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Abstract

Heart failure is a rapidly growing problem affecting an estimated 38 million people

worldwide in 2010 and causing over 9 million deaths worldwide in 2015. Heart

transplant, the gold standard treatment for patients with heart failure, is burdened by

the scarcity of available donor hearts. Ventricular assist devices provide an addition

to heart transplant, but the high cost of ventricular assist devices results in poor cost-

effectiveness when used as a short-term bridging solution, thus a low-cost alternative

is desirable.

The intra-aortic balloon pump has been one of the most commonly used

mechanical devices worldwide in acute heart failure due to its ease of implantation,

low cost and high accessibility compared to other mechanical circulatory support

devices. However, the poor haemodynamic assistance in cases of Severe Heart

Failure (SHF) limits its use. Based on the same volume-displacement concept,

IntraVentricular Balloon Pumps (IVBPs) were of research interest from the early

1970's to late 1990's. These early IVBP studies used pre-existing balloon shapes

(e.g. spherical) and were limited to animal models. No speci�c reason was given for

cessation of further IVBP research. Uptake of the intra-aortic balloon pump in

medical centres worldwide and access to improved design methods and

experimental equipment justify revisiting the IVBP concept.

At commencement of this Ph.D project, the last published IVBP study dated from

1996. Notwithstanding, within the last two years (2018-2019), two other research

groups presented further development of the IVBP showing the regained interest and

the importance in developing the IVBP.

The present study aimed to develop an IVBP for short-term circulatory support.

The study aimed to evaluate the effect of balloon actuation timing on the degree of

cardiac support provided to a simulatedin vitro SHF patient and to analyse the effect

of the balloon actuation on the intraventricular �ow dynamics of the simulated SHF

patient. It was hypothesised that if an IVBP can avoid interactions with the sub-

valvular apparatus, has an optimised actuation timing, and results in physiological

intraventricular �ow dynamics it could be a potential treatment or recovery option

for patients with SHF.
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A silicone IVBP was designed to avoid contact with internal Left Ventricular

(LV) features (papillary muscles, chordae, aortic, and mitral valve) based on LV

computed tomography data of ten SHF patients with dilated cardiomyopathy. The

haemodynamic effects of varying balloon in�ation and de�ation timing parameters

(in�ation duty [D] and end-in�ation point [s ]) were evaluated in a purpose-built

systemic mock circulatory loop. Three IVBP actuation timing categories were

de�ned: co-, transitional-, and counter-pulsation with respect to ventricular systole.

To evaluate the effect of the IVBP on intraventricular �ow dynamics, the Mock

Circulatory Loop (MCL) was adapted to reproduce physiological �ow dynamic

features and to enable particle image velocimetry acquisition. Velocity maps, �uid

pulsatility and circulation throughout a plane of the LV were analysed with and

without the IVBP to identify risks of thrombosis.

Compared to the SHF baseline, co-pulsation increased aortic �ow from 3.5 to

5.2 L/min, mean arterial pressure from 72.1 to 94.8 mmHg and ejection fraction

from 14.4% to 21.5%, while mean left atrial pressure decreased from 14.6 to

10 mmHg. Transitional and counter-pulsation resulted in a double ventricular pulse

and extended the duration of increased ventricular pressure, potentially impeding

diastolic �lling and coronary perfusion. Ideal synchronisation of balloon actuation

with LV systole (i.e. co-pulsation) provided constructive energy to increase �uid

momentum during both LV ejection and LV �lling without generating appreciably

high intraventricular velocity when compared to the SHF baseline. Positive

haemodynamic support, presence of medium to high pulsatility and circulation

throughout thein vitro LV, indicated that IVBP co-pulsation could be a bene�cial

actuation mode for supporting a SHF patient. Counter-pulsation of the balloon

counteracted the native �uid momentum during LV �lling but generated an

additional intraventricular �lling �ow at balloon de�ation, thus providing some

degree of support. The counteraction to the natural LV �ow; the generation of a

second beat during LV diastole; and the large increase in LV end-diastolic volume,

indicatedin vitro that IVBP counter-pulsation was not recommended as a bene�cial

actuation mode for supporting a SHF patient.

This in vitro study presented three novel key �ndings about the IVBP concept. 1-

The IVBP could be designed based on anatomical �tting to avoid interaction between

the balloon and the sub-valvular apparatus, potentially preventing development

or worsening of mitral regurgitation. 2- There are ideal IVBP actuation timings

(s = 25% and D < 30%) that increased the haemodynamic support restoring the

haemodynamic balance of a simulated SHF patient to healthy levels. 3- When

intraventricular �ow dynamics were tested in a plane of a simulated SHF patient,

the ideal IVBP actuation timing did not result in reduced intraventricular pulsatility,
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blood washout or increased risk of blood thrombosis when compared to baseline.

These interestingin vitro �ndings demonstrate the feasibility of the device and

encourage the development of the IVBP to identify its potential for use as short-term

ventricular support.

Future work must focus on developing better control and sensing systems with

respect to the electrical activity of the ventricle, evaluating the effect of the IVBP on

pathological mechanisms, and developing biocompatible balloons with appropriate

mechanical properties.
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Chapter 1

Introduction

The heart is a biological pump that propels blood through the body, which is essential

for delivery of nutrients and removal of metabolic waste (Guytonet al., 2006).

Structural and/or functional abnormalities that interfere with the operation of the

heart may prevent it from meeting the body's metabolic demands. The inability of

the heart to suf�ciently pump blood is referred to as heart failure.

Heart failure is a rapidly growing condition, affecting an estimated 38 million

people worldwide in 2010 (Braunwald, 2015) and causing over 9 million deaths

worldwide in 2015 (Wanget al., 2016). Heart failure, a leading cause of morbidity

and mortality, is associated with large global health and economic burdens (Savarese

et al., 2017).

Treatment of heart failure depends on the severity; less severe cases can be

suf�ciently managed with therapeutic strategies, while the gold standard treatment

for Severe Heart Failure (SHF) is a heart transplant. However, there is an imbalance

between the number of available donor hearts and the number of patients on the

waiting list. Eurotransplant (organisation responsible for encouraging and

coordinating organ transplants in eight European countries) recorded a 50% increase

on the waiting list between 2005 and 2015 (Eurotransplant International Foundation,

2015). A shortage of viable heart organs resulted in a mortality rate of 21.7% on the

Eurotransplant waiting list in 2013. There is a desperate need to engineer alternative

solutions to support patients with chronic and acute heart failure.

The development of short- to long-term Mechanical Circulatory Support (MCS)

devices have assisted patients with different degrees of heart failure. MCS devices

are used as a bridge to decision, bridge to transplantation, bridge to recovery and

destination therapy, providing alternatives to heart transplant (Shekaret al., 2016).

Although many advances have occurred in the last two decades, the use of MCS

devices is still associated with high morbidity and mortality and is not cost ef�cient
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in acute settings, precluding their use in many hospitals worldwide, especially in low-

and middle-income countries (Dokainishet al., 2015). Nearly 10% of all patients

receiving long term Ventricular Assist Devices (VADs) proceed to obtain a heart

transplant within the �rst 3 months (Kirklinet al., 2017).

The Intra-Aortic Balloon Pump (IABP) is a commonly used MCS device

worldwide due to its ease of implantation, low cost and high accessibility compared

to other MCS devices. The primary action of the IABP, is to increase coronary

perfusion by augmenting diastolic pressure within the aorta with balloon in�ation

(Kantrowitzet al., 1968). The secondary action is to reduce systolic workload by

creating a dead-space in the aorta in diastole with balloon de�ation and thus

positively alter the supply of and demand for blood in the coronary arteries.

However, poor haemodynamic assistance with an IABP limits its use in patients

with SHF – essentially IABP redistributes haemodynamic energy within the cardiac

cycle whilst adding only very marginally to it.Several studies have investigated a

concept similar to that of the IABP with a balloon placed inside the Left Ventricle

(LV) as opposed to inside the aorta (Donaldet al., 1971; Bregmanet al., 1974;

Moulopouloset al., 1989; Stamatelopouloset al., 1993). The latter device is

referred to as an IntraVentricular Balloon Pump (IVBP). The IVBP in�ation during

ventricular systole aims at increasing aortic �ow by displacing blood volume out of

the left ventricle into the aorta. The IVBP de�ation during ventricular diastole aims

at decreasing ventricular preload by creating a dead-space in the ventricle.

The volume, shape and control strategy of the deformable intraventricular balloon

were identi�ed as key performance parameters. The main limitations of previous

work were the neglected interactions between the balloon and the sub-valvular system

inducing mitral valve regurgitation; and the synchronisation with the natural activity

of the heart. These early-stage studies (1971-1996) evaluated the IVBP concept in

ex vivosettings; it was only recently (2018-2019) thatin vitro research on the IVBP

concept was presented. This twenty-year gap demonstrates the regained interest in

developing the IVBP. These modern studies were mainly motivated by the lack of

pulsatility and the associated non-physiologically high levels of shear stress provided

by current continuous-�ow VADs.

1.1 Signi�cance and contribution to knowledge

In the deteriorating heart failure setting, 'symptom-to-support' time is a critical factor

for patient survival. The longer the heart is not pumping enough blood to the body,

the higher the risks for life-threatening end-organ failure.
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Two types of MCS are commonly referred to as short-term MCS, providing hours

to days of support and; long-term MCS, providing years of support.

Currently, in the acute heart failure setting, short-term MCS are limited by their

short support-duration whereas long-term VADs are limited by their complexity and

high-cost.

Therefore, there is a need for long-term MCS systems that are easy to implant,

accessible in a wide range of medical centres worldwide and able to support SHF

patients for up to three months with low complication rates. The target group for

this MCS would be patients with an Interagency Registry for Mechanically Assisted

Circulatory Support (INTERMACS) pro�le 1 or 2 (Stevensonet al., 2009): pro�le 1

patients are in critical cardiogenic shock and require support within hours whereas

pro�le 2 patients are in progressive decline and require support within a few days.

Such a device would provide time for doctors and family to assess the patient's

situation properly. Such a device could provide support until patient recovery or

be utilised as a bridge towards a permanent solution, including a long-term VAD

(destination therapy or extended bridge to transplant) or heart transplant.

At commencement of this doctoral project, noin vitro analysis had been

conducted on the IVBP, the last published evaluation dated back to 1996. These

studies presented promisingex vivoresults; however, mitral regurgitation events

were commonly reported but not addressed. It was suggested that the actuation of

the balloon inside the ventricle dislocated the intraventricular sub-valvular apparatus

leading to a retrograde �ow. These early studies used standard geometries (e.g.

spherical shape); the balloon shape was not designed to avoid the sub-valvular

apparatus. Moreover, all previous IVBP studies including the most recent published

work (2018-2019) used the same actuation timing: balloon in�ation during the

entire LV systolic period (i.e. ventricular contraction) and balloon de�ation during

the entire LV diastolic period (i.e. ventricular relaxation).

The contribution to knowledge by this research project is the development of

an IVBP and validation of its function in a simulated SHF patient. The IVBP

development focused on detailing a novel balloon design method based on anin

silico anatomical �tting analysis. The IVBP evaluation focused on determining

the actuation timing that maximises haemodynamic performance, and determining

the IVBP effects on simulated intraventricular �ow dynamics to identify risks of

thrombosis (blood coagulation that may lead to fatal adverse events).

Outcomes of this thesis contributed to knowledge by demonstrating the relevance

and importance in pursuing the development of the IVBP concept. In addition to

presenting promisingin vitro results, this thesis developed and detailed methods that

can be used for further device developments leading to potential clinical prototypes.
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1.2 Aims, objectives and hypothesis

This research aimed to develop and evaluate an IntraVentricular Balloon Pump

(IVBP) destined to support patients suffering from Left Ventricular (LV) Severe

Heart Failure (SHF).

The IVBP consists of two parts; an actuator -the pump, and an actuated

body - the balloon. The pump drives balloon in�ations and de�ations through a

pulse pressure waveform modulated with a speci�c amplitude, frequency, duty cycle

and trigger; controlled with a pneumatic circuit composed of a pressure source,

pressure regulators and solenoid valves. The aim was to in�ate the balloon to

increase LV pressure leading to additional blood ejection, and de�ate the balloon to

decrease LV pressure leading to increased LV �lling.

In order to achieve these aims, key objectives included:

1- developing an IVBP balloon shape based on anin silico anatomical �tting

study (Chapter 3);

2- manufacturing of an IVBP driver with electro-pneumatics and customised

components (Chapter 3);

3- developing anin vitro set-up simulating the systemic circulation of a patient

with SHF – referred to as a Mock Circulatory Loop (MCL) (Chapter 4);

4- evaluating and optimising the IVBP actuation timing on simulated

haemodynamicsin vitro (Chapter 4);

5- adapting the MCL to reproduce physiologically representative intraventricular

�ow dynamics (Chapter 5); and

6- evaluating the effect of the IVBP on intraventricular �ow dynamics of a

simulated patient with SHF (Chapter 6).

It was hypothesised that the volume displacement generated by controlled

in�ations and de�ations of a patient-optimised intraventricular balloon will increase

cardiac output. More speci�cally, it was hypothesised that if an IVBP avoids

interactions with the sub-valvular apparatus, has an optimised actuation timing and

does not result in undesirable intraventricular �ow dynamics it could be a potential

treatment for patients with left ventricular heart failure.
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1.3 Summary of chapters

1.3.1 Chapter 2- Background and Literature review

Chapter 2 describes the problem underlying the thesis and explains the relevant

concepts for understanding the subject, including the cardiovascular system, heart

failure, short-term MCS devices with an emphasis on IVBP research,

anatomical-based designs, development of MCL and evaluation of intraventricular

�ow dynamics.

1.3.2 Chapter 3- Intraventricular Balloon Pump Development

Chapter 3 presents the IVBP development, including the design of the balloon shape

based on anin silico anatomical �tting study, the manufacturing of the balloon and

the development of the electro-pneumatic pump circuit.

