

Left Atrial Pressure (LAP) 10±5 mmHg 30±5 mmHg 

 

After the addition of a VAD, each independently, the VAD was initiated 

and set to a range of pump speeds, including a clinically relevant low, median 

and high pump speed. Ranges for HVAD included 2200 – 3200RPM, in 

increments of 200PRM, and pump speed ranges for both HMII and HA5 

included: 8400, 8800, 9000, 9200, 9400 and 9800RPM.  These pump speeds 

(Table 3, “Pump Range Tested” column) were chosen based on clinical 

typically used operational speeds for each VAD. At each pump speed 

increment for each VAD, the afterload and preload were varied throughout a 

defined range, independently. Afterload and preload conditions were varied by 

changing the systemic vascular resistance and the right ventricular vacuum 

pressure, respectively. Systemic vascular resistance was varied to achieve a 

mean aortic pressure (afterload) range of 95 to 150mmHg. Preload was 

indirectly varied by varying the right ventricular vacuum pressure from 0 to -

20mmHg.  A change of right ventricular vacuum equates to a change in end 

diastolic pressure (EDP), and from this range of vacuum adjustments, a low, 
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median and high EDP was achieved. Average left ventricular pressure is used 

to denote preload for the pump for the duration of these studies. The preload 

that a pump sees is the pressure at the pump inlet when the pump is filling, 

equating to the EDP of the left ventricle.  

  At each increment, after allowing the DMC tank to reach hemostatic 

conditions for two minutes, a ten second window of data was collected through 

all channels at 200 Hz to include values from all DMC tank pressure chambers, 

Millar catheters and flow sensors. Parameters collected included: right atrial 

pressure (RAP), aortic pressure (AoP), pulmonary arterial pressure (PAP), left 

atrial pressure (LAP), left ventricular pressure (LVP), left ventricular outflow (LV 

out), VAD outflow, and total cardiac output (TCO). Herein, only left atrial 

pressure, left ventricular pressure, and total cardiac output at a low, medium 

and high preload and afterload condition are presented. The results of VAD-

augmented performance were compared to the afterload and preload variations 

under heart failure conditions as a reference. The goal of this study was not to 

evaluate one particular device’s performance, but to compare the performance 

characteristics of widely used devices to each other. 

 

PRELOAD VARIATIONS 

After establishing heart failure conditions on the DMCS, the attached VAD was 

turned on and set to its low edge of clinically relevant speeds (2200RPM for 

HVAD, 8400RPM for HMII and HA5).  After stabilization of VAD-augmented 

parameters, all pressures and flows were digitally recorded. The preload was 

then adjusted by manipulating the right vacuum pressure on the C2 driver, from 

0 to -20mmHg to create low, median and high EDP (preload) conditions. At 

each preload increment, after parameters were allowed to stabilize for two 

minutes, 10 seconds of data were digitally recorded of the following values: 

AoP, LV in, LV out, LAP, LVP, PAP, RAP, RVP, VAD out, and TCO.  

The above preload variations were repeated at each pump speed over a 

range of clinically relevant pump speeds for all three VADs, denoted in the 

“Pump Range Tested” column of Table 3. These pump speed ranges were 
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chosen to include clinically relevant low, median and high pump speeds. The 

full operating range of the HVAD is 1800-4000 RPM, but the recommended 

clinical operating speed range is 2400-3200 RPM57. A range of 1800-2400 

RPM should only be used during implant procedures. A range of 2400-3200 

RPM corresponds with a power of 2.5-8.5 watts and a flow of 3-8 L/min, 

respectively. Operating in the high range of 3200-4000 RPM increases the risk 

of suction events. To simulate clinically relevant pump speed ranges that 

correlate with acceptable cardiac outputs, the range of 2200-3200RPM for 

HVAD was chosen for these experiments. Similar reasoning was used when 

determining pump speed ranges for HMII and HA5. The HVAD has significantly 

smaller operational speeds than the axial flow devices as it is a centrifugal flow 

device and operates in a different manner, requiring less energy to rotate.  
 

Table 3 - Ventricular Assist Device Pump Speeds 

 

Full Operating 
Range (RPM) 

Pump Range 
Tested (RPM) 

HQ“80” Range 
(RPM) 

Median Pump 
Speed (RPM) 

HVAD 1800 – 4000 2400 – 3200 2600 – 3000 2800 

HeartMateII 6000 – 15000 8400 – 9800 9000 – 9400 9200 

HeartAssist5 6000 – 15000 8400 – 9800 9000 – 9400 9200 

 
 

AFTERLOAD VARIATIONS 

After establishing HF conditions on the DMCS, the attached VAD was turned 

on and set to its low edge of clinically relevant speeds (2200 RPM for HVAD, 

8400 RPM for HMII and HA5).  After stabilization of parameters, all pressures 

were recorded digitally. Data was recorded at 200 Hz for 10 seconds. The 

afterload was then adjusted from 90mmHg to150mmHg in increments of 

10mmHg. At each afterload increment, after parameters were allowed to 

stabilize for two minutes, 10 seconds of data was digitally recorded of the 

following values: AoP, LV in, LV out, LAP, LVP, PAP, RAP, RVP, VAD out, and 

TCO. The above afterload variations were repeated at each pump speed over a 

range of clinically relevant pump speeds for all three VADs; 2200, 2400, 2600, 
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2800, 3000 and 3200RPM for HVAD, and 8400, 8800, 9000, 9200, 9400 and 

9800RPM for both HMII and HA5.  

 

RESULTS 
PRELOAD VARIATIONS 

With the addition of each device, AoP, VAD output and TCO were all increased, 

and LAP, LVP, and LV out were all decreased in comparison to the heart failure 

condition.  Average LAP at low, median and high EDPs for HVAD, HMII and 

HA5 can be seen in Figure 17. Preload was varied by adjusting the vacuum 

pressure of the right ventricle of the TAH, from 0 to -20mmHg in increments of 

5mmHg. With an increased vacuum pressure (near -20mmHg), the diaphragm 

pulls down more readily, enabling the ventricle to fill more easily. When the 

right ventricular vacuum is varied, right cardiac output is varied and thus 

changes the preload of the left ventricle. Average pressures and flows of the 

VADs are shown in comparison to the heart failure condition at a clinically low, 

median and high pump speed for each VAD (pump speeds denoted in Figure 

16). Average left ventricular pressure at a low, median and high preload 

condition for heart failure and all three VADs at their tested pump speeds can 

be seen in Figure 18. Average total cardiac output (in liters per minute) at low, 

median and high preload conditions for heart failure and all three VADs at their 

tested pump speeds can be seen in Figure 19. 

 

 
Figure 16 - Legend for Preload and Afterload Variation Plots 

 Heart Failure  2800 RPM (HVAD) 
 2400 RPM (HVAD) 

 3200 RPM (HVAD) 
 9200 RPM (HMII & HA5) 
 8400 RPM (HMII & HA5) 

 9800 RPM (HMII & HA5) 
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Figure 17 - Left Atrial Pressures at Low, Medium and High Preload Conditions for HVAD, 

HeartMateII and HeartAssist5 

 
Figure 18 - Left Ventricular Pressures at Low, Medium and High Preload Conditions for 

HVAD, HeartMateII and HeartAssist5 

 
Figure 19 - Total Cardiac Output at Low, Medium and High Preload Conditions for HVAD, 

HeartMateII and HeartAssist5 
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Overall, all three pumps modulated heart failure conditions leading to 

hemodynamic improvements by both decreasing LAP and increasing TCO. At a 

median preload and median pump speed of each device, HVAD (2800RPM), 

HMII (9200RPM) and HA5 (9200RPM) decreased LAP in comparison to heart 

failure conditions by 19.69%, 52.28% and 37.86%, respectively. At the same 

preload and pump speed conditions, TCO was increased 49.42%, 100.53%, 

and 30.17% for HVAD, HMII and HA5, respectively. HeartMateII showed the 

best improvement in both LAP and TCO, by decreasing LAP from HF 

conditions 52.28%, and increasing TCO by 100.53%. HVAD displayed the 

smallest decrease in LAP from HF conditions, by only lowering 19.68% 

(34.09mmHg to 27.38mmHg). HA5 showed the lowest improvement in TCO 

with only a 30.17% improvement from HF TCO, by raising it from 3.49 L/min to 

4.54 L/min.  

 

AFTERLOAD VARIATIONS 

Over a range of afterloads, all three VADs modulated HF conditions, leading to 

improvements in left atrial pressure and total cardiac output. Through increases 

in afterload and pump speeds, VADs modulated heart failure conditions, 

leading to improvements in hemodynamics by decreasing LAP and LVP, and 

increasing TCO. Average left atrial pressure at low, median and high afterload 

conditions for HVAD, HeartMateII and HeartAssist5 can be seen in Figure 20. 

These averages are shown in comparison to heart failure conditions and at a 

clinically low, median and high pump speed for each VAD (pump speeds 

denoted in Figure 16). Average LVP as mean aortic pressure was varied from 

90mmHg to 110mmHg with all three VADs at tested pump speeds and under 

heart failure conditions can be seen in Figure 21. Average total cardiac output 

(in liters per minute) over this afterload range for heart failure conditions and all 

three VADs at their tested pump speeds can be seen in Figure 22. 
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Figure 20 - Left Atrial Pressure at Low, Medium and High Afterload Conditions for HVAD, 

HeartMateII and HeartAssist5 

 
Figure 21 - Left Ventricular Pressure at Low, Medium and High Afterload Conditions for 

HVAD, HeartMateII and HeartAssist5 

 
Figure 22 - Total Cardiac Output at Low, Medium and High Afterload Conditions for HVAD, 

HeartMateII and HeartAssist5 
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With the addition of a VAD, PAP, LAP, LVP and LV outflow all decreased from 

HF conditions, and the VAD outflow and TCO was increased.  At a mean AoP 

of 90mmHg and a median pump speed of each device, HVAD (2800RPM), 

HMII (9200RPM) and HA5 (9200RPM), LAP was decreased in comparison to 

heart failure conditions by 60.42%, 48.77% and 49.56%, respectively. At the 

same afterload and pump speed conditions, TCO was increased 49.35%, 

58.62%, and 52.13% for HVAD, HMII and HA5, respectively. 

 
COMPARATIVE PERFORMANCE OF VADS 

Sets of HQ lines were created for each VAD over the range of pump speeds 

tested by plotting differential pressure against VAD outflow (Figure 24 – Figure 

26). Differential pressure was calculated by subtracting the mean left ventricular 

pressure (preload) from the mean aortic pressure (afterload), at each pump 

speed. The differential pressure across the pump is the most important 

hemodynamic parameter affecting blood flow through a pump, as it determines 

the amount of blood flow through the pump at a constant impeller rotational 

speed36. Figure 23 shows the process of making HQ Curves, and how the HQ 

lines presented herein depict a specific segment of the HQ curve at each pump 

speed. Figure 23, ‘A’ shows an example HQ curve for a device operating at one 

pump speed. The curve in ‘A’ follows the equation y = 𝑎𝑒𝑒𝑒, where x is the 

slope of the curve. Figure 23, ‘B’ shows the approximate range of this curve 

that we obtained at the conditions tested, resulting in an “HQ Line” as shown in 

‘C’. Through the range of preload and afterload conditions tested, we obtained 

sets of HQ lines for each device at every pump speed tested. The HQ lines that 

were obtained follow the equation 𝑦 = 𝑚𝑚 + 𝑏, where x is the slope of the line 

segment. The slopes of HQ lines were taken for each device and compared 

across pump speeds and devices.  
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Figure 23 - Example HQ Curve, HQ Curve Segment and HQ Line 

Figure 24 through Figure 26 show the series of HQ lines for HVAD, HeartMateII 

and HeartAssist5, respectively, over the range of pump speeds tested. HQ lines 

displayed are portrayed as HQ curve segments per device as they only 

represent a section of the HQ curve at certain preload and afterload conditions.  
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Figure 24 - Set of HQ Lines for HVAD 

 
Figure 25 - Set of HQ Lines for HeartMateII 
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Figure 26 - Set of HQ Lines for HeartAssist5 

The slope of each HQ line was determined and the average slope of each set 

of HQ curves was calculated for each pump speed. The HVAD HQ set had an 

average HQ line slope of -23.05, and the slopes increased as pump speed 

increased. An increase in slope means that slope value becomes more 

negative, becoming steeper and less flat. The set of HeartMateII HQ lines had 

an average slope of -23.95, with the slope also increasing over an increase in 

pump speed. Thus, as pump speed was increased for both HVAD and 

HeartMateII, HQ lines became steeper and effectively less sensitive to a 

change in pressure differential. The average slope of the set of HeartAssist5’s 

HQ lines was -25.90, and the slopes slightly decreased (-26.54 to -25.90), 

becoming more flat, as pump speed was increased. The slopes of each HQ line 

for HVAD, HeartMateII and HeartAssist5 over the entire range of pump speeds 

tested can be seen in Table 4. The slopes of HQ lines for HVAD span over a 

much wider range (-19.80 to -29.40), while the slopes of HQ lines for 

HeartMateII and HeartAssist5 stay within a much smaller range with a variation 

of less than 2.  
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Table 4 - HQ Line Slopes for HVAD, HeartMateII, and HeartAssist5 

HVAD Pump 
Speed (RPM) 

HQ 
Line 

Slope 
 

HeartMateII 
Pump Speed 

(RPM) 

HQ 
Line 

Slope 
 

HeartAssist5 
Pump Speed 

(RPM) 

HQ 
Line 

Slope 

2200 -19.80  8400 -22.95  8400 -26.54 

2400 -18.63  8800 -23.71  8800 -26.01 

2600 -20.06  9000 -23.72  9000 -26.63 

2800 -23.09  9200 -23.82  9200 -25.40 

3000 -27.29  9400 -24.83  9400 -25.30 

3200 -29.40  9800 -24.65  9800 -25.50 

Average -23.05  Average -23.95  Average -25.90 

  

OPERATIONAL HQ AREAS 

From the sets of HQ lines for each device, the outer points of the set were 

traced to obtain an “operational HQ area” for the device over this defined range 

of afterloads and preloads. This operational HQ area, denoted as HQAREA, 

represents the entire operational range of the VAD within a certain range of 

preload and afterload variations, at the pump speeds tested. The preload range 

that was used to create these areas was caused by variation of right vacuum 

pressure variation from 0mmHg to -20mmHg. This right vacuum pressure range 

equates to a change that causes a change in preload, giving a low, medium 

and high EDP. The afterload range used to create these areas correlated with a 

variation in systemic vascular resistance equating to a range of mean aortic 

pressure from 90mmHg to 150mmHg.  

To create the HQAREA outline, two coordinates of each pump speed were 

used- the points correlating with the highest and lowest flow value of each HQ 

line. HQAREA’s for each pump can be seen in Figure 27. These operational HQ 

areas were then compared to the HQAREA’s of heart failure and baseline 

conditions, as seen in Figure 28. Differential pressure for heart failure and 

baseline conditions were determined by subtracting the mean left atrial 

pressure from the mean aortic pressure. These differential pressures were 
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plotted against left ventricular outflow for heart failure and baseline conditions. 

For heart failure conditions, the DMC tank pressures and Companion 2 Driver 

settings were set to the same values as denoted in Table 1 and Table 2, 

equating to the heart failure model. For baseline conditions, the DMC tank and 

Companion 2 Driver were set to “normotensive” conditions, as described in 

Cosby et al. ASAIO 201447 and in Chapter 2.  

 

 
Figure 27 - Overlay of Operational HQ Areas (HQAREA) for HVAD, HeartMateII and 

HeartAssist5 
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Figure 28 - Overlay of Operational HQ Areas (HQAREA) for Heart Failure Conditions, VADs, 

and Baseline Normotensive Conditions 

A more specific operational HQ area, denoted as HQ”80”, was determined by 

using the same loop approach, but only over a range of clinically average 

operating speeds for each pump, as seen in Table 3. For the HVAD, this range 

included the pump speeds of 2600, 2800, and 3000 RPM. HeartMateII and 

HeartAssist5 pump speed ranges for the HQ”80” areas included 9000, 9200 and 

9400 RPM. This tightened range represents the pump speeds that are used 

about 80% of the time clinically when the pumps are implanted in patients, 

ultimately representing a more accurate area of operation for each device. The 

HQ”80”’s of HVAD, HeartMateII and HeartAssist5 are overlaid on the HQAREA 

plots in blue, and can be seen in Figure 29.  
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Figure 29 - HQ"80" Areas of HVAD, HeartMateII and HeartAssist5 

The area of each device’s HQ”80” was calculated by the trapezoidal rule of 

integration. The HQ”80” of HVAD had an area of 60.97 (L-mmHg/min), the HQ”80” 

of HeartMateII had an area of 13.07 (L-mmHg/min), and the HQ”80” of 

HeartAssist5 had an area of 10.12 (L-mmHg/min). 

 
 
DISCUSSION 
The purpose of an LVAD is to assist the left ventricle by unloading pressure 

and volume from the left side of the heart by taking blood from the left ventricle 

and pumping it to the rest of the body. The load that these LVADs face (inlet 

pressure) can vary in the course of a day depending on patient activity level 

and fluid volume, and the LVAD outflow may greatly be affected by the change 

in load. In addition to the load going into the LVAD, the load that the VAD faces 

when pumping blood to the body (outlet pressure or afterload) may also affect 

its performance. By examining the pressures before (inlet) and after (outlet) the 

pump in relation to the output of the pump for three specific devices, intrinsic 

differences between the devices can be observed.  

 
PRELOAD AND AFTERLOAD VARIATIONS 

The main finding of this study was that the response of MCS devices to 

variations in preload and afterload vary among different types of VAD designs. 
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Overall, all three pumps decrease LAP and LVP in comparison to HF 

conditions. The degree of which they alleviate these pressures, however, 

differs. At a median preload condition with each VAD operating at their 

respective median pump speeds, HMII decreased LAP the most from heart 

failure conditions. HeartMateII also had the best recovery of TCO at these 

conditions, more than doubling the TCO from HF conditions. HMII also showed 

the best improvement in LVP from heart failure conditions. At a median preload 

condition, which is what a patient would theoretically be at the majority of the 

time they are on the device, HMII displayed the best improvement from heart 

failure conditions.  

 At an afterload condition of 90mmHg, HVAD lowered LAP from heart 

failure conditions the most, around 60.42%, while HMII and HA5 lowered LAP 

by about 50% each. HVAD augmented LVP the most at this condition, lowering 

it about 25% from heart failure LVP. However, HMII improved TCO the most, as 

it raised TCO 58.62% from heart failure conditions.  

Clinical situations have proven that there are many instances when a 

significant change in afterload may occur, including exercise, arrhythmias, 

variations in fluid balance, changes in posture, and the progression of disease 

in both ventricles. All of these scenarios can significantly affect afterload, in turn 

affecting the preload sensitivity of the pump56.  Increased systemic vascular 

resistance and an increase in pump speed can each lead to an increased 

afterload that the VAD must work against. In turn, an increased afterload can 

lead to retrograde flow within the VAD, a reduced VAD flow, and reduced 

cardiac output. Low intravascular volume and an increase in pump speed can 

both lead to a decreased preload. In turn, a decreased preload can lead to 

decreased VAD flow, a reduction in cardiac output, and may lead to a suction 

event.  When patients are on a device, the pump speed is set at a fixed value, 

and the pump’s output is dependent upon both the pump speed and the 

differential pressure between the inflow and outflow anastomosis sites. If a 

situation affecting preload or afterload were to occur, the pump speed may 

need to be adjusted. The HF model allows for the manipulation and observation 
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of changes in preloads and afterloads with different MCS devices. If a certain 

situation were to become apparent in a patient, a clinician can input patient 

parameters onto the DMCS and manipulate VAD pump speed to alleviate 

hemodynamics, without having to experiment on the patient.  