1.3.3 Chapter 4- In-Vitro Haemodynamic Evaluation of the

Intraventricular Balloon Pump

Chapter 4 presents thein vitro evaluation of the IVBP prototype, including:

development of a systemic MCL to simulate a patient with SHF; and analysis of the

pump actuation effect on the simulated haemodynamic. Two actuation timing

parameters were evaluated: the balloon in�ation duty cycle and the balloon in�ation

trigger. For each timing condition, the ventricular, aortic and atrial pressures,

ventricular volume, and aortic �ow were measured throughout a cardiac cycle and

compared with the SHF baseline.

1.3.4 Chapter 5- Intraventricular Flow Dynamics: Mitral Valve

Model Identi�cation

Chapter 5 presents the adaptation of the MCL to enable replication of physiological

intraventricular �ow dynamics and assessment of intraventricular �ow dynamics

developed with two mitral valve models: a mechanical tilting disk valve, and a

one-way valve in series with a silicone moulded parametric open-state mitral valve

channel. Spatial and temporal velocities, pulsatility and vorticity were compared

with clinical andin vitro values to identify the most representative model.
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1.3.5 Chapter 6- Effect of an Intraventricular Balloon Pump on

Intraventricular Flow Dynamics

Chapter 6 presents the effect of the IVBP actuation on the intraventricular �ow

dynamics of a simulated patient with SHF. The analysis included the comparison

against the baseline (no IVBP inserted), with the IVBP inserted but turned off, with

the IVBP actuated in co-pulsation, and with the IVBP actuated in counter-pulsation.

1.3.6 Chapter 7- Limitations and Contributions

This �nal chapter presents each chapter conclusion, discusses limitations of the thesis

and proposes future work.

1.4 Research output

1.4.1 Publications

1. Alice C. Boone, Clayton Semenzin, Sam Liao, Jo P. Pauls, Shaun D. Gregory,

Geoff D. Tansley. Evaluation of Intraventricular Flow Dynamics with a Short-

Term Intraventricular Balloon Pump. In progress.

2. Alice C. Boone, Shaun D. Gregory, Eric L. Wu, Andrew Stephens, Sam Liao,
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Chapter 2

Background and Literature Review

This chapter presents relevant information required to understand the background

and need for developing a short-term intraventricular assist device for patients with

severe heart failure. The cardiovascular system and heart failure mechanisms are �rst

introduced, mechanical circulatory support strategies are then detailed. Eventually,

methods used to evaluate mechanical circulatory support strategies are presented

with an emphasis on intraventricular �ow dynamics.

2.1 The heart

2.1.1 Biological pump

The heart is the biological pump that generates the pressure required to transport

blood through all parts of the body, allowing delivery of nutrients (e.g. oxygen) and

removal of metabolic end-products (e.g. carbon dioxide) (Guytonet al., 2006).

As shown in Figure 2.1 the heart is composed of two pumps: a right pump

(with �lling blood coloured in blue as is common convention) and a left pump (with

�lling blood coloured in red). The right side of the heart receives de-oxygenated

blood from the systemic venous circulation and pumps that blood to the pulmonary

circulation through the lungs while, at the same time, the left side of the heart receives

oxygenated blood from the lungs and pumps it to the systemic circulation (Guyton

et al., 2006). Each side is a pulsatile two-chamber pump comprising an atrium and

a ventricle. Each atrium acts as a weak primer pump, helping to move blood into

the respective ventricle. Right and left ventricles supply the main pumping power

that propels the blood through the pulmonary and systemic circulations respectively

(Guytonet al., 2006).
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approximately 1.2 to 0.3 seconds respectively. The heart of an average size healthy

person may pump an average of approximately 5.0 litres of blood per minute at rest

and can increase 4- to 5-fold during severe exercise (Rerychet al., 1978; Young,

2010; Pappanoet al., 2013).

LV diastole corresponds to the relaxation period of the LV (Fig. 2.2 and 2.4), it

can be divided into three phases; a- isovolumetric relaxation, b- passive �lling, and

c- active �lling.

a- The isovolumetric relaxation results in a rapid intraventricular pressure

reduction at constant volume from about 80 mmHg (with 1 mmHg at

0� C � 133.32 Pa) to 10 mmHg.

b- Once the LV pressure becomes smaller than the left atrial pressure, the mitral

valve opens and approximately 80% of the total blood volume passively �ows

from the left atrium into the LV. This passive �lling phase, observed by the

onset of the E-wave, increases the LV volume while the LV pressure remains

low (close to 0 mmHg).

c- Left atrial systole, generated by the A-wave, corresponds to the contraction

of the left atrium, it causes the active �lling of the remaining blood into the

LV which results in an increase in intraventricular pressure to about 8 mmHg

(Guytonet al., 2006).

LV systole corresponds to the contractile period of the LV and consists of two

phases; d- isovolumetric contraction and e- ejection (Fig. 2.2 and 2.4).

d- At the beginning of LV systole, the rise in LV pressure causes closure of the

mitral valve. During the isovolumetric contraction of the myocardium, the LV

pressure builds up with no change in volume.

e- Once the intraventricular pressure exceeds the aortic pressure, the aortic valve

opens marking the initiation of ventricular ejection. With the opened aortic

valve and the muscle contracting, blood is ejected into the systemic circulation

via the aorta. Once the LV �nishes its contraction, the intraventricular

pressure decreases and blood inertia results in continuation of blood ejection

until closure of the aortic valve. This valve closes when the intraventricular

pressure becomes lower than the aortic pressure. After LV systole, LV

diastolic relaxation of the next cycle starts.

In this thesis, E-wave and A-waves refer to the onset of passive and active �lling

phases, respectively.
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Papillary muscles are LV muscular protuberances named for their location of

origin; lateral and medial papillary muscles. Their bodies originate from around

the apical one third of the LV and protrude in �nger-like formations into the cavity.

In the majority of cases, the lateral papillary muscle has a single head whereas the

medial papillary muscle has two heads (most commonly) (Delgadoet al., 2009). The

chordae tendineae, composed of collagen and elastic �bres, are the links between

the papillary muscles and the mitral valve. The chordae tendineae originate from

the heads of the papillary muscles and divide in smaller diameter strings until their

insertion to the lea�et of the valve.

Spatial arrangement of the sub-valvular apparatus is crucial for the performance

of the mitral valve. Lea�et coaptation, required for effective valve seal, mainly

depends on: the relative distance between the papillary muscle heads and; the

distance from the papillary muscle heads to the mitral valve seat (Dal-Biancoet al.,

2013). Detailed dimensioning of the sub-valvular apparatus geometry is essential

for speci�c applications involving modi�cation to the natural LV valves (e.g. mitral

or aortic valve replacement) or implantation of intraventricular devices. Inef�cient

lea�et coaptation may lead to mitral valve insuf�ciency and resultant mitral valve

regurgitation (Godleyet al., 1981; Kerkhofet al., 2014; K. Kimet al., 2014).

Zhanget al. (2015) studied the impact of the mitral valve apparatus geometry on

mitral valve regurgitation. Mitral annulus and ventricular speci�c parameters were

quantitatively assessed. Mitral annulus parameters comprised anteroposterior and

intercommisural diameters; and annulus perimeter and area (Fig. 2.6). Mitral valve

sphericity was characterized with the distance between the heads of the papillary

muscles and the ratioX=Y whereX was the length between the base of the papillary

muscles andY was the vertical distance betweenX and the mitral annulus plane

(Fig. 2.7).

Although LV volumes did not differ with functional mitral valve regurgitation,

subjects with moderate to severe functional mitral valve regurgitation presented

differences in their sub-valvular system dimensions. Distances between the base of

the papillary muscles, and between the heads of the papillary muscles were larger.

The mitral lea�ets presented an asymmetric deformation. Quanti�cation of the LV

geometry and the sub-valvular geometry is therefore signi�cant in the design of

mechanical circulatory support devices as they relate to LV insuf�ciency such as

mitral valve regurgitation.
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Figure 2.6Mitral annulus characteristics: a) AnteroPosterior diameter (AP) and
intercommissural diameter (CC) and b) Mitral Annular Area (MAA). AO = AOrta
(Zhanget al., 2015).

Figure 2.7Mitral valve and left ventricle sphericity: a) distance between the heads of
the papillary muscles. b) Sphericity index (X/Y) of the mitral valve with X the distance
between the base of the papillary muscles and Y the vertical distance between this
plane and the mitral annulus plane (Zhanget al., 2015).
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2.2 Heart failure

2.2.1 De�nition and mechanisms

"Heart failure is a clinical syndrome caused by structural and functional defects in

myocardium resulting in impairment of ventricular �lling or the ejection of blood"

(Inamdaret al., 2016). Heart failure is a very broad term as it refers to multiple ranges

of cardiac conditions; the heart could be failing completely or partially, imminently

or in the future, permanently or temporarily (Nicholson, 2007).

Heart failure consequences include reduction in cardiac output and/or elevation

in intra-cardiac pressures at rest or during stress. In reaction to the reduction in

cardiac output, the ventricle will attempt to compensate by increasing its workload.

This mechanical counteraction may subsequently lead to alteration of the ventricular

shape such as enlargement (dilation) or thickening (hypertrophy). The New York

Heart Association classi�es heart failure according to the severity of the patient

symptoms (Table 2.1).

Table 2.1The New York Heart Association (NYHA) functional classes (Nicholson,
2007).

Class Description

I (Mild) Asymptomatic. No limitation of physical activity. Ordinary

physical activity does not cause undue fatigue, palpitation,

or dyspnoea.

II (Mild) Symptoms on maximal exertion. Slight limitation of physical

activity. Comfortable at rest, but ordinary physical activity

results in fatigue, palpitation, or dyspnoea.

III (Moderate) Symptoms on minimal exertion. Marked limitation of

physical activity. Comfortable at rest, but less than ordinary

activity causes fatigue, palpitation, or dyspnoea.

IV (Severe) Symptoms at rest. Unable to carry out any physical activity

without discomfort. Symptoms of cardiac insuf�ciency at

rest. If any physical activity is undertaken, discomfort is

increased.

Failure of the LV is more speci�cally caused by abnormal LV �lling and/or

ejection of blood due to problems of myocardial relaxation and/or contraction. These

events can be categorised into two groups based on the ejection fraction of the LV -
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percentage representing the amount of blood that leaves the LV in systole compared

to the total amount of blood in the LV at end-diastole. The �rst group is Heart Failure

with preserved Ejection Fraction (HFpEF), also known as diastolic dysfunction.

Heart failure with preserved ejection fraction, is de�ned by an LV ejection fraction

� 50%, and characterised by increased LV wall thickness and/or a dilated left atrium

(indicative of increased diastolic �lling pressure). The second group is Heart Failure

with reduced Ejection Fraction (HFrEF), de�ned by an LV ejection fraction <40%

and characterised by a dilated LV (Ponikowskiet al., 2016).

Supportive measures are required to fully or partially assist the cardiac muscle to

ensure suf�cient blood �ow and to meet the body's metabolic demand. In some cases,

heart failure is reversible and, with adequate assistance the heart will recover over

time. In others, permanent assistance with pharmacological mechanisms, mechanical

devices or heart transplantation is required.

2.2.2 A growing worldwide problem

Heart failure is a rapidly growing problem affecting an estimated 38 million people

worldwide in 2010 (Braunwald, 2015) and causing about 9 million of deaths

worldwide in 2015 (Wanget al., 2016). Being an important cause of morbidity and

mortality, heart failure represents a global health and economic burden (Savarese

et al., 2017). For the last 15 years, ischaemic heart disease has been one of the

world's biggest killers, in 2016 it accounted for around 17% of the total causes of

death (World Health Organisation, 2018). In 2012 the cost of heart failure was

estimated to US$108 billion worldwide (Cooket al., 2014) and the total cost in the

United States is expected to increase by 127% between 2012 and 2030 (Mozaffarian

et al., 2016).

Even though the incidence of heart failure is stable, the prevalence, de�ned by the

number of affected individuals, is rising (Savareseet al., 2017). Heart failure is not

only common in developed countries but it is widespread worldwide, its prevalence

varies mainly by socioeconomic status and age (Diaz-Toroet al., 2015; Ziaeianet al.,

2016; Conradet al., 2018). Developing countries characterised by limited resources

and infrastructures, demonstrate the greatest burden of heart failure. Shimokawaet al.

(2015) reported that the prevalence of heart failure amongst hospitalised patients

in Asia ranges from 3.4% to 6.7% based on hospital admission estimates. A cross-

sectional study of randomly selected individuals� 45 years of age performed in a

small Brazilian city, resulted in 9.3% of the population presenting symptomatic heart

failure (Jorgeet al., 2016). Across all low- and middle-income countries from which

data was available, the mean age of patients with heart failure was 63 years, which
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is a decade younger than in studies from high-income countries (Callenderet al.,

2014).

High-income countries or regions such as the United States, Canada and western

Europe, demonstrate a heart failure prevalence of 1.5%to 2.7%, representing the most

common cause of hospitalisation in patients older than 65 years (Rogeret al., 2012).

In Germany, heart failure has been reported as the leading cause for hospitalisation

(Kasparet al., 2018). Last but not least, despite the socioeconomic status, rural

regions are more affected than urban regions (Sunet al., 2018; Holstiegeet al.,

2019).

It is important to note that evidence of heart failure prevalence in developing

countries such as in Africa, Asia, the Middle East and South America is lacking

(Dokainishet al., 2015; Lokkeret al., 2016). This is partly explained by inadequate

public policies and limited resources (Bocchiet al., 2013). As a consequence,

the majority of the world's population and the majority of the population with

lower healthcare quality/accessibility are under-represented in heart failure research

(Dokainishet al., 2015). However, regardless of sex, race and geography, the high

incidence of heart failure worldwide emphasises the importance of both prevention

and the development of accessible and affordable treatments (Mendezet al., 2001).