The pulsatility of a device can also be affected by preload. Pulsatility can be 

inferred through the pulsatility index, a measure of flow pulse through a pump, 

and can be described by the relationship of maximum flow, minimum flow and 

mean flow through the VAD. The pulsatility index is equal to the difference of 

maximum and minimum flow, divided by mean flow. When the preload is 

increased inside the left ventricle with an implanted device, the pulsatility of the 

left ventricle also decreases31. This means that as the differential pressure 

decreases, pulsatility also decreases. From this study, the HVAD operated at 

higher differential pressures than HMII and HA5 at the same conditions, 

indicating that the HVAD has a higher pulsatility index than both of the axial-

flow VADs.  

Employing a theoretical study, Salamonsen et al. determined that the 

responses of rotary pumps to changes in afterload and preload were very 

different from those of the natural heart, determining that device responses are 

not physiological56. Overall, they determined that the pumps were about three 

times more afterload sensitive than the native heart alone, and about half as 

sensitive to preload than the human heart. When the sensitivities of centrifugal 

and axial-flow pumps were looked at independently, the centrifugal pumps had 

higher preload sensitivity than a native heart, and afterload sensitivity about 

four times higher than a native heart. The axial flow pumps, in contrast, showed 

a more uniform preload and afterload sensitivity over a wide range of clinical 

values. From these results, they determined that the preload responses of most 

pumps were too weak, which is the main contributing factor lying beneath a 

ventricular suction event when right ventricular output becomes very low56. The 

major increase in afterload sensitivity from that of the native heart was also 

determined to be too high, as it reduces preload sensitivity in cases where an 

increase in cardiac output and systemic blood pressure caused by a rise in left 
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ventricular preload. When examining particular VADs, they concluded that 

HeartMateII was superior to HeartWare’s HVAD because its maximum zone of 

preload sensitivity occurred in the range of afterloads that most patients with 

LVADs are in, about 50-90mmHg. This range of afterloads is the lower range of 

afterloads tested, and correlates with the conditions that would be seen in the 

majority of patients that require the use of mechanical assistance to the left 

ventricle. Salamonsen’s study utilized patient data and a mathematical equation 

to determine preload and afterload sensitivities for each device. The study 

herein, however, creates a physical platform enabling comparisons of afterload 

and preload sensitivities inherent to different LVADs. Salamonsen’s study also 

only utilized a patient sample size of six. Our current physical model allows for 

unlimited samples on the system, with the ability to alter hemodynamics to 

desired values.  The afterload and preload sensitivities of devices were only 

examined at one constant pump speed by Salamonsen, whereas our study 

observed sensitivities at a wide range of clinically-relevant pump speeds for 

three devices. 

 

HQ-CURVE RELATIONSHIPS 

Using the full range of preload and afterload variations at each pump speed for 

the three devices, sections of performance curves (HQ lines) were created for 

each device. These HQ lines show the pump performance over a specific, 

combined range of preloads and afterloads. The lines were created from 

combining differential pressure versus flow points from a range of afterloads 

(AoP 90 to 150 mmHg) and preloads (right ventricular vacuum 0 to -20 mmHg). 

This range of afterloads includes a variation of mean aortic pressure from 90 to 

150 mmHg, displaying how VADs would perform in this range of afterload 

conditions. The preload range tested (by varying the right ventricular vacuum 

from 0 to 20 mmHg affecting blood volume received by the left ventricle) covers 

a broad range of preloads, as the average preload of a TAH correlates with an 

diastolic volume of about 80mL (50mL fill volume plus 30mL TAH residual 

volume), from a right ventricular vacuum setting of -10 mmHg. 
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Performance curves (HQ curves) of VADs represent the pump’s 

response and sensitivity to a given load, and they are the best means of 

comparing device hemodynamics at different pump speeds. HQ curves 

correlate the amount of blood flow that can be generated by a pump at any 

given pump speed36. Higher flow rates are achieved with lower pressure 

differentials across the pump, meaning that a higher preload and lower 

afterload will result in a higher VAD outflow at any given pump speed36. 

Significant changes in pressure occur across the inlet and outlet orifices of the 

pump and these changes give insight to the hydrodynamic performance of the 

device.  Ideally, a perfect pump would have a flat HQ curve, exhibiting no 

pressure drop across the pump over a range of flows. The pressure loss across 

the pump is referred to as a pressure differential, and gives the HQ curve its 

“curved” shape, the slope of which is unique to each pump. A flatter HQ curve 

is representative of a device that is more sensitive to pressure head changes19.  

If a device is insensitive to the change in pressure, it could result in suction of 

the left ventricle which in turn can cause fatal arrhythmias, amongst other 

events35.  Pump flow may decrease when pump speed is increased above 

certain levels because of progressive ventricular unloading with lowering of 

ventricular pressure; this also may result in partial or complete ventricle 

collapse58. The only way to improve VAD flow in a case of ventricular collapse 

is to reduce speed, increase pump preload or both.  

“First generation” ventricular assist devices were engineered with a 

specific design that allows cyclic filling and emptying of the device, as the pump 

is controlled either pneumatically or electronically. These devices have proven 

clinical hemodynamic success and have improved the survival rate of patients 

to transplantation35,59. “Second generation”, continuous flow devices have 

largely replaced the use of “first generation” devices, with both “contact” and 

“non-contact” engineered designs. Axial-flow devices are “second generation” 

devices that usually have an internal rotor in the blood flow path that is 

suspended by contact bearings35,60. The term “third generation” device has 

been given to the type of continuous flow device that has an impeller or rotor 
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suspended in the blood flow path, and has “non-contact” with the bearing. 

Differences in pump design (impeller and bearings) of the continuous- and 

axial-flow systems may influence different hemodynamic performance and 

clinical outcomes. The risk profiles for “third generation” devices have not yet 

been clearly defined in comparison to “first generation” and “second generation” 

VADs. This model allows for a more complete risk assessment of different 

kinds of VADs. Since centrifugal-flow VADs have higher pressure head 

sensitivity, they exhibit a greater flow pulsatility transfer compared with axial-

flow pumps. The pulsatility transfer is based on the cyclical pressure head 

variation across the pump that results from the native ventricular contraction. A 

higher flow “pulsatility” results in a larger variation in left ventricular end-systolic 

and end-diastolic volumes and higher aortic pressures “pulsatilities”20. For the 

same time period, centrifugal-flow pumps vary in their VAD flow over a wider 

range, while axial-flow pump outflow will vary within a smaller range under the 

same conditions.  

There are intrinsic differences in the design of axial and centrifugal 

pumps that will lead to differences in their performance. Centrifugal pumps 

have significantly higher flow pulsatility transfer and significantly lower inlet 

suction at low flow conditions19.  Since centrifugal pumps have higher pressure 

head sensitivity, at a given pressure head variation, these pumps will exhibit a 

larger change in outflow with variations in pressure differential when compared 

with axial-flow pumps35,19.  In this study, the HVAD centrifugal pump was found 

to be more preload sensitive than HeartMateII and HeartAssist5, the two axial 

flow devices.  With a flatter average HQ curve slope that the HVAD exhibits, for 

a small change in differential pressure, there will be a greater change in flow 

than compared to a device with a steeper HQ curve. Although the pump’s flow 

is more sensitive to changes in pressure, it is also acting more like the natural 

human heart. When the natural heart sees an increase in preload, for example, 

its output is affected to deal with the increase in preload. This increase in output 

is important in emptying the left ventricle so it does not begin to back up, which 

could ultimately lead to right heart failure. In addition to compensating for an 
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increase in preload, a preload sensitive pump will handle low volume situations 

better than non-preload sensitive pumps. If a device that is not preload 

sensitive was to see a low preload, it would not be sensitive enough to adjust to 

this low preload, which could in turn draw a negative pressure in the left 

ventricle and cause it to collapse.  

Although a pump should be sensitive to preload, there must be a very 

careful balance of preload sensitivity to afterload sensitivity. The healthy heart 

is more preload sensitive than a heart in heart failure, and a heart in heart 

failure is more afterload sensitive than a healthy heart. MCS device sensitivities 

fall somewhere in between the sensitivities of a healthy heart and heart with 

heart failure. In this study, MCS devices exhibited similar afterload sensitivity to 

that of the normal operating TAH, and about half as much as that of the TAH in 

heart failure. Of the three devices, all had similar afterload sensitivities. The 

devices, which were all much more preload sensitive than the TAH in heart 

failure, varied the greatest in their sensitivity to preload. HVAD had the greatest 

sensitivity to preload, but not as sensitive than the normal-operating TAH. The 

HMII and HA5 devices both had similar sensitivities to preload. The operational 

HQ areas of the three devices and of the TAH operating in normal and HF 

conditions give insight into pump sensitivities to differential pressures. HVAD, 

with the largest HQAREA, was found to be much more pressure sensitive than 

HMII and HA5, which had similar HQ”80” areas. Specifically, HMII and HA5 had 

large portions (about half of their HQAREA’s) overlapping with the HQAREA of the 

TAH operating in HF conditions, meaning that for half of the time that these 

devices are operating, they are not improving HF conditions enough. 

Importantly, the only device to have an HQAREA overlap with the operational 

HQAREA of a normal-operating TAH was the HVAD. Operational HQ areas can 

be used as a novel means of observing pump performance. It is a descriptive 

area that can be tailored to a wide range of different specificities depending on 

what parameter of the pump is being looked at.  

Future assessment of the current-flow relationships can be compared 

between these devices by plotting motor current versus flow for each device. 
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This current-flow relationship can be used to estimate instantaneous and 

average flow through the pump36, and can be used as a measure of pump 

efficiency.  

 
LIMITATIONS OF THE STUDY 

This study looked at a range of afterloads that is higher than typically seen 

clinically. The purpose of this elevated afterload range is to assess different 

LVAD performance during a high afterload scenario, as the condition can occur 

while a patient is on the device. Future studies can perform device comparisons 

at lower afterloads to evaluate VAD performance at other typically seen 

parameters. In addition, results of this testing can be compared to predictive 

mathematical models and digital mock circulation systems. With these 

comparisons, wet outcomes from the DMCS can be correlated with digital 

theoretical models, in order to make both more accurate and efficient. While 

there have been many studies comparing differences in VADs using clinical 

data and theoretical models, this study was the first of its kind to use readily 

available devices to physically model these differences.  

The use of MCS devices in patients has a profound impact on the blood and 

coagulation system. Depending on the design of a device (components, surface 

textures, materials and theory of operation), effects on blood differ from pump 

to pump. In addition, each patient is different in respect to unique genetic 

makeups, drug intake and levels of compliance. This study compared the 

hydrodynamic performance of MCS devices, and not the effect on blood of 

differing types of VADs. Hemolysis testing must be performed with devices to 

analyze device effects on blood. 

 
CLINICAL IMPACT 

Clinically, a patient’s pump speed is set to a certain value and left at that value 

for the duration of device use. The value chosen is the lowest that the pump 

can achieve while still being able to output a high enough cardiac output to 

nourish the body. The lowest pump speed is usually chosen in order to reduce 
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the likelihood of a suction event, but this also means that the patient must be 

on an excessive amount of cardiac support drugs to decrease negative blood 

effects, and that the pump is not operating to its full potential. By examining 

flow and pressures of devices over a range of pump speeds at varying 

afterloads and preloads, clinicians can determine how devices will react during 

specified scenarios, and determine the best pump speed setting for a specific 

patient.  

Through knowing the inherent differences in pump performance, 

clinicians can make informed decisions on which pump to implant in a patient, 

specific to the patient’s condition. It is important that the device chosen to be 

used with each patient is appropriate for the patient, as device replacement is a 

painful procedure. Dembitsky et al. found that 65% of patients in their study 

required a device replacement, as they examined optimal medical management 

with LVAD implantation for patients with end-stage heart failure61.  Knowing 

differences in pump performance of widely used pumps allows clinicians to 

make more informed decisions about patient management, leading to a 

reduction in fatal events while a patient is on the device, and a reduction in 

device replacement.  

The assessment of hemodynamic performance of devices in clinical 

situations require the use of invasive monitoring systems, including Swan-Ganz 

catheters or echocardiology31. These tools are required to troubleshoot 

potential patient and pump problems to see true hemodynamics inside the 

patient. With the use of this system, clinical scenarios can be mimicked and the 

pressure and flows can be assessed at these same points, without having to 

employ invasive techniques on a patient.  

The availability of this system is widespread, as all TAH implant 

institutions have a DMC tank and attached TAH. Each of these institutions can 

benefit from this study, as they can easily modify the system and use it as a 

research and training tool for other MCS devices that they use, ultimately 

enhancing the care of patients with MCS devices. Other MCS devices may 
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easily be added onto this system using common components and tools that the 

institution already has.  

 
CONCLUSION 
Mechanical circulatory support device design can be improved to more closely 

mimic the behavior of the natural left ventricle through evaluating and 

characterizing differences in device sensitivity to preload and afterload. As 

MCS design has progressed over the decades, a smaller sized device has 

improved the surgical nature of implant and recovery, but also affected the 

pumps ability to respond to afterload and preload variations. Determination of 

HQ line slopes found the centrifugal-flow HVAD to be more preload sensitive 

than both of the axial-flow devices (HMII and HA5). Operational HQ areas 

showed the full range of flows over the differential pressures tested for each 

device, and the HQ”80” areas displayed the area that each VAD is operating at 

about 80% of the time clinically. Although HVAD had a higher sensitivity to 

preload and a wider range of flows, the HMII improved HF conditions the most 

efficiently at median preload conditions and at a mean aortic pressure of 

90mmHg.  

 Overall, MCS design is a careful balance between preload and afterload 

sensitivities. A natural healthy heart is very preload sensitive and not afterload 

sensitive. A heart in heart failure has very low sensitivity to preload, and about 

twice as high of sensitivity to afterload compared to the healthy heart. VADs 

exhibit a balance between these sensitivities, as they are intended to return the 

heart failure heart back to the state of a healthy heart. The balance of these 

sensitivities is tricky as VADs are limited to inlet and outlet pressure 

differences. Pump sensitivity changes throughout the cycle of a heartbeat; as 

blood enters the left ventricle the VAD inlet pressure varies. Sensitivity to the 

preload that the VAD encounters is very important, and must balance with the 

sensitivity to afterload. If a VAD is too sensitive to afterload, pump outflow will 

be reduced when faced against a high blood pressure or if a patient is 

hypervolemic. In contrast, a pump needs to be sensitive to preload so that 
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suction does not occur when preload is low. To assess the issue of suction 

events in insensitive pumps, algorithms for  rotary pumps that have responsive 

control are being developed62. These kinds of pump designs can necessitate 

increased activity levels in patients with long term MCS devices, and help 

maintain the balance of afterload and preload sensitivity. Increased activity 

levels help the health and mental well-being of patients, ultimately increasing 

overall quality of life, which is the underlying goal of improving MCS device 

design.   
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CHAPTER 5 - THE SYSTEM AS A TRAINING TOOL FOR 
MECHANICAL CIRCULATORY SUPPORT DEVICES 

OVERVIEW 
Mechanical circulatory support (MCS) is a viable therapy for end stage 

heart failure (HF). Despite clinical success, the ability to perform training 

scenarios with MCS devices is extremely limited. Training and failure scenarios 

cannot be performed on patients with devices as this would subject a patient to 

a failure mode. Thus, a need exists for a readily available mock system that 

can perform training scenarios with MCS devices. 

Previously, our group has fabricated a well characterized mock 

circulation system consisting of a SynCardia temporary Total Artificial Heart 

(TAH) and Donovan Mock Circulatory tank (DMC tank)47. Further, utilizing this 

system with the TAH operating in reduced output mode, a heart failure model 

was developed2. With the addition of different MCS devices to this HF model, 

individual device performance was characterized, proving that the model could 

be utilized to compare MCS devices under defined conditions.  In the present 

study, three ventricular assist devices (VADs) were attached to the previously 

described HF model to simulate specific clinical scenarios. The clinical 

scenarios were created with the system to analyze how VAD-displayed 

waveforms from the DMC tank correlate with clinical scenarios. In addition, 

each VAD was powered off while attached to the heart failure model 

to compare fluid flow through the VAD in a pump-failure scenario. We 

demonstrated that this system can successfully mimic clinical scenarios seen in 

VAD patients, and be utilized as a training tool for MCS use to patients and 

clinicians. 

 
INTRODUCTION 
Mechanical circulatory support (MCS) devices have become an essential 

therapeutic option for patients with advanced and end-stage heart failure 
(HF)63. While patients in the early stages of heart failure can often be treated 
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with the use of drug therapy, patients with severe, end-stage heart failure, i.e. 

those in need of mechanical circulatory support, are tremendously ill64. Their 

care necessitates the attentive teamwork of cardiac surgeons, cardiologists, 

nurses, clinical engineers, and VAD coordinators. Furthermore, all of these 

entities need to cooperate, communicate, and properly understand one another 

for the patient to be treated most effectively65. After a patient gets implanted 

with an MCS device, VAD-trained nurses must monitor them on a day-to-day 

basis and also be aware of the signs and symptoms of device malfunction. In 

addition, in preparation for patient discharge, family members must be trained 

on battery management, dressing changes, and signs of device failure65. In 

2010, Baker et al. found that most caregivers of LVAD patients were able to 

successfully incorporate the caregiving role into their lives, but not without 

sacrifice and burden66.  Caregivers should successfully be able to manage 

MCS use without creating an extra burden to their life; this necessitates a 

model to properly teach MCS use so that patients and their caregivers can 

become comfortable with their devices.  

With the establishment of MCS devices as a means to treat end-stage 

heart failure, the need for trained personnel to support MCS devices and MCS 

patients is apparent. Furthermore, with the increasing list of devices that are 

available for patient discharge, emergency medical service first responders 

need to have basic MCS training as VAD patients will not have a pulse and the 

typically used action of chest compressions will not have an effect on artificial 

heart patients67. Thus, there is a need for a regional, clear approach to 

providing proper MCS education and training to all healthcare providers that 

could potentially interact with MCS patients65,67.  

With the increased use and effectiveness of VADs as a treatment option 

for end stage heart failure, it is also transitioning into a destination therapy 

rather than a bridge for support48. Patients with LVADs to treat advanced heart 

failure have experienced improved survival rates and quality of life in 

comparison to medical therapy alone37. As the number of patients and number 

of years on VADs increases, the ability to use VADs properly and to their full 
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potential is becoming increasingly important. Quality of life on the device is now 

a prominent factor when choosing a device, and an important aspect of quality 

of life while on the device is the ability of the patient and the patient’s caregivers 

to be comfortable and knowledgeable with the device. With the cost of treating 

patients with heart failure in the hospital so high, there is a need to treat these 

patients outside of the hospital in order to improve the overall management of 

patients8. In order to treat patients outside of the hospital and with proper MCS 

knowledge, patients and their families must be properly equipped to 

comfortably manage their device outside of the hospital.  

HeartWare makes an iPad application that simulates waveforms that 

would be seen on a patient with the HVAD. The application can be used to 

practice user knowledge of the VAD, and to teach clinicians and caregivers how 

to use the device. With the application, simple VAD functions, such as 

increasing and decreasing pump speed, can be simulated. In addition to simple 

VAD manipulation, complex human conditions can be simulated on the 

application, such as arrhythmias, to see how the VAD responds to the specific 

simulation, and what the flow and power waveforms would look like. This 

electronically-simulated system has been used as a training tool, but there is a 

need for a physical wet model to create the same patient, event-specific flow 

waveforms. 

Thus, there is a need for a regional, clear approach to providing proper 

VAD education and training to healthcare providers and VAD patients67.  This 

platform could be utilized to train hospital staff, patients and caregivers how to 

use mechanical circulatory support devices. A heart failure model, utilizing the 

total artificial heart (TAH) operating in reduced output mode with the Donovan 

Mock Circulatory tank (DMC tank), was previously described and characterized 

to simulate variable heart failure hemodynamics and characteristics as a patient 

in heart failure47, and to compare the performances of three different LVADs in 

a side-by-side comparison. We hypothesize that this heart failure model can 

also be used to mimic clinical scenarios, and as clinical scenarios can easily be 
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mimicked, the system can be utilized as a training tool to facilitate personnel 

education and hands-on experience with various MCS devices.  