2.3 Mechanical circulatory support strategies: state-

of-the-art

Since the �rst operation in 1968, heart transplantation has become the established

treatment for end stage heart failure patients, with an estimated 7,626 heart

transplants performed worldwide in 2016 (World Health Organisationet al., 2018).

Unfortunately, availability of this gold standard treatment is highly limited by the

scarcity of suitable donor hearts and the ever-increasing number of patients on

waiting lists. Eurotransplant (organization responsible for encouraging and

coordinating organ transplants in eight European countries) recorded an increase in

patients on the heart transplant waiting list of 50% between 2005 and 2015

(Eurotransplant International Foundation, 2015). A shortage of viable heart organs

resulted in a mortality rate of 21.7% on the Eurotransplant waiting list in 2013. In

Australia in 2017, only 117 hearts out of the 510 total organ donors could be used,

with 222 active heart candidates on the waiting list (The Australia and New Zealand

Cardiothoracic Organ Transplant Registry, 2018). In Germany in 2015, 790 patients

were listed for heart transplant with only 286 hearts transplanted (Prinzinget al.,

2016).
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Mechanical Circulatory Support (MCS) devices as bridge to recovery, bridge

to candidacy, bridge to transplant and destination therapy have been appealing

and essential solutions to support patients on the organ donor waiting list or to

provide an alternative to heart transplant. Today's MCS devices mainly comprise:

Ventricular Assist Devices (VADs) for the Left (LVAD) or Right (RVAD) ventricle,

Total Arti�cial Heart (TAH) and ExtraCorporeal Membrane Oxygenation (ECMO).

A VAD consist of a pulsatile, centrifugal or axial pump, blood is commonly pumped

from a ventricle and pumped back into the aorta (LVAD) or the pulmonary artery

(RVAD). Percutaneaous VADs, such as the Impella and the TandemHeart, are inserted

through the skin whereas non-percutaneous VADs require open-heart surgery. A

TAH is a pump that replaces both ventricles and the four cardiac valves. ECMO is an

extra-corporeal circuit that is commonly used to by-pass the function of the heart and

lungs; deoxygenated blood is withdrawn from a main vein and pumped back into a

main artery after being oxygenated through an extra-corporeal oxygenator. Detailed

presentation of these devices is reported in the following paragraphs. Preference

for support strategy depends on the patient condition and the degree of heart failure

(Table 2.2).
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Table 2.2 Indications for Mechanical Circulatory Support (MCS). ECMO,
ExtraCorporeal Membrane Oxygenation; VAD, Ventricular Assist Device; BiVAD,
BiVentricular Assist Device; IABP, Intra-Aortic Balloon Pump. Modi�ed from
(Ponikowskiet al., 2016).

Bridge To Decision Use of short-term MCS (e.g. ECMO, IABPs and
short-term VADs) in patients with cardiogenic shock
until haemodynamics and end-organ perfusion are
stabilised, additional therapeutic options including
long-term VAD therapy or heart transplant can be
evaluated.

Bridge To Candidacy Use of MCS (usually VADs) to improve end-organ
function in order to make an ineligible patient eligible
for heart transplantation.

Bridge To Trans-
plantation

Use of MCS (VADs or BiVADs) to keep a patient
alive who is otherwise at high risk of death
before transplantation whilst a donor organ becomes
available.

Bridge To Recovery Use of MCS to keep patient alive until cardiac
function recovers suf�ciently to remove MCS.

Destination Therapy Long-term use of MCS (VADs) as an alternative to
transplantation in patients with end-stage heart failure
who are ineligible for transplantation or who will wait
a long time for heart transplantation.
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Uptake of MCS has been promising; today around 50% of the patients from most

heart transplant waiting lists are being assisted by a MCS device (Fig. 2.8) (Khush

et al., 2018) and between 2013 and 2016, 41% of the patients from the International

Mechanically Assisted Circulatory Support (IMACS) registry received devices as

destination therapy (2013-2016) (Kirklinet al., 2018).

Figure 2.8Percent of patients bridged with Mechanical Circulatory Support
(MCS) by year and device type (adult heart transplants: 2005 to 2016). ECMO,
ExtraCorporeal Membrane Oxygenation; LVAD, Left Ventricular Assist Device;
RVAD, Right Ventricular Assist Device; TAH, Total Arti�cial Heart; VAD, Ventricular
Assist Device (Khushet al., 2018).

In the second annual report from the IMACS, the 4-year survival (2013-2016)

with continuous-�ow LVADs and biVADs was around 70% for recipients younger

than 49 years old, around 55% for recipients between 50 and 69 years old, and

around 40% for recipients older than 69 years old (Fig. 2.9) (Kirklinet al., 2018). In

the latest International Thoracic Organ Transplant Registry of the International

Society for Heart and Lung Transplantation (ISHLT), the 4-year survival with heart

transplant (2009-mid 2016) was around 80% for recipients from 18 to 59 years old

and around 75% for recipients >60 years old (Fig. 2.10) (Khushet al., 2018).

Although prognostics remain higher for heart transplants, MCS devices for

destination therapy are becoming more popular (Stretchet al., 2014); this is due to

the decrease in associated mortality rate resulting from improvements in therapy

ef�ciency.
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Figure 2.9Actuarial survival curve for continuous-�ow Left Ventricular Assist
Devices (LVADs) and BiVentricular Assist Devices (BiVADs), strati�ed by pre-
implant age group, January 1, 2013 to December 31, 2016 (n = 13,618). The
shaded areas indicate� 1 standard error (Kirklinet al., 2018).

Figure 2.10Kaplan-Meier adults heart transplant survival by recipient age group
(years) (January 2009 to June 2016) (Khushet al., 2018).
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2.3.1 Cardiogenic shock

Cardiogenic shock is rapidly deteriorating heart failure leading to critical end-organ

perfusion. First-line standard pharmacological treatments aiming at improving organ

perfusion and cardiac output fail to improve outcomes in these patients (Mebazaa

et al., 2018). Decompensated dilated cardiomyopathy, ischaemic cardiomyopathy,

and acute myocardial infarction are the main causes for cardiogenic shock (Kirklin

et al., 2018). According to recent registries and clinical trials, cardiogenic shock

is still associated to mortality rates approaching 40-50% (Aissaouiet al., 2012;

Thiele et al., 2017) and survivors suffer from high morbidity (Feistritzeret al.,

2018; Mebazaaet al., 2018). Short-term MCS devices have therefore been used

as acute bridge-to-decision support to mainly stabilise haemodynamics, recover

end-organ function or provide time to clinicians to evaluate the possibility of either

heart transplant or utilising a more durable MCS device. Short-term MCS devices

implanted as a bridge-to-decision are gaining in popularity (Kuriharaet al., 2018). An

analysis of US trends in a 4 years period (2007-2011) presented a 1,511% increase in

short-term percutaneous devices and a 101% increase in short-term non-percutaneous

devices (Fig. 2.11) (Stretchet al., 2014). Widespread availability of these devices is

essential to optimise cardiogenic shock care and reduce the "door-to-support" time

(Bonelloet al., 2018).

Since its �rst clinical use in the 1960's, the Intra-Aortic Balloon Pump (IABP)

has been the most commonly and widely used mechanical device (Fig. 2.11) (Thiele

et al., 2017; Kuriharaet al., 2018). However, due to the neutral outcomes of the

Shock Trial II (Pappalardoet al., 2018) and the limited ventricular support it provides,

there has been an increased use of more effective MCS devices (Sandhuet al., 2015)

and European guidelines downgraded the routine use of the IABP (Ponikowski

et al., 2016; Pappalardoet al., 2018). Currently, most predominant mechanical

devices used for short-term support in case of cardiogenic shock are short-term

VADs, ExtraCorporeal Membrane Oxygenation (ECMO) and IABP. Utilisation

and limitations of these applications are presented in the following paragraphs.

Comprehensive state-of-the art of the IntraVentricular Balloon Pump (IVBP) will

then be presented.
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Figure 2.11 Mechanical Circulatory Support (MCS) devices between 2004 and
2011: use of Intra-Aortic Balloon Pump (IABP), permanent and short-term
devices, ExtraCorporeal Membrane Oxygenation (ECMO), and Percutaneous
CardioPulmonary Support (PCPS) (Stretchet al., 2014).
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2.3.2 Ventricular assist devices

Ventricular Assist Devices (VADs) are mechanical therapies that aim at supporting

patients with advanced heart failure over a short or long period of time. They are used

to provide left (LVAD), right (RVAD) or both ventricles (BiVAD) circulatory support

by pumping blood from the corresponding ventricle (or atrium) to the systemic

and/or pulmonary circulations (Fig. 2.12).

In the last two decades, the development of VADs has made signi�cant progress.

Today, mid- to long-term VAD devices are rotary blood pumps and, to a smaller

extent, volume displacement blood pumps (Haywardet al., 2015). However, durable

VADs are not ideal for patients in critical cardiogenic shock. Short-term VADs are

preferred to stabilise and resuscitate patients' vital functions, allowing doctors to

assess the potential recovery of the native cardiac functions or the suitability for

heart transplant or durable MCSs (Limaet al., 2016; Shahet al., 2016).

Figure 2.12Right Ventricular Assist Device (RVAD) and Left Ventricular Assist
Device (LVAD) connected to the right and left ventricle respectively. PA = Pulmonary
Artery, RA = Right Atrium, Ao = Aorta, (Simon, 2013).

Figure 2.13 presents three short-term VADs currently used in acute heart failure

settings: the Impella, the CentriMag, and the TandemHeart.
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haemodynamic stabilisation while being clinically evaluated (Combeset al., 2008;

Coveet al., 2010; Rastanet al., 2010).

Despite these advantages, ECMO is burdened by a signi�cant risk of 30 day

mortality and morbidity. This is mainly due to the lack of LV unloading and the

extremely high increase in LV afterload leading to excessive oxygen demand and

wall tension (Nersesianet al., 2018; Spongaet al., 2018). As a result ECMO support

may cause adverse bleeding, stroke, infection and prolonged support may result in

pulmonary hypertension and interstitial lung oedema (Hoeferet al., 2006; Combes

et al., 2008; Rastanet al., 2010; Maet al., 2014; Werdanet al., 2014; Shishehbor

et al., 2017).

There is a lack of randomised control trials demonstrating the effectiveness of

ECMO. ECMO is limited by its reduced outcome compared to VADs (Jeewaet al.,

2010). Kuriharaet al. (2018) observed a 40-50% rate of survival to recovery or

to next therapy for VA-ECMO patients. Similarly, Dangerset al. (2017) reported

a 1-year survival of 42% among a selected cohort of 105 patients implanted with

VA-ECMO for acute decompensated heart failure. In comparison, VAD patients

have a one year survival rate of over 70% (Kirklinet al., 2017).

2.3.4 Intra-aortic balloon pump

The Intra-Aortic Balloon Pump (IABP) has been extensively used since its

development in the 1960s (Khiret al., 2003; Dokainishet al., 2015; Parissiset al.,

2016). The IABP has been the �rst-line treatment device to support patients with

acute heart failure at most centres worldwide (Gregoric, 2012).

However, with less than 1.5 L/min of support, it is only suitable for improving

coronary perfusion and reducing myocardial oxygen demand (Krishnaet al., 2009);

as opposed to short-term VADs and ECMO, the IABP is not suitable for patients

who need high levels of support (more than 1.5 L/min) (Gregoric, 2012).

The device consists of a 25 to 50 mL balloon mounted on a �exible catheter and

connected extracorporally to a pump and control system. The intra-aortic balloon is

inserted via the femoral artery and placed 10 to 30 mm beneath the subclavian artery

under �uoroscopic guidance (Fig. 2.15) (Wahaet al., 2014).
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Figure 2.16Systemic pressure response to an Intra-Aortic Balloon Pump (IABP).
Notable decrease in systolic pressure with balloon counterpulsation (double arrow)
and augmentation of diastolic pressure (area under curve in blue), thus decreasing
afterload and increasing in�ow pressure to the coronary and other vascular beds
during diastole. EDP: End-Diastolic Pressure (Turiet al., 2015).

IABP clinical effects are however ambiguous and not consistent (Santa-Cruz

et al., 2006; De Silvaet al., 2014). Schampaertet al. (2015) partly explains this

inconsistency by the inappropriate de�nition of the studied clinical conditions. They

observed that in case of heart failure without myocardial ischaemia, the IABP induces

only a small increase in cardiac output but no increase in coronary �ow. They

concluded that in scenarios with a viable myocardium, autoregulation of coronary

perfusion prevents the augmentation of coronary �ow expected from the increase

of blood pressure. The ease of insertion, lower complication rate and reduced cost

compared to other MCS devices make the IABP attractive (Kapelioset al., 2014).

Amione-Guerraet al. (2016) reported a two-fold increase in total costs associated to

LVADs as bridge to transplantation when compared to an IABP strategy. IABPs are

nonetheless not suitable for supporting patients that require signi�cant ventricular

circulatory support.

Based on the same volume-displacement concept as the IABP, intraventricular

balloon pumps have been considered to assist patients that require signi�cant

ventricular circulatory support. The motivation in developing the intraventricular

balloon pump concept lays in the similarity to the IABP, intraventricular balloon

pumps should be easy to insert and associated to lower cost compared to other MCS

devices. Moreover, the lack of pulsatility provided by continuous-�ow VADs and

the associated non-physiologically high levels of shear stress motivated the

development of pulsatile intraventricular balloon pump.
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2.3.5.1 IVBP balloon shape

To assess the optimal balloon shape, Stamatelopouloset al. (1996) measured the

effect of �ve different shapes on aortic pressure and aortic �ow resulting from the

IVBP in �brillating dog hearts. These balloon shapes (Fig. 2.18), comprised a

spherical shape (1), a pear shape (2), a shape of the LV cast (3), a biconvex shape

(4) and a pear shape mounted on the distal tip of a catheter (5). The authors did not

provide more information on the way the LV cast was generated.