In this study, we show results of three clinical situations that the system 

can model.  To mimic these situations, VADs were added onto the previously 

described HF model to create a teaching tool that can be used to satisfy the 

above outlined need. First, a HeartWare HVAD (HVAD, HeartWare, 

Pleasantville, CA) was attached to the HF model and the system was 

manipulated to a model of either hypertension and hypotension. Furthermore, 

the HVAD, HeartMateII and HeartAssist5 were attached to the model 

independently, and after modulation of HF conditions, were powered off to 

evaluate flow through a shut off device. It was found that the system was able 

to mimic hypertension and hypotension, and produce clinically relevant 

waveforms. Mechanical circulatory assist devices may be readily attached to 

this model allowing performance evaluation under simulated patient clinical 

hemodynamic scenarios. This system thus provides a new tool to facilitate the 

ease of VAD operation training. The aim of this study was to use a readily-
available system as a training tool to mimic common clinical scenarios 
seen in VAD patients.  
 

METHODS 
THE SYSTEM 

A previously described heart failure model using the SynCardia total artificial 

heart (TAH) operating in reduced output mode connected to the Donovan Mock 

Circulatory tank (DMC tank) was utilized for all studies2. The TAH was driven 

by the Companion 2 Driver (C2) and heart failure conditions consisted of a 

decreased left ventricular pumping pressure and zero left ventricular vacuum 

pressure. Left ventricular pumping pressure was decreased from 180mmHg 

(normal operating conditions) to 120mmHg to decrease the ability of the TAH’s 

left ventricle to pump liquid out of the ventricle. The left ventricular vacuum 

pressure was removed (typically set at -10 to -12mmHg) to decrease the ability 

of the TAH’s left ventricle to fill. Companion 2 Driver settings to achieve heart 
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failure conditions and outlined in Table 1 and include: left drive pressure (LDP) 

120mmHg, left ventricular vacuum pressure 0mmHg, right drive pressure 

(RDP) 60mmHg, right ventricular vacuum pressure -10mmHg, percent systole 

50%, and heart rate 100 beats per minute. Once the driver was set to heart 

failure conditions, the DMC tank was set to heart failure pressures as outlined 

in Table 2 which include: mean aortic pressure (AoP) 95±5mmHg, right atrial 

pressure (RAP) 12±5mmHg, pulmonary arterial pressure (PAP) 35±5mmHg, 

and a left atrial pressure (LAP) of 35±5mmHg. 

Once heart failure conditions were set on both the driver and DMC tank, 

the system was allowed to reach homeostatic conditions. After two minutes of 

stabilization, a ventricular assist device (VAD) was added to the system. The 

VAD was attached to the TAH’s left ventricle outflow tubing via T-junctions. Two 

T-junctions separated by a one-way bi-leaflet Open Pivot artificial heart 

(Medtronic, Minneapolis, MN) valve were placed between the left ventricle 

outflow and the inflow to the systemic pressure chamber of the DMC tank. This 

previously described and characterized heart failure model was used as the 

base for all proceeding scenarios2. 

 

HVAD WAVEFORM COMPARISONS 

A HeartWare HVAD (HeartWare, Pleasantville, CA) was attached to the HF 

model. The HVAD was set to a clinically typical operating pump speed of 2800 

RPM to establish baseline conditions for HVAD-augmented performance. After 

two minutes of system stabilization, all pressures were recorded digitally on a 

custom LabView executable program. Data were recorded at 200 Hz for 10 

seconds. At the same point of data collection, a digital picture was taken of the 

HVAD display, capturing flow and power waveforms, pump speed (RPM), pump 

flow (L/min) and pump power (W). Flow waveforms of HVAD-augmented 

conditions on the DMCS were compared to those of electronically simulated 

flow waveforms on HeartWare’s Waveform iPad application. These HVAD-

displayed flow and power waveforms give a vast amount of vital information to 

clinicians about the patient condition.  
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MODEL OF HYPERTENSION 

The DMCS was initially set to heart failure (HF) conditions as described in 

Crosby 20142. An HVAD was attached to the HF model and set to a pump 

speed of 2800 RPM to improve HF hemodynamics and establish baseline 

HVAD conditions. Hypertensive conditions on the HVAD-augmented model 

were achieved by setting the DMC tank and C2 driver to “hypertensive” settings 

used by SynCardia Systems, Inc. These DMC tank settings for hypertensive 

conditions are outlined in Table 5, and notably have all pressures and volumes 

increased. An LAP and PAP of 25mmHg and 70mmHg were not achievable on 

the system with the addition of the HVAD, and ended up having an average 

value of 94.29mmHg and 98.73mmHg, respectively. C2 Driver settings for 

hypertensive conditions are also outlined in Table 5, and specifically entail an 

increased right drive pressure, percent systole and heart rate than heart failure 

conditions.  
 

Table 5 - Companion 2 Driver and DMC Tank Settings for Heart Failure, VAD-Augmented, 
Hypertensive and Hypotensive Conditions 

  

Heart 
Failure 

VAD-
Augmented 

Hypertension Hypotension 

C2 
Driver 

Settings 

LDP (mmHg) 120 120 120 120 

RDP (mmHg) 60 60 135 55 

Left Vac (mmHg) 0 0 0 0 

Right Vac (mmHg) 10 10 10 5 

% Systole 50 50 55 50 

Heart Rate (BPM) 100 100 145 100 

DMC 
Tank 

Settings 

AoP (mmHg) 95±5 85±5 175±10 55±5 

RAP (mmHg) 12±5 12±5 20±5 6±5 

PAP (mmHg) 35±5 27±5 98.73* 12±5 

LAP (mmHg) 35±5 15±5 94.29* 5±5 
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Heart 
Failure 

VAD-
Augmented 

Hypertension Hypotension 

VAD 

Pump Speed (RPM) N/A 2800 2800 2800 

Flow (L/min) N/A 4.5 3.3 3.0 

Power (W) N/A 4.5 4.1 4.0 

 

The HVAD attached to the model in hypertensive settings can be seen in 

Figure 30. This circuit represents an HVAD patient in hypertensive conditions. 

After setting the system to hypertensive settings, outlined in Table 5, and 

waiting two minutes for the system to stabilize, ten seconds of data were 

recorded digitally at 200 Hz on a custom LabVIEW executable. 

 

 
Figure 30 - Hypertensive Conditions of an HVAD Attached to the Heart Failure Model 

MODEL OF HYPOTENSION  

The DMCS was initially set to heart failure (HF) conditions as described in 

Crosby 20142. An HVAD was attached to the HF model and set to a pump 

speed of 2800 RPM to improve HF hemodynamics and establish baseline 

HVAD 
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HVAD conditions. The HVAD-augmented system was then set to “hypotensive” 

settings by altering the DMC tank pressures and C2 driver settings. Tank and 

driver settings for hypotensive settings were chosen based on values used by 

SynCardia Systems, Inc. to characterize and test FDA-approved devices with 

this system. Hypotensive DMC tank settings are outlined in Table 5 and include 

an RAP of 6mmHg, an AoP of 55mmHg, a PAP of 12mmHg, and an LAP of 

5mmHg. C2 Driver settings for hypotensive conditions are also outlined in 

Table 5 and notably include a decreased right driver pumping pressure of 

55mmHg, and decreased right ventricular vacuum pressure of 5mmHg.  After 

setting the system to hypotensive settings and allowing the system to stabilize 

for two minutes, ten seconds of data were recorded digitally at 200 Hz on a 

custom LabVIEW executable. 

 

PUMP STOP SCENARIO 

The DMCS was initially set to heart failure (HF) conditions as described in 

Crosby 20142 and chapter 4. A VAD was then attached to the HF model and 

set at its mean operating speed to improve HF hemodynamics and establish 

baseline VAD conditions. After VAD-augmentation of HF conditions was 

established with each VAD, a pump stop scenario was simulated by powering 

off the pump.  

The three VADs included HVAD, HeartMateII (Thoratec, Inc.: 

Pleasanton, California, USA) and HeartAssist5. Each VAD was attached to the 

HF model independently. After setting the VAD to baseline conditions, the 

system was allowed to stabilize. Data was collected at this point and is referred 

to as “Baseline VAD Conditions” for each VAD. After reaching baseline 

pressure and flows (VAD-modulated HF conditions), the VAD was powered off, 

and the system was allowed to stabilize for an additional two minutes with the 

VAD still attached but not powered. After two minutes, data were collected from 

the system. Pressures and flows collected included: aortic pressure, right atrial 

pressure, pulmonary arterial pressure, left atrial pressure, left ventricular 

pressure, LV outflow, VAD outflow, and total cardiac output. VAD outflow was 
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specifically analyzed to evaluate backward flow through the VAD after the 

pump was powered off. 

 
RESULTS  
HVAD WAVEFORM COMPARISONS 

After establishing heart failure conditions on the system (Chapter 2), an HVAD 

was attached to the model. With the addition of the HVAD operating at 2800 

RPM, heart failure conditions were improved. Mean aortic pressure (AoP) 

decreased 23.92% (from 79.75 to 60.67mmHg), LAP decreased 64.65% (from 

32.31 to 11.42mmHg), left ventricular pressure decreased 35.25% (from 64.45 

to 41.73mmHg), and total cardiac output increased 43.39% (from 3.22 to 

5.69mmHg), from HF conditions to VAD-augmented “baseline VAD conditions”. 

Mean pressures and flows from heart failure conditions versus VAD-augmented 

conditions can be seen in Figure 31, A and B.  

 
Figure 31 - VAD-Augmented Performance with HVAD, A) Pressures and B) Flows 

When powered on, the HVAD user display shows pump speed (RPM), power 

(Watts), flow (L/min), and waveform plots of both power and flow over time. 