Figure 2.18IntraVentricular Balloon Pumps (IVBP) shapes: (1) spherical, (2) pear-
shaped, (3) shaped like the cast of the left ventricle, (4) biconvex and (5) pear-shaped
mounted on the distal tip of the catheter. Deformation motion of balloons (2) and (5)
is depicted with numbered arrows (Stamatelopouloset al., 1996).

Balloon shapes (1) and (4) were rejected from the statistical analysis as they

showed poor and very poor performance results. Mean aortic pressure and �ow

associated to balloon shapes (2), (3) and (5) are presented in Table 2.6. Balloon (5)

resulted in the highest aortic pressure and �ow when compared to balloons (2) and

(3). Yet different in shape, balloons (2) and (3) resulted in similar haemodynamic

results. This observation led to the conclusion that the in�ation motion of the balloon

was an important factor in the support of LV insuf�ciency. The in�ation of the

pear-shaped balloon from the LV apex to the tip of the balloon (balloon (5)) resulted

in a better support (in term of aortic pressure and �ow) when compared to a balloon

with the same shape but with a uniform volume in�ation (balloon (2)). In balloon

(5), the base in�ated before its apex, in balloon (2) the base and apex in�ated at the
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same time (numbered arrow in Fig. 2.18). The in�ation motion of the balloon is

therefore a key factor to take into account in the development of an IVBP.

Table 2.6 Haemodynamic indices of assisted left ventricles with different
intraventricular balloon shapes. AoP; aortic pressure and AoF; aortic �ow
(Stamatelopouloset al., 1996).

Parameter

(mean� std)

Shape (2)

pear-shaped

Shape (3)

cast of the left

ventricle

Shape (5)

pear-shaped mounted

on the catheter tip

AoP (mmHg) 104.6� 4.5 94.6� 7.5 112� 5

AoF (mL/kg/min) 67 � 2.8 68.5� 3.1 77.9� 1.7

2.3.5.2 IVBP balloon volume

The volume of the tested balloons differed with the studies and from animal to animal.

Moulopouloset al. (1989), Stamatelopouloset al. (1995), and Stamatelopouloset al.

(1996) were the only groups to justify the choice of the balloon volume. Depending

on the experimented animal size, Moulopouloset al. (1989) used four different

volumes; 40 mL, 60 mL, 80 mL and 100 mL. Stamatelopouloset al. (1996) assessed

three different volumes; one equal to the LV End-Diastolic Volume (LVEDV), one

25% larger than the LVEDV and one 25% smaller than LVEDV. The LVEDV was

measured by echocardiography. The optimal volume was identi�ed by assessing

the effect of the IVBP on the mean aortic pressure and �ow. The results (Table 2.7)

indicated that an intraventricular balloon volume equal to the corresponding LVEDV

resulted in the largest mean aortic pressure and �ow when compared to a volume

25% larger or 25% smaller than the LVEDV.

Table 2.7Haemodynamic indices of assisted ventricles with different balloon volumes.
AoP: Aortic Pressure, AoF: Aortic Flow, LVEDV: Left Ventricular End-Diastolic
Volume and std: standard deviation (Stamatelopouloset al., 1996).

Parameter

(mean� std)
� 25% LVEDV LVEDV + 25% LVEDV

mean AoP (mmHg) 97.8� 3.3 106.4� 2.7 87.4� 2.3

AoF (mL/kg/min) 63.7� 4.1 84.7� 2.4 70.9� 3.4
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2.3.5.3 IVBP actuation

Similar IVBP timing was used in all studies; the balloon was always in�ated during

LV systolic period and de�ated during LV diastolic period. No other in�ation timing

strategy was evaluated.

2.3.5.4 Combination of IVBP and another device

To further improve IVBP performance, Bregmanet al. (1974) and Moulopoulos

et al. (1989) assessed the effect of combining an Intra-Aortic Balloon Pump (IABP)

with the IVBP (Fig. 2.19) and Stamatelopouloset al. (1995) assessed the bene�ts of

combining a right IVBP with a left IVBP.

Figure 2.19Drawing showing experimental setup combining an Intra-Aortic Balloon
Pump (IABP) to and IntraVentricular Balloon Pump (IVBP) in a �brillating Left
Ventricle (LV). Pump I operated the IVBP and pump II operated the IABP. The
balloon in�ation/de�ation during LV �lling (left) and during ejection (right) are
shown (Moulopouloset al., 1989).

In the �rst study by Bregmanet al. (1974), addition of an IABP to an IVBP did

not signi�cantly affect the aortic �ow, the mean aortic pressure and the LV stroke

work. Combining an IABP to an IVBP demonstrated promising LV unloading and

myocardial perfusion augmentation. The addition of the IABP resulted in a 40.8%

decrease in LV end-diastolic pressure, 28.9% decrease in mean left atrial pressure,

and 6% increase in the coronary sinus �ow compared to the IVBP alone.
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In the second study by Moulopouloset al.(1989), the IABP addition signi�cantly

decreased the mean peak systolic LV pressure from 136.5� 9.1 mmHg with the

IVBP alone to 113� 6.47 mmHg with the IABP addition. The mean diastolic LV

pressure did not differ signi�cantly. As opposed to the �rst study, in this study,

the IABP addition signi�cantly increased the aortic �ow; during pumping with the

intraventricular balloon alone the aortic �ow reached 69.61� 7.99 mL/min/kg with

both balloons, the aortic was 87.83� 7.18 mL/min/kg.

Stamatelopouloset al. (1995) observed that in situations where an IVBP was

supporting an LV with a systolic aortic pressure� 100 mmHg, the addition of a

right IVBP did not further improve the dynamics of the heart. However, in case of

ineffective left IVBP support (when systolic aortic pressure <100 mmHg) explained

by a malpositioning of the balloon inside the LV, the addition of the right IVBP

improved the mean aortic pressure by 25% and mean aortic �ow by 21% (Table 2.8).

These results showed that additional mechanical strategies could be used to

improve the ef�ciency of the IVBP.

Table 2.8Effect of balloon pumping strategies on haemodynamics of �brillating
hearts. Group A; animals maintaining systolic aortic pressure� 100 mmHg
and group B; animals maintaining systolic aortic pressure< 100 mmHg. LVBP;
Left Ventricular Balloon Pump, RVBP; Right Ventricular Balloon Pump, AoP;
Aortic Pressure, AoF; Aortic Flow, RVP; Right Ventricular Pressure, LAP; Left
Atrial Pressure and CVP; Central Venous Pressure, std; standard deviation
(Stamatelopouloset al., 1995).

Parameters

(mean� std)

LVBP alone

� 100 mmHg

LVBP +

RVBP

� 100 mmHg

LVBP alone

< 100 mmHg

LVBP +

RVBP

< 100 mmHg

AoF

(mL/kg/min)
81.81� 2.0 81.1� 3.1 56.8� 2.6 72.0� 3.9

Systemic AoP

(mmHg)
109.8� 2.0 117.3� 4.3 81.0� 2.6 108.8� 3.5

Systemic RVP

(mmHg)
16.2� 1.2 28.8� 2.5 16.5� 0.6 22 � 2.1

Mean LAP

(mmHg)
11.2� 0.8 18.5� 0.6 15 � 1 17.3� 1.4

CVP (mmHg) 16.2� 0.6 14.0� 0.5 21.0� 0.5 15.9� 0.6
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2.3.5.5 Recent studies (2018-2019)

The lack of pulsatility provided by continuous-�ow VADs and the associated non-

physiologically high levels of shear stress motivated Zhuet al. (2018) and Zhuet al.

(2019) to develop an IVBP (referred to as iVAD). A Mock Circulatory Loop (MCL)

simulating both systemic and pulmonary circulations was used to test the device.

They evaluated the effect of the IVBP on the simulated haemodynamics and on

stroke volume more particularly. The moulded ellipsoidal balloon capacity was

40-50 mL, three balloon in�ation rates were tested and the actual operating balloon

capacity was not reported.

Resulting haemodynamic indices under iVAD support for different heart rates

and balloon in�ation rates are depicted in Table 2.9. It was observed that the iVAD

signi�cantly increased the LV pressure (from 106 mmHg to 158 mmHg at 90 bpm),

the aortic pressure (102/77 mmHg to 146/92 mmHg at 90 bpm) and the cardiac

output (from 2.3 L/min to 4 L/min at 90 bpm) when compared to the unassisted

simulated heart failure case. Although the total stroke volume (total stroke volume =

native ventricle stroke volume + iVAD stroke volume) increased with iVAD support,

it was observed that the iVAD supported native ventricle stroke volume markedly

decreased by 38% indicating reduction in myocardial work.

Table 2.9Resulting haemodynamics for a simulated healthy heart condition, a
simulated heart failure and under iVAD support. HR; Heart Rate, LVP; Left
Ventricular Pressure, AoP; Aortic Pressure, SV; ventricular Stroke Volume, CO;
Cardiac Output (Zhuet al., 2019)

Parameters Healthy

heart

Heart Failure iVAD support

HR (bpm) 75 75 90 120 75 90 120

LVP (mmHg) 120/10 107 106 106 155 158 156

AoP (mmHg) 120/80 103/74 102/77 100/74 143/87 146/92 145/93

SV (mL) 60-70 28.9 25.5 18.8 54.4 44 34.2

CO (L/min) 4.5-5.25 2.2 2.3 2.3 4.1 4 4.1

Zhu et al. (2019) reported that intraventricular balloon in�ations may be

detrimental to the myocardium, precipitate atrial �brillation and induce thrombosis

due to changes in LV �ow �elds. The study did not assess the presence of the

papillary muscles and chordae tendinae and recognised the risk in potentially

causing mitral valve regurgitation. They suggested conducting additional studies to

address these foreseen problems.
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Driven by the same motivation to augment pulse pressure and �ow pulsatility,

Gharaieet al. (2019) investigated the potential of using IVBPs to support cardiac

function in heart failure. Due to manufacturing costs of custom balloons, optimisation

of the balloon shape was not part of the study. A medical grade polyurethane balloon

that was commercially available was selected based on the short and long axis of an

explanted porcine heart (Fig. 2.20).

Figure 2.20Intraventricular balloon selection. (left) Solidi�ed Eco�ex 0030 polymer
representing the blood volume inside an explanted porcine left ventricle and (right)
selected polyurethane balloon in its non-in�ated state (atmospheric pressure).
a = 56.9 mm, b = 53.5 mm, c = 53.6 mm, d = 53.6 mm (Gharaieet al., 2019).
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The balloon was tested in explanted non-contractile porcine hearts (n = 6)

connected to a systemic MCL (Fig. 2.21).

Figure 2.21Systemic mock circulatory loop for the soft ventricular assist device
evaluation. 1- out�ow connector, 2- pressure sensors, 3- �ow meter, 4- resistor, 5-
compliance chamber, 6- pressure regulator, 7- high pressure supply, 8- solenoid
valve, 9- reservoir, 10- silicone tubing, 11- pressure sensor, and 12- in�ow connector
(Gharaieet al., 2019).

Although the balloon shape was not optimised to avoid the papillary muscles and

chordae tendinae, interaction between the balloon and the sub-valvular apparatus

was assessed with 2D echocardiography (Fig. 2.22). Interestingly no detrimental

interaction was observed on aortic and mitral valve functioning.

Figure 2.22Echocardiography images of a porcine heart with an implanted
intraventricular balloon pump (SVAD) at a) peak systole and b) end-diastole
(Gharaieet al., 2019).
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The main drawback of the study was the absence of ventricular contractility. The

support provided by the IVBP was not representative of the work it would provide

in a physiologically contractile ventricle. A systolic time of 45% yielded the most

acceptable ejection fraction of 50.47% � 1.402% (n = 6, mean� standard deviation);

it is expected that constructive or destructive IVBP function in synchrony with the

native ventricle will alter these results.

2.3.5.6 Pump and study limitations

State-of-the-art of IVBPs demonstrated limitations related to the device and

limitations related to the studies.

Despite the positive mechanical circulatory support provided by IVBPs, the

device performance appeared to be limited by the induction of mitral regurgitation.

In numerous studies (Donaldet al., 1972; Satavaet al., 1974; Moulopouloset al.,

1989; Stamatelopouloset al., 1996), the presence of mitral valve regurgitation was

noted but no evaluation aiming at quantifying and analysing the effect of IVBPs on

mitral valve regurgitation has been reported. A major problem leading to potential

mitral valve regurgitation was identi�ed; the presence of the intraventricular sub-

valvular apparatus was not taken into account in the balloon design. It is expected that

the balloon in�ation caused compression and distortion of the mitral valve apparatus

eventually leading to prolapse of the mitral valve and concomitant regurgitation.

Previous studies used the same in�ation/de�ation timing; the balloon was in�ated

during the entire systolic period and de�ated during the entire diastolic period.

Moreover, balloon in�ation intensity was selected to maximise the aortic �ow.

Comprehensive evaluation of IVBP actuation timing should be conducted to describe

the degree of support the device could provide. Parameters such as end-systolic

and end-diastolic volumes should be included in the IVBP evaluation strategy; LV

dilation must be avoided to prevent further impairment of myocardial properties.

As noted by Zhuet al. (2019), actuation of the balloon inside the ventricle could

alter intraventricular blood �ow dynamics and induce thrombosis. There is a need in

understanding the changes in �ow dynamics induced by the balloon and evaluate its

potential adverse consequences.

This IVBP review indicated that the IVBP device could be ef�cient in terms of

haemodynamics in supporting patients with low aortic �ow. Balloon volume, shape

and positioning were critical features that limited the application. Three main gaps

in knowledge of the IVBP concept were identi�ed: 1- the lack of anatomical analysis

in the balloon design, with a need to design the balloon shapes to prevent mitral

regurgitation; 2- the lack of understanding of the effect of IVBP actuation timing on
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haemodynamics; and 3- the lack of understanding of the effect of IVBP actuation on

intraventricular �ow dynamics.

In future, modern experimental and device design methods need to be exploited

to pursue the IVBP development and draw conclusions on its feasibility.

2.4 Anatomical based designs

Dimension, placement, function and anatomical constraints are critical components

to include in the design of any implantable device. Interactions between a cardiac

pump and the recipient anatomy was often overlooked in early designs; many devices

failed due to kinking at the connecting points between the tissue and the device and

due to compression of collapsible vital structures such as the atrium and large veins

(Jacobset al., 1978).

Methods aiming at designing medical devices based on patients' anatomy started

to be developed. Early medical device shape-optimisation was based on cadaver

studies, external measurements and intra-operative measurements. Identi�cation of

the most appropriate device shape was sought by trial and error. The main limitations

of these empirical methods were the cost, time, and lack of repeatability.

Later, with the arrival of medical imaging such as echocardiography, magnetic

resonance imaging and computed tomography,in vivoanatomical images could be

acquired and used for creating computational models andin silico anatomical �tting

studies. Computational modelling has revolutionised device designs; today there is

great motivation to improve the understanding of the device/anatomy interface prior

to embarking on animal and human trials.

Depending on the application, two types ofin silico anatomical �tting strategy

are being used: patient speci�c and population speci�c. The main advantage of

patient speci�c designs is the option to �t a device exactly to the subject's anatomy.

This strategy requires the creation of a patient speci�c 3D model. This patient �tting

strategy is more relevant for complex or abnormal cases. A trade-off between the

anatomy variability and cost of designing a single model speci�c to one subject must

be considered. As opposed to patient speci�c design, population based designs aim

at de�ning the geometry of a device so that it �ts the majority of a population - this

may be achieved through a range of sizes of device.

To ensure anatomical pump �tting to prospective candidates, Jacobset al. (1978)

aimed at quantitatively de�ning the human thorax with a statistical analysis

identifying the anatomical boundaries for the implantation of a Total Arti�cial Heart

(TAH) (Fig. 2.23).
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Figure 2.23Variables recorded and analysed for statistical anatomical �tting
of a total arti�cial heart. Because thorax structures are three dimensional, a
complete description must necessarily involve dimensions from both a) vertical
and b) transverse planes (Jacobset al., 1978).

The analysis was based on the assumption that most organs and structures in

healthy human bodies or in a speci�c population (e.g. with cardiac disease) have

similar con�gurations, and variations are mainly due to differences in sizes. The

study made use of moulds from frozen cross sections of cadavers, published data

and radiograms of living patients to create a population shape model. To the author's

knowledge, Jacobset al. (1978) was the �rst published work on the development of

a population anatomical shape model that accounted for anatomy variability within a

population. The main limitation of this method relied on the manual measurement

of the anatomical structure analysed and the variability in data source. This early

study shows the relevance of anatomical 3D modelling based on digital images as a

solution for increasing the accuracy and the time of the measurements.

Statistical Shape Modelling (SSM) is a new strategy that arose in the last decade

with the evolution of image processing software. It quanti�es shape differences

between members of a population by reducing a high dimensional representation of

structures onto a lower dimensional space.

This algorithm strategy has been and is still under development for different

purposes (Fig. 2.24); radiographic image segmentation, disease diagnostic, fracture

risk, object recognition and capturing variability of biological structures. It is used

to establish correlations between a variety of structural and functional biometrics

and to quantify how these correlations change from health to disease.
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Figure 2.24Framework of Statistical Shape Modelling (SSM); (1) segmentation
of medical imaging data, (2) reconstruction of the anatomical segment of interest,
(3) generation of the mean shape of a population by repeating these two steps for
all the patients in the population, (4) post-processing involving methods such as
Principal Component Analysis (PCA), allowing comparison of variations in shape
(e.g., 2� standard deviation from the mean shape) and performance of quantitative
assessments(Biglino et al., 2017).

Bruseet al. (2016) presented an interesting example of an SSM based device;

they aimed at designing a cavopulmonary assist device that �tted the majority of a

target population despite anatomical variability. They performed a statistical analysis

of the region of interest and created an average shape referred as thetemplate. As

a result of this study they had geometric and anatomic evidence to support their

design. Thetemplateprovided a solution to avoid cost intensive patient speci�c

device development and a more economicalfew-sizes �t allconcept could be adopted

for subgroups of a patient population.
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2.5 Evaluation of left ventricular mechanical assist

devices

Before validating mechanical devices in humans, bench tests and other preliminary

analyses are essential to evaluate device performance in different ranges of physio-

and pathophysiological conditions. Depending on the application, different features

de�ning the ef�ciency, operation and control functions of the device such as pressures,

�ows and powers for example are evaluated. Iterative designs based onin silico, in

vitro, ex vivoandin vivo testing allow for a cost-effective development strategy for

better end-results with lower risks for the patients.

2.5.1 In-silico

In silico testing is based on computational simulations; other than a computer and

simulation software, no equipment is required. This �rst stage test aims at simplifying

the physiology of interest with four types of models; 1- lumped parameter models,

2- distributed models, 3- computational �uid dynamics and 4- multiscale models.

The main limitations ofin silico models are the oversimpli�cation of the simulated

system, the adequate choice of assumptions, the simulation time and the solver

capacity. Although computational �uid dynamics could be valuable in the IVBP

evaluation stage, it is out of the scope of this project.

2.5.2 In-vitro

In vitro or on-bench testing is used for the simulation and measurement of a physical

model representing a physiological system. This physical model can be composed of

electronic, hydraulic and pneumatic components such as in Mock Circulatory Loops

(MCLs).

2.5.2.1 Mock circulatory loops

Mock Circulatory Loops (MCLs) are mechanical representations of the human

cardiovascular system. They may be used as educational tools or to evaluate the

effect of cardiovascular devices (e.g. arti�cial valves, stent grafts, VADs, IABPs, etc.)

on the simulated cardiovascular system response. MCLs are composed of continuous

elements (e.g. pipes) and singular elements (e.g. valves, resistances, chambers,

etc.) that ful�l speci�c physiological functionalities; resistance, compliance and

inertia. This type of lumped circuit is referred to as the Windkessel model; with
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increasing number of elements, the simulated circulatory system becomes more

complex thereby mimicking the natural heart and circulatory function more closely.

The choice of hydraulic circulation modules is essential for accurate simulation of

the physiological system. Speci�c characteristics of cardiovascular haemodynamics

will emerge only with utilisation of appropriate models. Parameters of the lumped

elements are tuned to achieve speci�c physiological states - healthy or heart failure

for example.

Resistance. The vascular resistance is the impediment that has to be overcome to

move blood through the cardiovascular system and create �ow. Vascular resistance

(R) is proportional to the �uid viscosity (h ), the vessel length (L) and the vessel

radius (r) as per the expression 2.1:

Rµ
hL
r4 (2.1)

There is no direct way to measure vascular resistance, instead it is computed from the

blood �ow and the pressure drop between two points. In the cardiovascular system,

the resistance is biologically controlled by varying the diameter of the vessels; to

increase the resistance thereby reduce the �ow, arteries or veins are constricted (i.e.

vasoconstriction); in contrast, vasodilation is used to generate the opposite.

Among the different MCL studies, multiple ways of modelling the vascular

resistance have been used; in the majority of the cases resistances are modelled at

one speci�c point in the circuit, some are manually controlled whereas others are

electrically controlled. Duranet al.(1964) and Legendreet al.(2008), used a �exible

tube with a variable section adjusted by a clamp or a tourniquet. Donovan (1975)

developed a valve system: a swinging gate operated by an automatic bellow. Cornhill

(1977) and Sharpet al. (1999) used a porous block of sintered aluminium oxide with

an adjustable cross section area to oppose a resistance to the �ow. Pantaloset al.

(2004) used open cell-foam of different densities compressed by pistons to create

the required amount of �ow resistance. Today most MCLs use computer-controlled

proportional pinch valves (Timmset al., 2005; Cuenca-Navalonet al., 2014). If the

Cardiac Output (CO), the Left Atrial Pressure (LAP) and the Mean Arterial Pressure

(MAP) are known, the Systemic Vascular Resistance (SVR) can be calculated by

Equation 2.2:

SVR=
MAP� LAP

CO
(2.2)

Normal physiological values for the systemic vascular resistance range from 1.0

to 1.2mmHg� s� mL� 1 (Guytonet al., 2006; Levick, 2013). Table 2.10 presents

different vascular resistance values reported in the literature.
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Table 2.10Systemic vascular resistance values reported in the literature.

Heart Condition Systemic Vascular Resistance
mmHg� s� mL� 1 (dyne� s� cm� 5)

Authors

Healthy 1.86 (2485) Cornhill (1977)
Recovering from heart

failure 0.98 (1300) Ferrariet al. (2002)

Healthy 1.00
Pantaloset al. (2004)

Heart failure 1.43
Healthy 1.46

Timmset al. (2005)
Congestive heart failure 1.8

Heart failure 1.22 (1624) Kolyva et al. (2010)

Vascular compliance. The vascular compliance de�nes the variation in volume

generated by a variation in pressure. It is used by a circulatory system to store

blood volume in speci�c regions of the circuit. Since veins are eight times more

elastic than arteries, the systemic venous compliance is twenty four times higher

than the systemic arterial compliance; 64% of the entire blood volume is stored in

the systemic veins as opposed to 20% in the systemic arteries (Guytonet al., 2006).

Cardiac compliance plays an important role in physiology. For the same end-

diastolic LV volume, the lower the cardiac compliance is, the higher the end-diastolic

pressure is. This effect is observable on a pressure-volume loop over a cardiac cycle;

the slope of the �lling period will be larger for a lower compliance.

In previousin vitro models, the arterial compliance has been simulated by

compressing air in a closed compliance chamber (referred to as Windkessel

chamber), by compressing air with a spring loaded on a rolling diaphragm

(Rosenberget al., 1981; Arabiaet al., 1984; Woodruffet al., 1997; Pantaloset al.,

2004), or by combining both methods (Ferrariet al., 2002). The advantage of spring

and piston systems lies in the compactness of the MCL design, however, compliance

modi�cation requires shut-down of the MCL and changing of the spring constant.

The Windkessel chamber on its own is not adequate to modify the compliance

during an experiment. To increase compliance options and enable continuous

changes of air volume Cuenca-Navalonet al. (2014) combined an electrical driven

piston and a three-way solenoid valve to inject or vent the compressed air inside the

chamber.

Another strategy was to mimic the mechanical behaviour of the aorta; Zannoli

et al. (2009) introduced in their MCL a tube made of a thin soft elastomeric material

to act as the aorta does. To simulate different cardiac conditions, Cassotet al. (1985)
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and Kolyvaet al. (2010) combined in parallel a silicone aorta with a Windkessel

chamber. Previously reported values of systemic and arterial compliances are

presented in Table 2.11.

Table 2.11Compliance values reported in the literature.

Heart condition Compliance [mL/mmHg] Researcher

Healthy

1 (systemic arterial)

Donovan (1975)
10 (systemic venous)

1 (pulmonary arterial)

5 (pulmonary venous)

Healthy
1.55 (systemic)

Rosenberget al. (1981)
4.84 (pulmonary)

Recovering heart
1.8 (total arterial)

Ferrariet al. (2002)
80 (systemic venous)

Healthy 1.3
Pantaloset al. (2004)

Heart failure 1.3

Healthy
2 (systemic arterial)

Y. Liu et al. (2006)
50 (systemic venous)

Healthy

2 (aortic)

Timmset al. (2010)

22.5 (systemic venous)

2.95 (pulmonary arterial)

7.1 (pulmonary venous)

Heart Failure

1.2 (aortic)

11.5 (systemic venous)

2.95 (pulmonary arterial)

7.1 (pulmonary venous)

Inertia. Blood inertia relates to the ability of the �ow to overcome changes in

its motion; it has a signi�cant in�uence on circulatory haemodynamics such as

preventing sudden blood movement all the way to the periphery. Inertia depends

on the volume of �uid moving in each section; it can be modi�ed by adjusting the

geometry of the piping (e.g. length, diameter).

Different types of mock circulatory loops. Depending on the application to be

tested and circuit to be modelled, multiple elements of the cardiovascular system are

integrated to a MCL. From a basic pulse simulator to an advanced hybrid model,
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speci�c elements of the cardiovascular system or full systemic and/or the pulmonary

circulations are simulated. Pulse duplicators are referred as the earliest type of MCLs,

they were introduced in the early 1950's to study cardiac valve motions (McMillan

et al., 1952). Davilaet al. (1956) developed a pulse duplicator for cinematographic

studies; they aimed at visualising valve dynamics in an explanted ventricle model

under physiological haemodynamic conditions. To cyclically contract and dilate

the excised heart, they assembled a cam mounted on a hydraulic-piston system. As

depicted in Figure 2.25, in addition to the pump and heart, the circuit comprised

an atrial �lling chamber, a lumped peripheral resistance and an elastic tube for

simulating arterial elastic recoil (i.e. compliance). Duranet al. (1964), Cornhill

(1977), and Warnocket al. (2005) also used and developed simple MCLs to create

heart beats and test functional performance and expected lifetime of prosthetic heart

valves. Their aim was to closely model the vascular impedance, the pressure and

�ow waves essential to the mechanical loading of the valves.

One-sided MCLs comprise either the pulmonary circulation for the performance

evaluation of right VADs (Mülleret al., 1997; Chenet al., 2018) or the systemic

circulation for the performance evaluation of left VADs (Ferrariet al., 1994; Mouret

et al., 2000; Pantaloset al., 2004; Zamarripa Garciaet al., 2008; Kolyvaet al., 2010;

Laumenet al., 2010; Khalafvandet al., 2018; Meschiniet al., 2018).