HeartWare encourages clinicians to use these waveforms as an assessment 

tool for the patient condition. An image of the HVAD user interface while the 

pump was operating at a pump speed of 2800RPM (baseline VAD conditions) 
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is given in Figure 32. The user interface displays a power (Watts) versus time 

(seconds) plot, and a flow (L/min) versus time (seconds) plot on the right side of 

the screen. While at baseline conditions and an operating speed of 2800RPM, 

the HVAD displayed a 4.5 L/min flow and consumed 4.5 Watts of power.  

 

 
Figure 32 - HVAD Display at Baseline VAD Conditions 

The power and flow waveforms produced cyclic waves, representative of 

normal waveforms obtained from the HeartWare Waveforms iPad application, 

as seen in Figure 33. Flow waveforms from both the DMCS and iPad 

application show similar “pulsatility”, with an amplitude of about 2.5 L/min.  

 

 
Figure 33 - HVAD Waveforms under Baseline Conditions from HeartWare Application 

An example of specific flow waveform characteristics can be seen in Figure 34. 

The DMCS-simulated flow waveforms (Figure 32) characteristically match the 

electronically simulated flow waveforms (Figure 33) in shape, amplitude, and 
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pulsatility. The DMCS-simulated flow waveforms more closely match the shape 

of example HVAD pump flow waveforms (Figure 34) than the electronically 

simulated flow waveforms do, as seen in the sharp increase of flow at the 

waveform trough. 

 
Figure 34 - HeartWare Pump Flow Waveform, from HeartWare Manual 

 
MODEL OF HYPERTENSION 

An HVAD was attached to the established heart failure model (Chapter 2) to 

establish baseline VAD conditions. With the addition of the HVAD operating at 

2800 RPM, heart failure conditions were improved. Mean AoP decreased 

23.92% (from 79.75 to 60.67mmHg), mean LAP decreased 64.65% (from 32.31 

to 11.42mmHg), mean left ventricular pressure decreased 35.25% (from 64.45 

to 41.73mmHg), and total cardiac output increased 43.39% (from 3.22 to 

5.69mmHg). After establishing baseline conditions with the HVAD, the system 

was put into hypertensive conditions. The left drive pressure and left ventricular 

vacuum pressure of the C2 driver were not adjusted to hypertensive settings, 

as these pressures define the TAH in the heart failure model. After setting the 

driver and DMC tank to hypertensive settings, the pulmonary arterial pressure 

(PAP) and left atrial pressure (LAP) of the tank increased drastically, and (were 

locked) at an average PAP of 98.73mmHg and average LAP of 94.29mmHg, 

respectively. For typical hypertensive conditions, PAP of the DMC tank should 
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be 70±10mmHg, and LAP of the DMC tank should be 25±5mmHg. Pressures 

and flows of normal HVAD baseline conditions in comparison to hypertensive 

conditions can be seen in Figure 35. 

 
Figure 35 - Average Pressure and Flows with the HVAD on the System under Hypertensive 

Settings 

The HVAD user display was captured while the system was set to hypertensive 

settings, and can be seen in Figure 36.  

 
Figure 36 - Waveforms on HVAD Display in Hypertensive Settings on the System 
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Figure 37 - HVAD Waveforms under Hypertensive Conditions from HeartWare Application 

 
The shape of the hypertensive flow waveforms vary greatly from the normal 

setting flow waveforms (Figure 32), and show a decrease in amplitude, around 

2 L/min. In hypertensive settings (Figure 36), an elevated afterload caused the 

amplitude of the flow waveforms to decrease from baseline settings (Figure 32). 

This is because the “patient’s” native heart (the TAH in this case) is unable to 

pump as strongly due to the high afterload that it is facing. The system showed 

to be afterload sensitive; as the flow decreased (4.5 L/min to 3.3 L/min) as 

afterload increased (from 85mmHg to 175mmHg). Power and flow waveforms 

from the DMCS match the shape of hypertensive waveforms from the 

HeartWare iPad application, as seen in Figure 37.  

  

MODEL OF HYPOTENSION   

After establishing baseline conditions with the HVAD attached to the system, 

the system was put into hypotensive conditions.  The left drive pressure and left 

ventricular vacuum pressure of the TAH driver were not adjusted to 

hypotensive settings, as these pressures define the heart failure model. The 

only driver pressures that differ from the baseline VAD conditions are the right 

drive pressure (RDP; reduced by 5 mmHg to 55 mmHg), and right ventricular 

vacuum (reduced by 5 mmHg to 5 mmHg). After setting the driver and DMC 

tank to hypotensive settings, all pressures and flows decreased from HVAD 
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baseline conditions. The HVAD user display was captured while the system 

was set to hypotensive settings, and can be seen in Figure 38.  

 
Figure 38 - Waveforms on HVAD Display in Hypotensive Settings on the System 

 
Figure 39 - Waveforms under Hypotensive Conditions from HeartWare Application 

The shape of the hypotensive flow waveforms vary greatly from the normal 

HVAD-augmented flow waveforms (Figure 32), and show an almost flat flow 

waveform. In hypotensive settings, a decreased volume and preload caused 

the amplitude of the flow waveforms to decrease significantly from baseline 

settings (Figure 32). The DMCS waveforms in hypotensive conditions exhibited 

identical shaped power and flow waveforms as the electronically simulated 

hypotensive condition (Figure 39). As overall fluid in the system decreased, all 

pressures and flows decreased. The system showed to be preload sensitive as 

all flows decreased (from 4.5 L/min to 3.0 L/min) when fluid and preload both 
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decreased. Pressures and flows of normal HVAD baseline conditions in 

comparison to hypotensive conditions can be seen in Figure 40. 

 
Figure 40 - Average Pressure and Flows of the HVAD on the System under Hypotensive 

Settings 

While the DMCS with attached HVAD was in hypotensive settings, the system 

showed a decreased AoP (29.36% decrease to 42.86mmHg), PAP (60.87% 

decrease to 12.37mmHg), LAP (327.16% decrease to -25.94mmHg), LVP 

(162.20% decrease to -25.95mmHg), LV outflow (104.62% decrease to -0.07 

L/min), VAD outflow (32.87% decrease to 2.64 L/min), and TCO (53.57% 

decrease to 2.64 L/min) from baseline HVAD conditions. A negative LAP and 

LVP denotes the HVAD sucking from the left ventricle.  

 

PUMP STOP SCENARIO 

A pump stop scenario was simulated with each ventricular assist device 

(HVAD, HeartMateII and HeartAssist5) to evaluate flow through the device after 

it is powered off. This scenario is meant to simulate a clinical scenario where 

the pump is powered off while implanted (whether it was purposely turned off or 

had a mechanical failure). Left ventricular outflow (LV out), VAD outflow (VAD 

out), and total cardiac output (TCO) of each VAD operating in baseline 

conditions versus pump-powered-off conditions are shown in Figure 41.  
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Figure 41 - VAD-Augmented Flows versus VAD-Powered Off Flows for HVAD, HeartMateII 

and HeartAssist5 

HVAD showed the largest backward flow through the pump, with 0.589 L/min 

going backwards through the device, a 4.19 L/min difference in flow from when 

the pump was powered on. HeartAssist5 had the least backward flow through 

the pump, with 0.095 L/min with the pump powered off, a difference in 2.72 

L/min from when the pump was powered on. HeartMateII had a backward flow 

through the pump of 0.32 L/min, which was a 3.69 L/min difference than the 

VAD outflow before the pump was powered off. HeartMateII and HeartAssist5 

each had a larger TCO after the device was turned off. HeartMateII’s TCO went 

from 4.40 L/min to 4.63 L/min, and HeartAssist5’s TCO increased from 4.86 to 

5.38 L/min after the device was powered off. 

 

DISCUSSION 
The main finding of this study is that defined clinical scenarios can be mimicked 

on the system, resulting in clinical waveforms and the ability to analyze event 

flows and pressures.  

 

HVAD WAVEFORMS  

Power and flow waveforms on the HVAD display are meant to represent the 

relationship between the patient and the pump, and are indicative of the stroke 

work done by the ventricle, as ventricle filling and contractility can be 
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determined from them. They are meant to be used in accordance with 

physiological variables, correlated with clinical presentations, and as a tool to 

understand the patient’s condition by understanding waveform variability. Using 

waveforms, clinicians can get immediate feedback on patient conditions without 

having to perform an echocardiogram, analyze test results, and then come 

back to the patient with these results before beginning to treat the issue. HVAD-

displayed waveforms provide clinicians with confidence and enable them to 

start correcting the issue immediately, overall improving patient management. 

These real time waveforms can significantly impact patient care, but sometimes 

what is seen on the waveforms is not clearly known by looking at them. The 

waveforms do not tell exact patient pressure and flows, so there is still a sense 

of mystery as to what is happening inside the patient. These waveforms are 

generated from algorithms, not physically measured. Because of this, variations 

in the waveforms are indicative of changing clinical conditions, but they must be 

validated by accepted medical standards. Thus, a need exists for a physical 

system where scenarios can be physically set up to see what is going on 

behind these waveforms.  

Flow waveforms displayed on the HVAD display provide additional 

information about the patient condition and VAD performance, enabling 

advanced pump management and troubleshooting. Clinicians look at specific 

features of the waveforms to assess performance, including flow pulsatility and 

waveform troughs. Flow pulsatility (the amplitude of the wave) is the difference 

between the minimum and maximum of the waveform, and this should be a 

value more than two liters per minute. The waveform trough (as seen at the 

bottom of the waveform, Figure 34) is the minimum value of the HVAD flow 

waveform, and this value should always be more than two liters per minute. 

The waveform normally has a positive deflection similar to an arterial waveform 

tracing. Important/fatal events can be detected by assessing the waveforms, 

such as regurgitation, suction and occlusion57. These waveforms prove to be a 

very valuable tool for patient management, but only when used properly and to 

their full extent. Clinicians can use the waveform application to electronically 
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simulate conditions and train recovery, but there is a need for a physical system 

that can recreate these scenarios to see the hemodynamics behind these 

scenarios.   