The main inconvenience of one-sided MCLs is that the model dynamics do not

take the in�uence of the second circulation into account; left atrial �lling is normally

dependant on the pumping of the right side of the heart and the right side dynamics

depends on the venous return from the left side. To partly address this problem

some features have been added to the single sided circulation, Ferrariet al. (2002)

added a pulmonary circulation model to a systemic model with contractions of the

right ventricle being synchronised to the LV contractions. Hybrid one-sided MCLs

use a computational model of the non-physically modelled circulation to operate a

�ow valve to adjust the �ow rate into the physically-modelled circuit. Examples of

hybrid one-sided MCL have been presented by Ferrariet al. (2001) and Kozarski

et al. (2003).

Complete MCLs simulate the combination of the pulmonary and systemic

circulations. Kolff (1959), Fresielloet al. (2013), Ochsneret al. (2013), and L. Liu

et al. (2014) are examples of groups who developed complete MCLs but their

common de�ciency was the absence of a Starling response. In fact, to signi�cantly

replicate the cardiovascular circulation and foresee interactions with VADs, Cox

et al. (2009) stated that the model has to incorporate the contractile behaviour of the

heart. For this reason, advanced engineer control feedback systems have been

evaluated and introduced into MCL systems (Reul, 1975; Ferrariet al., 2002;
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Pantaloset al., 2004). Example of advanced complete MCLs have been presented by

Timms et al. (2010) and Ruizet al. (2013). The �rst group used conventional

pneumatic actuators to simulate contraction phases whereas the second group used

stepper motors.

Figure 2.25Simple mechanical pulse duplicator. A- Atrial perfusion pressure
chamber, B- atrial viewing chamber, C- atrium, D- atrio-ventricular valve, E-
ventricle, F- pump, G- ventricular out�ow valve, H- out�ow valve viewing chamber,
I- elastic recoil simulating tube, K- peripheral resistance manometer, L- site for
connection of rotameter (Davilaet al., 1956).
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Ventricular models. Depending on the purpose of the MCL, speci�c

characteristics of the heart anatomy and physiology may be incorporated into the

circulation model; various ventricular and atrial chamber models have been used.

The simplest ventricular models are based on Windkessel chambers. This type of

model is mostly used to evaluate extra-cardiac devices as it is inadequate to introduce

and simulate intra-cardiac devices (Fig. 2.26 (a)).

Ventricle models made of collapsible rubber (Fig. 2.26 (b)) were introduced

to replicate the shape of animal or human ventricles. Björket al. (1962) whom

presented the initial concept, designed and constructed a mechanical pulse duplicator

with a rubber anaesthetic bag to model the LV. The aim of the study was to have

visual access to the mitral and aortic prosthetic valves and test valve competence,

resistance to �ow, alteration produced in pressure curves and material longevity.

(a)Windkessel chamber (b) Elastic chamber

Figure 2.26Mock Circulatory Loop (MCL) Left Ventricular (LV) models: a) double
sided MCL (picture taken at the ICETLAB) and b) systemic MCL from (Miloet al.,
2003). LA = Left Atrium, MV = Mitral Valve, LV = Left Ventricle, Ao = Aortic
compliance, AV = Aortic Valve, AC = Aortic Channel, MC = Mitral Channel,
VR = Venous Reservoir, SVR = Systemic Vascular Resistance.

The MCL presented in Figure 2.27 consisted of two non-communicating

hydraulic systems: a pumping system and a system simulating the LV, aorta,

peripheral resistances and left atrium. By rotating one-arm modi�ed roller pump,
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�uid was transferred from an elastic container to a rigid container. Thanks to this

pumping mechanism, duration of systole and stroke volume could be adjusted.

Figure 2.27Pulse duplicator developed by Björket al.(1962): LA = Left Atrium,
MV = Mitral Valve, LV = Left Ventricle, AV = Aortic Valve, A = elastic container,
B = rigid container, PR = Peripheral Resistance.

Since the initial use of elastic LV, continuous efforts have been made to improve

LV models to approximate more realistic cardiac features. As Björket al. (1962)

used an elastic bag to simulate the LV, subsequent studies aimed at reproducing

more anatomically correct chamber geometries. In fact, accurate LV models are

particularly attractive as they allow evaluation of intraventricular �ow dynamics

(presented in Section 2.6).

The following paragraphs present some systemic MCLs with �exible LVs and

their speci�city. It is noted that these particular MCLs all present a common

con�guration comprising a pumping system and a system simulating different

elements of the cardiovascular system (e.g. LV, left atrium, aorta, peripheral

resistances, mitral and aortic valves). Major improvements of these MCLs focus on:

the pumping control to simulate realistic physiological pressure and �ow waveforms,

the reproduction of cardiac chambers anatomy, valve models, and ventricular

motion.

Mouretet al. (2000) created a Dual Activation System (DAS) cardiovascular

simulator with which atrial and ventricular contractions were controlled

independently to reproduce physiological �ows through the heart model. The atrial

and ventricular models were created from casts taken of a cadaveric heart

(Fig. 2.28).
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Figure 2.28a) Cast of Left Ventricle (LV), Left Atrium (LA) and Aorta (Ao); b) Left
Ventricular Pressure (LVP), Left Atrial Pressure (LAP) and Aortic Pressure (AoP);
and c) mitral and aortic �ows resulting from the Dual Activation System (DAS)
systemic mock circulatory Loop. Modi�ed from (Mouretet al., 2000).

This MCL consisted of: a silicone LV, left atrium and aortic arch; a compliance

chamber to simulate arterial elasticity; a resistance to model the capillary bed; a tank

to simulate the venous compliance; and prosthetic valves to model the mitral and

aortic valves. The resulting pressure and �ow waveforms presented good correlation

with in vivoandin vitro data at low frequency. It was concluded that this systemic

system would be of great use to assess clinical concerns, improve new prosthesis and

create new protocols for international standard organisations.

The SDSU cardiac simulator initially developed by Zamarripa Garciaet al.

(2008) has been used for numerous studies (Wonget al., 2014c; May-Newmanet al.,

2016a; May-Newmanet al., 2016b; May-Newmanet al., 2017; Reideret al., 2017;

May-Newmanet al., 2019a; May-Newmanet al., 2019b; Vuet al., 2019) to assess

different cardiac device features such as mitral valve prostheses and; VADs cannula

geometries and con�gurations. Initially, the LV silicone model geometry was based

on published measurements, the model design was then improved to an anatomical

geometry derived from a two-chamber view of a patient echocardiography (Reider

et al., 2017). The design of the simulator (Fig. 2.29) was based on a 3-element

Windkessel model comprising a peripheral and systemic resistance; and an arterial

compliance. Ventricular contractions were generated by a piston pump controlled by

a stepper motor. A customised LabView program was used to accurately reproduce

desired ventricular volume changes.
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Figure 2.29Systemic mock circulatory loop (SDSU) developed my (Zamarripa
Garciaet al., 2008)

In addition to modelling the LV natural geometry, LV shape changes

experienced during the cardiac cycle have also been evaluated. Fioreet al. (2003)

used structural �nite element method analysis to design circumferential reinforcing

bands (Fig. 2.30 a)). Although this LV silicone model succeeded in reproducing

natural �lling, ventricular torsion, �ow and pressure-volume loop were not reported.

Jansen-Parket al. (2017) incorporated a speci�c arrangement of helical aramid

�bres in a silicone LV model (Fig. 2.30 b)); physiological ventricular torsion could

be mimicked during LV contraction. Various physiological and pathological

conditions could be reproduced by varying the design parameters.
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Figure 2.31Simpli�ed diagram of ex vivo setup. A) venous reservoir, B) centrifugal
pumps, C) oxygenator/heat exchanger, D) oxygen/medical air source, E) leukocyte
�lter and F) �ow probe. LA = left atrium and PA = pulmonary artery (Whiteet al.,
2015)

Oscar Langendorff conducted the �rst isolated perfused mammalian heart

experiment in 1895, since then, a number of groups have attempted to improve the

methods and achieve better results. Most groups worked on small laboratory

animals (e.g. guinea pig, rat, mouse) however, due to their smaller size the

physiological ranges obtained were not comparable to that of the human and could

therefore not be used as a reference platform for testing MCS devices.

The Physioheart platform developed by Hartet al. (2011) succeeded in

reproducing human haemodynamic characteristics by controlling physiological

loading of pig hearts (Figure 2.32). Without impeding with the integrity of the heart,

they obtained cardiac output, stroke volume, cardiac and arterial pressures as well as

cardiac valve interactions similar to that of the human. As �rst introduced by Görge

et al. (1994) and Modersohnet al. (2001), the Physioheart platform used

slaughterhouse pig hearts. The advantage of using slaughterhouse pig hearts is the

unlimited access to fresh hearts with reduced ethical constraints.
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Figure 2.32Physioheart Platform used to evaluate a Micromed LVAD; the in�ow
cannula of the VAD is inserted into the apex of the isolated heart, while the out�ow
cannula is connected to the model aorta (Hartet al., 2011).

Ex vivomodels present, nonetheless, multiple limitations: deterioration of the

heart's function over time (e.g. up to eight hours for small animals and four hours

for the pig model) (Skrzypiec-Springet al., 2007); inconsistency in ultimate heart

performance due to multiple factors such as the natural condition of the organ, its

preparation, its transportation and its ischaemic time. Furthermore, the speci�c heart

rhythm of each pig might bias the experiments.

2.5.3 In-vivo

In vivo testing refers to the experimental analysis of a device in an animal model.

Thanks to the haemodynamic similarities within mammalians species, multiple

animals can be used (under strict ethical regulations) to evaluate a device before

testing it in a human.In vivo testing is a critical process essential to the development

of cardiac pumps as a transition from theoretical assessment to bene�cial clinical

practice.

Animal in vivomodels range from small to large animals (e.g. mice, rats, dogs,

goats, sheep, pigs, calves); although anatomical geometries and some metabolic
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pathways are different, the integrity of the animal physiology allows the evaluation

of the device performance in a setting that resembles more closely that of the human.

Besides differences in sizes, anatomical variations of the heart, coronaries, valves

and great vessels anatomy are important factors to take into account in the animal

model selection.

Bovine, ovine and porcine are the species most often used in the evaluation of

MCS devices (Paulset al., 2017). In vivo testing requires a speci�c preparation

of the animal and a detailed monitoring during the experiment. The preparation

involves anaesthesia and arti�cial ventilation of the animal, once the animal is stable,

diagnostic sensors (e.g. pressure catheters, �ow sensors) are placed at different

locations and the mechanical device is incorporated in the right position. Depending

on the type of experiment (chronic or acute), the heart is already insuf�cient or needs

to get a speci�c treatment that will provoke ischaemia (e.g. coronary ligation). In

addition to the evaluation of the device performances,in vivo trials are conducted

to evaluate surgical strategies, cannula placement, material biocompatibility and

integration within the cardiovascular system. Main limitations ofin vivo testings are:

the need for special equipment and quali�ed personnel; the consumable costs; the

limited number of models; the study time; the ethical regulations; and the loss of

animal lives.
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2.6 Evaluation of intraventricular �ow dynamics

Intraventricular �ow dynamic evaluation is an essential step in the development of

ventricular assist devices (Senguptaet al., 2012; Kamphuiset al., 2017).

Intraventricular �ow analysis provides indices describing the LV function, how

ef�cient the LV is in mixing and circulating the blood in/out whilst minimising

adverse events such as thrombosis (Togeret al., 2012; Charonkoet al., 2013;

Hendabadiet al., 2013; Pasipoularides, 2013). As described by Virchow's triad,

thrombosis may originate from three factors: 1- hypercoagulability; 2- stasis due to

abnormal intraventricular blood motion; and 3- endothelial injury (Bagotet al.,

2008). Support of ventricular function with medical devices may lead to increased

blood stasis and high-shear stresses (Bluestein, 2004; Apostoliet al., 2019;

Chivukula et al., 2019) (Fig. 2.33), this is why intraventricular �ow dynamic

evaluation must be implemented in the design of ventricular assist devices.

Figure 2.33A- Left Ventricular Assist Device (LVAD) B- Shear-activated circulating
platelets that follow secondary blood �ow and do not enter the LVAD in�ow cannula.
C- Platelets get trapped and accumulate due to platelet adherence and apposition
on the LVAD in�ow cannula (Apostoliet al., 2019).
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Left intraventricular �ows are generated through a combination of events: in�ow

from the left atrium; contraction and relaxation of the myocardium; dynamics of

the mitral and aortic valves; and dynamic properties of the blood, to name a few.

Flow pattern analysis includes quanti�cation of blood �ow magnitude and direction;

and blood residence time, which can reveal physiological and pathophysiological

mechanisms (Nakashimaet al., 2017).

Intraventricular �ow dynamics may be observed clinically with echocardiography

or magnetic resonance imaging and may be replicatedin silico or in vitro based on

simpli�cations and assumptions. The following section presents key clinical features

that characterise healthy and pathological scenarios, andin vitro methods used to

replicate and analyse intraventricular �ow dynamics.

2.6.1 Clinical evaluation

2.6.1.1 Healthy

Normal physiological blood �ow in the cardiac chambers presents complex 3D

dynamic features throughout the cardiac cycle leading to ef�cient blood ejection into

the pulmonary and systemic circulation (Kamphuiset al., 2017).

Figure 2.34 depicts an overview of blood �ows through the left atrium and the

LV of a healthy 34 year old man computed from magnetic resonance imaging (Kilner

et al., 2000). During ventricular systole, blood enters the left atrium from the upper

and lower pulmonary veins and is redirected asymmetrically towards the closed

mitral valve (Fig. 2.34 a)). At the same time, blood is ejected from the LV chamber

to the aorta (Fig. 2.34 c)). During early ventricular diastole, blood �ow still enters

from the veins into the left atrium, and blood exits the left atrium into the LV through

the mitral valve opening (Fig. 2.34 b)). The �ow coming into the LV is redirected –

through an asymmetric recirculation - towards the aortic outlet (Fig. 2.34 d)).
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Figure 2.34Asymmetric �ow patterns in the left atrium during a) ventricular systole
and b) early ventricular diastole, and in the left ventricle during c) ventricular
systole and f) early ventricular diastole. AV, Aortic Valve; LA, Left Atrium; LV, Left
Ventricle; MV, Mitral Valve; RPA, Right Pulmonary Artery. Modi�ed from (Kilner
et al., 2000).
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More speci�cally, intraventricular �ows present phasic characteristic features

during isovolumetric LV relaxation, passive �lling, diastasis,active �lling,

isovolumetric LV contraction and ejection. The following paragraphs details the

main observations made to date.

After blood ejection and before the start of LV �lling , the LV untwisting

motion and apex elongation cause a base-to-apex reversal in the �ow direction

(Senguptaet al., 2007); the blood directed towards the aortic out�ow is forced

downwards towards the LV apex. This change in �ow direction minimises �ow

collision during LV �lling and prompts the downward motion of the static blood

(Charonkoet al., 2013).

At early �lling, , the blood is sucked from the left atrium into the LV, causing the

mitral valve to open. A vortical �ow structure rapidly develops and detaches from

the mitral valve lea�ets creating an asymmetrical vortex ring (Fig. 2.35) (W. Y. Kim

et al., 1995; Rodevandet al., 1999; Wigstromet al., 1999; Kilneret al., 2000; Faludi

et al., 2010; Pedrizzettiet al., 2014). The presence of the vortex ring during LV

�lling allows channelling of the in�ow through the vortex annulus and attenuation

of the pressure gradient caused by the E-wave deceleration (Pasipoularideset al.,

2003; Senguptaet al., 2012; Charonkoet al., 2013). As a result, the �lling volume is

transferred in the LV chamber in an organised manner towards the LV apex, and the

suction function of the pump is enhanced (W. Y. Kimet al., 1995).

Figure 2.35Blood �ow and vortex formation in a healthy left ventricle during early
left ventricular diastolic �lling (Pedrizzettiet al., 2014).

During diastasis, the vortex maintains the �ow momentum by storing kinetic

energy in a rotational motion (Meleet al., 2019).
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At late �lling , a second vortex ring develops (Fyreniuset al., 1999; Faludiet al.,

2010). However, it is still debated whether this newly formed ring is a new separate

vortex or a continuation of the early vortex (Bermejoet al., 2014; Elbazet al., 2014;

Meleet al., 2019).

During the isovolumic contraction period, the vortex with preserved kinetic

energy redirects the blood �ow towards the aortic out�ow tract (Faludiet al., 2010).

The energy provided by the vortex decreases the amount of energy the LV contraction

has to generate for blood ejection (Senguptaet al., 2007; Honget al., 2008).

At ventricular ejection , the myocardium contracts which generates motion from

the apex to the base. The blood then converges towards the out�ow tract and exits

towards the aortic valve (Fig. 2.36).

Figure 2.36Blood �ow and recirculation in a healthy left ventricle during systole
(Pedrizzettiet al., 2014).

The main vortex development at early diastole is essential: it facilitates blood

transport by acting as a temporary kinetic energy reservoir (Kilneret al., 2000;

Kheradvaret al., 2007; Abeet al., 2013; Wonget al., 2014c); facilitates diastolic

�lling by ameliorating adverse pressure gradients during the E-wave deceleration

(Pasipoularideset al., 2003; Charonkoet al., 2013); and facilitates blood �ow

redirection by transferring the blood volume in an organised way (Chenget al.,

2010; Charonkoet al., 2013). In other words, the main ventricular vortex �ow

allows momentum conservation which facilitates coupling between LV �lling and

ejection resulting in increased ventricular chamber ef�ciency (Watanabeet al., 2008;

Fredrikssonet al., 2011).
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2.6.1.2 Pathological

Congenital and acquired heart diseases can lead to alterations of the 3D dynamic

�ow features, which results in higher energy dissipation, loss of cardiac ef�ciency

(Pedrizzettiet al., 2014; Elbazet al., 2017) and potential increases in blood

thrombosis (Rossiniet al., 2016; Martinez-Legazpiet al., 2018).

Dilated cardiomyopathy has been shown to alter vortical energetics, geometry

and positioning to compensate for the malfunctioning of the cardiac function while

preserving the ejection fraction (Erikssonet al., 2013; Svalbringet al., 2016).

Due to increased blood inertia in dilated cardiomyopathy patients, the main

vortex core is displaced more apically, persists longer, becomes wider and rounder

than in healthy subjects (Kilneret al., 2000; Honget al., 2008; Kheradvaret al.,

2010; Bermejoet al., 2014). Figure 2.37 shows an example of an LV with dilated

cardiomyopathy where the average vortex core through the cardiac cycle is larger

and displaced towards the apex when compared with a healthy subject.

Figure 2.372D average vorticity colour maps of one heartbeat obtained in (left) a
normal subject and in (right) a patient with dilated cardiomyopathy. Both images are
obtained using the HyperFlow software adapted to an Esaote echo-scanner without
contrast injection (Meleet al., 2019).

Bermejoet al. (2014) reported the �rst comparative clinical analysis of vortical

structures in a relatively large population of patients with Non-Ischaemic Dilated
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CardioMyopathy (NIDCM) and age-matched healthy control subjects. All patients

and controlled subjects presented a well-de�ned primary vortex core, and half of

them presented a secondary vortex core (Figure 2.38).

Figure 2.38A- Main (Smain) and secondary (Ssec) vortex sections and asymmetric
toroidal model used to estimate out-of-plane vortical distribution. B- Internal
coordinate system to analyse vortex trajectories (Bermejoet al., 2014).

Main vortex pattern differences in the NIDCM population were observed during

the �ow deceleration phase. During the E-wave deceleration, the vortex core

weakened in healthy subjects whereas it became stronger in the NIDCM group. In

80% of the healthy subject, the early-diastolic vortex ring was annihilated by the

A-wave late �lling whereas in 77% of the NICDM, the A-wave late �lling

reinforced the early-diastolic vortex ring.

A qualitative comparison of blood �ow dynamics with the position and radius

of the main and second vortex core between a representative NIDCM patient and a

normal subject is presented in Figure 2.39. In addition to differences in vortical size

and position, particular attention may be given to the blood �ow direction during

early E-wave (yellow arrows); in the NIDCM patient, the blood �ow was directed

towards the LV free wall whereas the control subject had blood �ow directed towards

the apex.
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Figure 2.392D intraventricular �ow throughout the cardiac cycle in a representative
Non-Ischaemic Dilated Cardiomyopathy (NIDCM) patient and a control subject. The
position and radius of the main vortex core section are indicated by the white circle,
the position and radius of the secondary vortex core section are indicated by the
green circle. Yellow arrows indicate mitral jet direction at early E-wave. Modi�ed
from (Bermejoet al., 2014).

Valvular diseases may require valve repair or valve replacement, ultimately

leading to alteration of intraventricular �ow dynamics. Introduction of unnatural

geometries with different type of valves leads to modi�cations in the �ow patterns

and results in signi�cantly higher energy dissipations than in healthy subjects (Faludi

et al., 2010; Pedrizzettiet al., 2010; Kamphuiset al., 2017; Nakashimaet al., 2017).

Faludiet al.(2010) used echocardiographic particle image velocimetry to analyse

left ventricular �ow patterns in healthy subjects and patients with prosthetic mitral

valves (Fig. 2.40). They observed that patients with prosthetic valves presented

signi�cantly different and more complex �ow patterns. Most patients with a bilea�et

mechanical valve presented a major vortex rotating in the opposite direction when

compared with that seen in healthy subjects. Patients with a bioprosthetic valve

presented a symmetrical in�ow pattern leading to a symmetrical vortex ring. At the

end of diastole, this symmetry was lost, and a part of the vortex becomes dominant

rotating in the opposite direction to that seen in healthy hearts (Fig. 2.40 c)).
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Figure 2.40Normalized regional vorticity in the plane of the 3-chamber view
averaged over a cardiac cycle. Anticlockwise rotation of the blood is colour coded
in red, and clockwise rotation is colour coded in blue. Schematic drawings of the
dominating �ow path as observed during diastole are shown a) in a healthy left
ventricle, b) in patients with bilea�et Mechanical Heart Valve (MHV) in anatomic
orientation and c) in patients with bioprosthetic valves. Modi�ed from (Faludiet al.,
2010).

Similar observations were made by Nakashimaet al.(2017). The latter developed

an echocardiographic �ow visualisation system to evaluate the impact of different

mitral valve procedures on the LV vortex �ow direction and the LV energetic �ow

ef�ciency. They observed that mitral valve repair and mitral valve replacement with

a mechanical valve in anatomical position preserved physiological vortex direction.

Mitral valve replacement with a mechanical valve in the anti-anatomical position or

a bio-prosthetic valve resulted in the main vortex rotating in the opposite direction,

resulting in inef�cient �ow patterns that can lead to excessive cardiac workloads.

Intraventricular vortex �ow patterns after various types of mitral valve surgery,

energy loss and streamlines are presented in Figure 2.41.

Figure 2.41Intraventricular vortex �ow pattern after various types of mitral valve
surgery. Upper row: colour Doppler and Flow Vector and Lower row: energy loss
(W/m) and streamline (Nakashimaet al., 2017)
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Left Ventricular Assist Devices (VADs) used as temporary or permanent

therapies, signi�cantly alter blood �ow dynamics leading to well-recognised

complications such intraventricular thrombosis (Bluestein, 2004; May-Newman

et al., 2013; Wonget al., 2014c; Apostoliet al., 2019). Intraventricular thrombosis

may lead to device malfunction and life-threatening embolism. Rossiniet al. (2016),

analysedin vivo the location and extent of regions at risks of blood stagnation in

normal hearts, patients with dilated cardiomyopathy and in one patient before and

after LVAD implantation. Combinatorial analysis of the residence time, kinetic

energy density and �uid distortion time was conducted. Regions with high residence

time, low kinetic energy and large distortion time indicated the blood was trapped

inside long-lasting vortices resulting in higher risk for blood stasis. Healthy hearts

presented low residence time throughout the LV plane (Fig. 2.42 A); this result

corroborated with previous observations stating that in healthy ventricles the blood

volume is cycled every 2-3 beats (Bolgeret al., 2007; Watanabeet al., 2008;

Erikssonet al., 2010; Hendabadiet al., 2013).

The dilated ventricles had large regions with residence time longer than 2 seconds,

located at the centre of the LV chamber and at the LV apex. The LV centre was

associated with high kinetic energy and low distortion time indicating the blood

was continuously being stirred (i.e. not stagnant) whereas the LV apical region was

associated with low kinetic energy and large distortion time indicating the blood

was stagnant (Fig. 2.42 B and C). This observation was also reported in a study by

Baccaniet al. (2002), where systolic dysfunction resulted in reduced blood velocity

and higher stagnation around the LV apex region.

The assistance of the ventricular function with an LVAD in the NIDCM end-stage

heart failure patient signi�cantly altered the �ow and stasis pattern. Instead of �owing

towards the LV out�ow tract, the blood was directly channelled from the mitral valve

to the LVAD in�ow cannula located at the LV apex. This non-physiological �ow

disturbance resulted in the apparition of a high-risk blood stasis region at the out�ow

tract with high residence time, moderately low kinematic energy and moderately

low distortion time. Thrombogenicity of continuous-�ow LVADs, especially at the

out�ow tract, was in agreement within vitro experiments.
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Figure 2.42Snapshots of 2D intraventricular residence time (Tr), kinetic energy
(K) and distortion time (Ts) mapping within the regions with Tr>2 s in a healthy
heart (A) and in two different examples of patients with Non-Ischaemic Dilated
CardioMyopathy (NIDCM) (B,C). Notice that in both NIDCMs there coexist different
regions with high Tr. The NIDCM-2 case is at risk of apical blood stasis given the
combination of low K and large Ts. Modi�ed from (Rossiniet al., 2016).
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May-Newmanet al. (2013) presented a case report of a heart failure patient with

pre-existing LV thrombus along the septal wall at the out�ow tract. Although the

thrombus was removed during VAD implantation surgery, �ve weeks post-surgery,

the patient was showing stroke symptoms; a larger thrombus had formed over the

repair site - in the out�ow tract region. The thrombus was again removed but a week

after, the clot reformed in the same location, the patient eventually passed away from

brain emboli (a clot had travelled to the brain blocking blood �ow and causing a

stroke). Figure 2.43 presents the clot location and lack of blood circulation in the

area.

Figure 2.43Three frames from an echo sequence of a Left Ventricular (LV) failure
patient presenting with a thrombus in the out�ow tract region. Good in�ow through
the mitral valve (MV) reaches the LV apex, but the region adjacent to the calci�ed
mass (arrows are on mass pointing towards a region of �ow stasis) receives no
circulating �ow during the cardiac cycle. AoV indicates the location of the Aortic
Valve. Modi�ed from (May-Newmanet al., 2013).

2.6.1.3 Summary

The �ow patterns and vortical dynamisms occurring during a normal physiological

cardiac cycle ensure a smooth transition between LV �lling and ejection resulting in

an optimal diastolic-systolic coupling (Kilneret al., 2000; Faludiet al., 2010). The

principal vortical �ow enables ef�cient ventricular �lling, minimisation of kinetic

energy dissipation and prevents thrombus formation (Bellhouse, 1972; Kilneret al.,

2000; Pedrizzettiet al., 2005; Ghoshet al., 2010). The main vortex determinants

are the in�ow jet from the left atrium; the LV geometry; the LV contractile phases;

and the bilea�et mitral valve dynamics, asymmetric geometry and eccentric position

(Bermejoet al., 2014; Meleet al., 2019).