In this study, flow waveforms were successfully recreated with a physical 

system that has an attached heart to closely match the electronically simulated 

waveforms of specific patient conditions. With this recreating of waveforms, we 

can understand preload and afterload effects coming from a physical system 

that is not a human, and we can predict how a human heart will react without 

having to use a human heart. Parameters such as preload, afterload, pump 

speed, and atrial and ventricular pressures can be adjusted on the system to 

see how the VAD will react under different conditions. When loading conditions 

across the pump on the DMCS are varied, the waveform amplitude on the 

HVAD display varies. We demonstrate that flow waveforms from the HVAD 

user display can be imitated using the HF model, and the resulting waveforms 

of our testing closely match electronically simulated waveforms using 

HeartWare’s Waveform iPad application. As the waveforms are proven to 

coincide with the same conditions of electronically simulated waveforms, the 

pressures and flows at these conditions can be analyzed with this system, 

unlike with an electronic simulation. 

Thus, the system proves to be a physical, wet model capable of 

producing waveforms representative of both clinical and electronically 

simulated waveforms. Because of this, clinicians and patients can gain hands 

on physical experience with VADs and controller systems. It gives trainees the 

ability to adjust VAD settings and see real time responses of the entire system, 

giving a personal physical experience with an entire “patient” before coming 

into contact with a VAD patient.  

 

HYPERTENSION AND HYPOTENSION MODELS 

In both the model of hypertension and hypotension, the systems 

hemodynamics matched expected clinical hemodynamics, and HVAD’s 

waveforms varied accordingly with their condition. In the model of hypertension, 
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pressures increased and flows decreased as volume and afterload increased. 

The amplitude of the flow waveforms on the HVAD display also decreased, in 

accordance with an increased afterload. HeartWare’s HVAD has been proven 

to be a preload sensitive centrifugal pump. With a preload sensitivity, when 

there is a decrease in volume there will be a decrease in flow. In the model of 

hypotension, all pressures and flows decreased as a result of decreased 

volume, correlating with clinical hypotension. A decrease in flow waveform 

amplitude on the clinical monitor is expected at a decreased preload. With 

decreased preload, the native heart fills to a lesser extent and is therefore not 

able to pump as much fluid. The DMCS exhibited negative LAP and LVP 

pressures, correlating with a suction event. Crosby (2014) observed a negative 

left ventricular outflow with a HeartMateII on this model, attributing the negative 

pressures to suction as the liquid in the ventricle is being pulled through by the 

high pump speed2. Excessive suction may also result during large variations in 

blood filling of the ventricle due to hypovolemia after implantation. Persistent 

suction may result in ventricular collapse, so it is extremely important to closely 

control suction. These variations in loading conditions show similarities of 

device loading manipulations on HeartWare’s iPad application. HVAD’s control 

system has a suction detection algorithm built in that monitors the estimated 

flow waveforms for a sudden decrease in instantaneous flow. If instantaneous 

flow is suddenly decreased 40% below baseline flow and remains this low for 

more than 10 seconds, an alarm sounds to warn the user.  

 

PUMP STOP SCENARIO 

A pump stop scenario can be caused by several patient conditions, including an 

elevated afterload.  When the pump is off, it is important to see where flow goes 

to observe if it continues to flow forward through the VAD and continues to 

assist the left ventricle, or if it goes backward through the VAD and puts an 

added load on the left ventricle. If flow were to go backward through the pump, 

this would essentially put the patient in a worse condition than before they had 

the device- as the left ventricle will have an added flow coming in from the VAD 
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which will cause fluid and pressure to build up in the ventricle on top of heart 

failure conditions. In this study, all three devices showed a small degree of 

retrograde flow, but the HVAD showed a much more significant change in flow 

when it was powered off. HVAD showed the largest degree of backward flow 

through the pump, with a 4.19 L/min difference in flow from VAD-augmented 

conditions to pump-stop conditions. After the HVAD was powered off, TCO also 

decreased, as the left ventricle had a hard time pumping fluid on its own without 

the assistance of the HVAD, and with the additional flow coming in backward 

from the HVAD. Interestingly, both HeartMateII and HeartAssist5 had an 

increase of TCO after the pumps were powered off. With this increase in TCO, 

there was also very little fluid going backwards through the pumps when 

powered off. This makes sense as fluid is still flowing through the pumps that 

are powered off, pushed by the left ventricle and not impeding the left ventricles 

work any more than the heart failure conditions are.  

 

CLINICAL IMPACT 

With the ability to easily attach devices and obtain hemodynamics, this system 

can be used in hospitals to train clinicians, patients and caregivers on the 

proper use of MCS devices. Real time clinical scenarios can be modeled on the 

system to show how to alleviate a failure event or remediate a scenario. Each 

of these simulated scenarios can be duplicated during training sessions to 

simulate the recovery of each event. In addition, simple tasks with MCS devices 

can be trained using the system to familiarize family members with a device 

that their loved one is getting. One major concern for VAD users is the comfort 

of using the device. If patients and caregivers were asked about their comfort 

level with the device before and after training, one aspect of the usefulness of 

this training tool could be assessed.  

 

LIMITATIONS OF THE STUDY 

More significant variations in DMC tank pressures can be achieved with a 

different TAH Driver system, such as the CSS Console from SynCardia 
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Systems, Inc. This Driver allows for the complete control of ventricular pumping 

pressures and vacuum pressures. A Companion 2 Driver was utilized for these 

studies as it is the default implant driver used with the SynCardia TAH, 

meaning that every certified TAH implant center has a Companion 2 Driver, and 

when a patient gets a TAH implanted, the TAH is initially powered up and 

driven using the Companion 2 Driver. Subsequently, the patient is kept on the 

Companion 2 driver until they are stable enough to be transferred to another 

driver. For these reasons, the Companion 2 Driver is the most widely used and 

available TAH driver, with the ability to manipulate driver pressures over a wide 

range. The CSS Console is a 300 pound driver that is increasingly being 

phased out of use. It does not allow much mobility while being tethered to a 

washing-machine sized driver, and is the first generation of TAH drivers from 

1985. The materials and systems used in this study were meant to be objects 

that hospitals have ready access to, and that can easily be manipulated without 

disassembling any device.  

 

FUTURE WORK 

Additional clinical scenarios can be modeled and characterized on the system, 

such as right ventricular failure and a stone heart model. In addition to clinical 

cases, device scenarios can be emulated on the system. Device scenarios may 

include a thrombo-embolic event, a pump speed increase, pump speed 

decrease, pump voltage increase, a driveline kink, a closed valve within the 

TAH, or a problem with the TAH’s driver. Clinically, a thrombus within the pump 

leads to a pump power increase which leads to an inaccurate estimation of 

pump flow. This inaccurate estimation of pump flow and increase in power can 

lead clinicians to believe there is more flow than there truly is, which can lead to 

fatal events. If the thrombus is located on the rotor of an axial flow device, 

power consumption increases and causes an inaccurately high estimation of 

pump flow, and a decrease in the pulsatility index. The pulsatility index is 

caused by a reduction in cyclic power consumption because the pump is 

continually consuming high power due to the thrombus within31. With an 
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obstruction at the inlet or outlet of the pump, power consumption, pump flow, 

and pulsatility index all decrease and this is associated with an increase in the 

patient’s aortic pulse pressure. Currently, this scenario must be diagnosed with 

an echocardiogram which demonstrates a dilated left ventricle (LV) and 

significant changes in left ventricular unloading. With a pump thrombus, the LV 

becomes less responsive to an increase in pump speed.  

A thrombo-embolic event can easily be simulated by clamping the 

outflow and/or inflow to the VAD. If this scenario was simulated with an HVAD, 

the power of the HVAD and the cardiac output of the system could be 

monitored to see how each parameter is affected by an occlusion.  Clinically, 

when there is a thrombotic event with a patient on the HVAD, the pump power 

rises dramatically and the cardiac output displays a very high value. If this 

scenario were recreated on the DMCS, the pressures and flows within the tank 

could be analyzed to see why the pump power goes up, and what the cardiac 

output really is when there is an occlusion of flow. When there is a thrombus in 

the HVAD, the pump tries to maintain itself and this creates a drag in the rotor. 

The calculation of flow then increases because it is drawing more power. This 

leads to a gradual increase in flow and power. Currently, when clinicians see 

this increase in power on the display, they don’t always know that it is a 

thrombus, and their first instinct may be to turn the pump speed down to 

decrease power, or decrease fluids to get the cardiac output down, when they 

should really do neither of these. If there were a scenario that could mimic this 

situation, clinicians would be able to tell exactly what is going on inside the 

patient without having to play a guess and see game, and they’d be able to 

immediately disperse anti-thrombotics, if necessary.  

 As this system has proven to be a platform to mimic clinical scenarios, 

there is a need for an educational metric of how it can be used as a training 

tool. In the future, formal training sessions can be conducted on this system to 

train clinicians and patients on MCS use, and the training can have a before 

and after interview session or survey to assess training impact. Formal training 

sessions can be conducted with before and after interviews/surveys to 
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qualitatively assess the comfort of device both before and after training. After 

training, the ability of the trainees to recall the trained material would be 

documented and assessed. This would serve as a qualitative means of 

accessing the effectiveness of MCS training on the system. 

 

CONCLUSION 
Using our previously described heart failure model, specific clinical cases can 

be mimicked on the DMCS to show how VADs operate under different 

circumstances and to train personnel on how to revive a patient from 

emergency circumstances.  Clinical scenarios can be mimicked on a physical 

system before human implantation, saving the need to practice or “test” MCS 

use and failure scenarios on humans. Patient conditions can be replicated in 

the system to see how the VAD will respond before implantation of the VAD. 

With this system, specifics of VAD operation can be learned, and failure events 

can be tested without having to use a human model.  During mimicked clinical 

simulations, patient parameters such as left atrial pressure, aortic pressure, and 

total cardiac output, can be monitored. This system allows for personnel to be 

trained to handle these situations affording successful recovery of patient 

hemodynamics. VAD function may be readily taught and characterized to 

hospital staff and patients with this system, and it is easily modifiable so that 

other MCS devices can be attached, and their performance can be trained.  

The foundation for this system to be a mass training tool has already been 

established, as every center that implants TAHs has the Donovan Mock 

Circulation System on-site. With the system that all implant centers already 

have, the heart failure model can easily be implemented by slightly modifying 

the DMC tank with Tygon tubing, two T-junctions, and a one-way valve. Once 

they have the heart failure model with VAD attachment sites, they can easily 

attach different MCS devices and use the system as an in-center training tool. 

Mechanical support programs can implement this system to all of their devices, 

allowing for the expanded knowledge of all MCS devices. Since this system is 

widely available within the TAH user community and is easily modifiable to 
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include an MCS device, it can revolutionize the way clinicians, patients and 

caregivers are taught to use VADs and manage VAD patients, ultimately 

enhancing the care for and quality of life of MCS device patients. Patients have 

reported that quality of life is a more attractive contributing factor than length of 

survival when justifying a VAD implantation68,69. Knowing this, while maintaining 

the importance of safety and long-term care, VAD designers and VAD implant 

institutions should keep quality of life of VAD patients as an extremely high 

priority.   
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CHAPTER 6 - THE FUTURE OF VENTRICULAR ASSIST DEVICES 
AND MOCK CIRCULATION SYSTEMS 

 
FUTURE DIRECTIONS OF THIS WORK 
The data resulting from the studies performed in this thesis can be compared to 

data obtained on future iterations of mock circulation systems. They can be 

performed on a digital mock system, and the results can also be compared to 

electronic simulations and computational models such as Harvi70,71. This work 

has looked at the addition of left ventricular assist devices onto the previously 

described heart failure model. In the future, right ventricular assist devices 

(RVADs) and biventricular assist devices (BiVADs) may be added on to the 

model to model their performance.  

 
FUTURE OF VENTRICULAR ASSIST DEVICES 
As cardiac transplantations are limited, the use of permanent mechanical 

circulatory support by new, smaller devices is proving to be a promising 

therapeutic option as an alternative to transplantation and to reduce the 

number of deaths while waiting for a transplant6.  Long-term care with the use 

of left ventricular assist devices (LVADs) has become the standard of care for 

end stage heart failure, and is recognized as a superior medical therapy68,72,73. 

Second and third generations of non-pulsatile, continuous LVADs have seen 

improved outcomes, durability, and quality of life. A continued decrease in the 

size of MCS devices will continue to increase the number of patients that may 

benefit from the mechanical support. Smaller framed women and young 

patients who suffer from end-stage heart failure can easily be implanted with 

devices that are reduced in size and weight. In addition to smaller VAD 

designs, surgical techniques will continually improve, enabling minimally 

invasive implantation. A less invasive surgical implantation carries less 

operational risk, especially to the elderly and extremely decompensated 

patients. 
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A design modification for future MCS devices is the development and 

refinement of the computer algorithm for operating the device. With enhanced 

algorithms, the standard operational mode of the device can be structured to 

optimize the unloading from the left ventricle at all times, over a wide range of 

parameters without damaging the left ventricle any further39. Future LVADs 

should employ ventricular suction detection to closely monitor suction of the left 

ventricle. Clinically, pump flow, power consumption and pulsatility index all 

decrease during a suction event. Suction events can be controlled by 

continuously monitoring sudden changes in pump flow pulsatility. Pump flow 

pulsatility must be monitored indirectly by analyzing time-dependent current 

traces and its derivative, equating to the pulsatility index of the pump31. By 

continuously monitoring the pulsatility index, the device pump speed can be 

automatically adjusted if a sudden change in pulsatility index were detected. 

The development of validated risk models to improve patient selection and 

device implant timing would also help improve long-term VAD success. The 

timing of device implant within the course of disease progression is vital in 

being able to stop damage and improve bodily health.  

 The speed at which the rotor of a pump rotates should also be an area 

of study for future directions of continuous flow device design. Theoretically, a 

decreased rotor speed will decrease shear, increase pulsatility, and reduce 

bleeding29. Research must be performed in the area of rotor speed optimization 

to find the sweet spot of speed which will decrease blood effects but increase 

amount of device flow output.  In order to optimize rotor speed, research must 

involve hemodynamics, ventricular unloading, and also the hematologic effects 

of the device29. The incidence of bleeding with the use of continuous flow 

devices must also be researched further due to the low pulsatility of the device. 

The future of VAD design is looking towards completely implantable 

systems. By eliminating the need for a compliance chamber (currently used for 

venting in first-generation VADs), features of the VAD are continually 

transitioning to a completely implantable device31. Future MCS devices may 

incorporate infection reduction technology and be completely implantable, 
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decreasing the risk of infection. Instead of having percutaneous leads exit the 

body to connect the device to an external power source and controller, the 

device may be powered by an implantable battery using transcutaneous energy 

transfer (TET)74. A TET system transfers power by electromagnetic induction 

through the use of coils75. However, there are challenges that face completely 

implantable devices and TET technology, including device complications, 

device stop, and electromagnetic sensitivity.  

 
FUTURE OF MOCK CIRCULATION SYSTEMS 
As the number and design of MCS devices grow and becomes more complex, 

there is a need for a platform to efficiently and safely test these devices. This 

platform must simulate the pressures and flows of a human across a wide 

range of parameters, and be an easy-to-use, widely available system.  

Completely digitalized mock circulation systems are being researched 

and developed where the user is able to simply select any patient condition 

(healthy, heart failure, hypertension, etc.) and MCS device (artificial heart, VAD, 

etc.). After the selection of all parameters and devices, the interaction of all 

systems can be analyzed with a computer display. With the click of a button, 

pressures, flows, and device settings can easily be manipulated to see how the 

“patient” reacts. As a completely electronic system, the software can be 

translated into an application, theoretically having an entire mock circulation 

system in the palm of your hands. More work still needs to be performed on the 

efficiency and validity of systems, by comparing them to valid, proven mock 

systems. A completely digitalized system can be set to identical parameters of 

the Donovan Mock Circulatory tank with an attached MCS device and the two 

system’s performances can be compared.  

Even though mock circulation systems are a vital step in the feasibility, 

characterization, reliability, and comparison testing of MCS devices, devices 

must undergo clinical trials in animals and humans to demonstrate true 

biological performance. Although they must facilitate good human performance 
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to be successful, the use of mock circulation systems is critical in the usage, 

comparative testing, teaching, and future of MCS systems.  
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APPENDIX 1 – PERMISSIONS FOR REPRINT 
 
Figure 2 - Mechanical Pivot Bearings of an Axial-Flow Pump, Adapted from 
Moazami 
Figure 3 - Hydrodynamic Bearings of a Continuous-Flow HVAD,  
Figure 7- HeartWare Fluid Flow, Adapted from Moazami et al. 
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Figure 5 - Pressure head and flow relationships for an ideal pump, axial- and 
centrifugal-flow pumps, Adapted from Giridharan et al. ASAIO 2014. 
Figure 6 - Pump flow waveforms recorded in LVAD patients, Adapted from 
Giridharan et al. ASAIO 2014 
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Figure 10 - Donovan Mock Circulation Tank, Adapted from Donovan et al. 
1975. 
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APPENDIX 2 – LIST OF PUBLICATIONS 
 

Published: 
• Marom, Gil, Wei-Che Chiu, Jessica R. Crosby, Katrina J. DeCook, 

Saurabh Prabhakar, Marc Horner, Marvin J. Slepian, and Danny 
Bluestein. "Numerical Model of Full-Cardiac Cycle Hemodynamics in a 
Total Artificial Heart and the Effect of Its Size on Platelet Activation." 
Journal of cardiovascular translational research 7, no. 9 (2014): 788-796. 

• Crosby, Jessica R., Katrina J. DeCook, Phat L. Tran, Richard G. Smith, 
Douglas F. Larson, Zain I. Khalpey, Daniel Burkhoff, Marvin J. Slepian, 
Marvin J. Slepian, and Sarver Heart Center. "Physiological 
Characterization of the SynCardia Total Artificial Heart in a Mock 
Circulation System." ASAIO journal (American Society for Artificial Internal 
Organs: 1992) (2014). 

• Merkle, Valerie M., Kaitlyn R. Ammann, Katrina J. DeCook, Phat L. Tran, 
Marvin J. Slepian, and Xiaoyi Wu. "In Vitro Biocompatibility of Coaxial 
Electrospun Scaffolds for Cardiovascular Tissue Engineering." In ASME 
2013 Summer Bioengineering Conference, pp. V01AT17A028-
V01AT17A028. American Society of Mechanical Engineers, 2013. 

 
To be published: 

• DeCook, Katrina J., Jessica R. Crosby, Phat L. Tran, Richard G. Smith, 
Zain I. Khalpey, and Marvin J. Slepian. “Comparative Performance of 
Mechanical Circulatory Support Devices in a Heart Failure Model.” To be 
submitted June 2015. 

• Crosby, Jessica R., Katrina J. DeCook, Phat L. Tran, Richard G. Smith, 
Douglas F. Larson, Zain I. Khalpey, Daniel Burkhoff, and Marvin J. 
Slepian. "A Left-Sided Heart Failure Model Utilizing The SynCardia Total 
Artificial Heart And The Donovan Mock Circulatory System." ASAIO 
journal (American Society for Artificial Internal Organs). Expected May 
2015.  

• Ammann, Kaitlyn A., Katrina J. DeCook, Phat L. Tran, Valerie M. Merkle, 
Pak K. Wong, and Marvin J. Slepian. “Collective cell migration of smooth 
muscle and endothelial cells: impact of injury versus non-injury stimuli” 
Journal of Biological Engineering. Submitted Apr 2015. 

• Valerie M Merkle; Phat L Tran; Marcus Hutchinson; Kaitlyn R Ammann; 
Katrina DeCook; Xiaoyi Wu; Marvin Slepian. “Core-Shell PVA/Gelatin 
Electrospun Nanofibers   Promote Human Umbilical Vein Endothelial Cell 
and   Smooth Muscle Cell Proliferation and Migration” Acta Biomaterialia. 
Submitted Feb 2015. 
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