Vortical �ow patterns may change due to age, gender, blood pressure, ventricular

geometry, mitral/atrioventricular valve abnormalities and other cardiac diseases (Föll

et al., 2013; Calkoenet al., 2015). Patients presenting with similar conventional

echocardiographic parameters may show different ventricular �ow patterns (I. Kim
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et al., 2019). Ventricular �ow analysis is, therefore, helpful to triage patients with an

increased risk of blood stasis and thrombosis (Bermejoet al., 2014). Understanding

of abnormal �ow dynamics can thus be exploited to optimise surgical methods and

development of cardiac devices (Bermejoet al., 2014; Rossiniet al., 2016; Kamphuis

et al., 2017).

2.6.2 In-vitro evaluation: particle image velocimetry

Clinical analysis of intraventricular �ow dynamics demonstrated the importance of

blood �ows and vortical patterns in the ef�ciency of LV function. To further

understand physiological and pathological mechanisms under different cardiac

conditions and scenarios, variousin vitro studies have been conducted. The main

challenges in evaluatingin vitro intraventricular �ow dynamics are the development

of Mock Circulatory Loops (MCLs) that replicate realistic blood dynamics, and the

development of methods to describe the replicated �ow quantitatively. Particle

Image Velocimetry (PIV) has been developed and used to optically visualisein vitro

intraventricular �ows. The concept of PIV and the mainin vitro intraventricular �ow

studies are presented in the following paragraphs.

2.6.2.1 Particle image velocimetry set-up and methods

Particle Image Velocimetry (PIV) allows for the non-intrusive and indirect acquisition

of �uid �ow velocities by measuring the displacement of tracer particles seeded in

the �ow of interest. A high-power light source is used to illuminate the particles,

and a high-speed camera is used to record the scattered light emitted by the particles.

Similar to observing dust particles re�ecting sunlight when in a dark room, PIV uses

the same idea but in a more controlled environment (Fig. 2.44).

Figure 2.44(Left) dust particles scattering sunlight in a dark room and (right)
example of a Particle Image Velocimetry (PIV) set-up. Modi�ed from (Hongweiet al.,
2015).
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1- tracer particles: to maintain a good tracing �delity, the tracer particles must be

cautiously selected based on the �uid and �ow properties. They must present

the same density as the �uid to neither �oat nor sink (neutral buoyancy); and

they must scatter light with suf�cient intensity to be detected. Polyamide

(10-90mm) and silver coated hollowed glass spheres (10-90mm) are common

particles used inin vitro intraventricular �ow dynamics.

2- a powerful illumination system: lasers are commonly used due to their ability

to emit short monochromatic (i.e. single wavelength) light pulses with high

and constant energy density, and due to the ease in directing the light into thin

light sheets (Raffelet al., 2018). Two independent pulses are generated by two

cavities (for frame 1 and frame 2) with a speci�c time delay between the two

pulses as required by the experiment. Nd:YAG lasers (l = 532 nm in visible

light) are the most common PIV light sources.

3- a high-speed camera: Charge Coupled Device (CCD) or Complementary

Metal-Oxide-Semiconductor (CMOS) sensor cameras are commonly used to

record the double frames individually. In two-dimensional �ow analysis, to

ensure uniform focusing on the tracer particles located in the illuminated plane,

the high-speed camera is placed parallel to the sheet of the laser light.

4- a time synchronizer: is required to relay the timing of the laser illumination

and camera acquisition. The pulse distance (time between double-frames) and

acquisition rate (time between image pairs) are the two main PIV acquisition

timing parameters (Fig. 2.47).

Figure 2.47The acquisition timing of particle image velocimetry
featuring the pulse distance and the acquisition rate parameters.

5- a software control: to set the illumination and camera acquisition controls,

memorise the particle images throughout the acquisition and post-process the

particle images after the entire acquisition. Particle images are divided into

small regions (interrogation areas), each region must have a particle density
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of 10-25 and the size of the region combined with the time between pulses

must be set such as the maximal particle displacement does not exceed 25%

of the interrogation area size (Dantec Dynamics, 2019). Cross-correlation is

performed on each interrogation area of frame 1 and frame 2 to identify the

`most probable' particle displacement - this method is based on the assumption

that particles within one interrogation area have a uniform displacement. The

resulting cross-correlation map featuring all the displacement possibilities is

then analysed to identify the most probable particle displacement direction

de�ned by the highest cross-correlation peak (Fig. 2.48). A signal-to-noise

ratio de�ned as the ratio between the highest and the second highest peak has

been commonly used as an indicator of the true displacement with typical

threshold values of 1.2 to 2 (Keaneet al., 1990; Hainet al., 2007; Xueet al.,

2014).

Figure 2.48Cross-correlation for Particle Image Velocimetry (PIV) image analysis
(Denget al., 2004).

Besides the expensive pieces of equipment required, the main limitation of 2D

PIV is that the method captures 2D �ow �eld while the studied �ow possesses 3D

structures, 2D PIV cannot account for in and out-of-plane particle motion introducing

some error. Stereoscopic PIV is possible with dual cameras angled at 45� to the

plane (subtending a 90� angle between the camera axes), it enables approximation

of 3D �ow based on a 2D image. 3D PIV requires 3 cameras and illumination of a

volume as opposed to a sheet. As part of this PhD project, stereoscopic and 3D PIV

were not available.
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2.6.2.2 Intraventricular �ow analysis with particle image velocimetry

Variousin vitro PIV models have been developed to: analyse intraventricular �ows

under different cardiac conditions; and determine the effect of cardiac devices on

intraventricular �ow dynamics (Fig. 2.49). VAD design and control characteristics,

valve types and orientations are some of the most common features that have been

studiedin vitro using PIV (Weiss, 2005). The main challenges of these studies are the

simpli�cations and assumptions made to reproduce realistic baseline intraventricular

�ow dynamics. The ability in replicating left intraventricular �ow dynamics relies

on the ability of the MCL in reproducing the main LV function determinants such as:

the LV anatomy, contractility and timing (Ferrariet al., 1994; Cicchittiet al., 2016;

Khalafvandet al., 2018); the mitral �ow (Cassotet al., 1985; Verdoncket al., 1992;

Naemuraet al., 1997; Mouretet al., 2000); the mitral and aortic valve models and

their positioning (Björket al., 1973; Pierrakoset al., 2006); and the working �uid

(Meschiniet al., 2018; Saaidet al., 2018; Violaet al., 2019).

Figure 2.49(left) Schematic of a Particle Image Velocimetry (PIV) set-up for
intraventricular �ow analysis and (right) long-exposure snap-shot of a Left Ventricle
(LV) silicone model at LV �lling seeded with �uorescent particles (Falahatpisheh
et al., 2012; Violaet al., 2019).

Ventricular assist device features. Due to the increase in VAD support duration,

the performance of VADs in terms of intraventricular �ow dynamics has become

an increasing contributor to patient survival;in vitro investigation of the effects of

VADs on intraventricular �ow dynamics has become more popular (Lahpor, 2009;

Allen et al., 2010).





2.6 Evaluation of intraventricular �ow dynamics 81

The impact of VAD cannula insertion-length, geometry and orientation on the

intraventricular �ow dynamics has further been investigatedin vitro by Yanoet al.

(2012), Wonget al. (2014a), Wonget al. (2014b), May-Newmanet al. (2017),

May-Newmanet al. (2019a), May-Newmanet al. (2019b), and Violaet al. (2019).
Wonget al.(2014a) studied �ve different tip geometries (blunt, crown, blunt with

4 side ports, bevelled with 3 side ports and cage, Fig. 2.52) using the same MCL as

in (Laumenet al., 2010). They found that the blunt tip resulted in the greatest high-

shear volume (potential parameter for platelet activation) and the cage tip presented

the highest low-shear volume and recirculation volume (potential parameters for

thrombus formation). The other tips did not present signi�cant differences in either

high- or low-shear volumes.

Figure 2.52Five different Ventricular Assist Device (VAD) tip geometries for
intraventricular �ow analysis (Wonget al., 2014a).

May-Newmanet al. (2017) analysed the in�uence of the level of circulatory

support by an Evaheart VAD (1800 and 2300 rpm) and in�ow cannula insertion

depth (10, 20 and 30 mm) on �ow stasis, vortex structures and pulsatility. The MCL

is presented in Figure 2.53. The aortic and mitral valves were modelled with two

Medtronic 305 Cinch bioprosthetic porcine aortic valves. The ventricle was pulsed at

70 beats per minute, and the blood analogue �uid consisted of 40/60 glycerol/saline

(percentage by weight). Ten image sets were collected for each time point and phase-

averaged. The baseline haemodynamics targeted an aortic pressure of 60� 4 mmHg

and an aortic �ow of 3.5� 0.3 L/min.
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regions. The MCL used a silicone-made mitral valve, a simple aortic check valve

and a silicone-made LV with a diastolic volume of 220 mL. Methods describing the

mitral valve design were not provided. Water was used as the blood analogue. Fluid

dynamic differences between water and blood were accounted for by matching �uid

dynamic characteristics, including Reynold and Womersley numbers. Therefore, to

simulate contractions at 60 beats per minute with normal blood viscosity

(corresponding to a haematocrit of 45%); the LV of the MCL was pulsed at a

frequency of 15 beats per minute. As oppose to common PIV studies, the refractive

index was not matched - authors explained that the thin ventricle layer would not

signi�cantly affect light refraction.

Figure 2.55Three cases analysed by Violaet al. (2019): (a) unimplanted Left
Ventricle (LV) with low ejection fraction, Ventricular Assist Device (VAD) supported
LV with cannula (b) insertion depth of 3.5 cm or (c) �ush-mounted.

Similarly to previous studies, they observed that the VAD cannula inside the LV

created an obstacle to the �ow; the main vortex shrank and did not reach the LV

apex. As depicted in Figure 2.56, the �ush-mounted VAD prevented the formation

of low-velocity region close to the LV apex and favoured a more uniform kinetic

energy �eld, similar to the unimplanted case. Based on these observations, they

concluded that the change in kinetic energy distribution was due to the VAD cannula

obstruction rather than to the VAD suction itself.
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Figure 2.56(a-c) Velocity vectors, (d-f) kinetic energy and (g-i) vorticity for 3
scenarios evaluated by Violaet al. (2019): unimplanted Left Ventricle (LV) with
low ejection fraction, Ventricular Assist Device (VAD) supported LV with cannula
insertion depth of 35 mm or �ush-mounted.

Ventricular assist device control. Wong et al. (2014c) conducted PIV on a

systemic MCL (presented in (Zamarripa Garciaet al., 2008)) to evaluate the impact

of three LVAD scenarios on blood stagnation and vortical patterns. It was one of the

�rst PIV studies to characterise vortical patterns throughout the entire cardiac cycle.

The baseline condition (LVAD inlet and outlet clamped) was validated as it

generated intraventricular patterns in agreement with those observed in clinical

settings (Fig. 2.57) (Garciaet al., 2010; Hendabadiet al., 2013; Bermejoet al.,

2014). At the transmitral jet, two counter-rotating vortices appeared. The main one
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was rotating in the clockwise direction whereas the secondary vortex was rotating in

the anti-clockwise direction. The main vortex propagated through diastasis and at A-

wave, a short-lived anti-clockwise vortex appeared. Similar to clinical observations,

the swirling motion seemed to facilitate the redirection of �uid towards the aortic

tract.

Figure 2.57 Pre-VAD velocity �eld images reproduced with Particle Image
Velocimetry (PIV) at A- mitral valve opening, B- E-wave peak, C- mid-diastasis,
D- A-wave, E- iso-volumic contraction, and F- ejection. The arrows indicate the
direction and magnitude (color) of the local velocity. The vortices are superposed
on the images with the local vorticity shown as white (clockwise) or magenta (anti-
clockwise) ellipses. Modi�ed from (Wonget al., 2014c).

The three LVAD scenarios consisted of 1) a pulsatile parallel case in which the

blood �ow was ejected in the systemic circulation through both the VAD outlet

and the aortic valve, 2) a pulsatile series case in which the blood �ow was ejected

through the VAD outlet only, and 3) a non-pulsatile series case where the ventricle

did not contract, the blood �ow was ejected through the VAD outlet and the mitral

valve was always open. Velocity vectors at E-wave, A-wave and systole for the

three scenarios and the pre-LVAD case are presented in Figure 2.58. This PIV study

demonstrated that with pulsatile LVAD support, �ow stasis in the LV out�ow tract

region remained normal during diastole but increased with VAD support in systole as

the �ow was diverted towards the apex. With non-pulsatile VAD support, �ow stasis

was high and constant throughout the cardiac cycle. This study con�rmed previous

reports that patients with impaired myocardial contractility and high VAD support
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present higher chances of thrombosis, especially around the out�ow tract region

(Loerakkeret al., 2008; Estepet al., 2010; May-Newmanet al., 2013). Solutions for

generating pulsatility and subsequently reducing blood stasis have been insuf�ciently

investigated to date.

Figure 2.58Velocity vectors at E-wave, A-wave and systole for a pre-left Ventricular
Assist Device (VAD) implantation case, a parallel VAD, series VAD and non-pulsatile
series VAD scenarios presented by Wonget al.(2014c).

To address blood stasis through pulsatility, Zimpferet al. (2016) analysed the

effect of periodic speed modulation - called the Lavare cycle (designed to wash out

stagnation in the Heartware HVAD™ LVAD, but not as physiological pulsatility)

on the intraventricular �ow �eld. The aim was to validate the hypothesis from

Laroseet al. (2010) that the Lavare cycle would promote ventricular mixing and

minimise potential regions of blood stasis. A simpli�ed non-contractile polyethylene

reservoir was created based on the 3D LV reconstruction of a patient with dilated





88 Background and Literature Review

mixture (percentage by weight). The cardiac frequency was set to 70 beats per min

with a cardiac output of 5 L/min and an E/A peak wave ratio� 2.

Figure 2.60 presents the resulting velocity vectors throughout the cardiac cycle.

At valve opening (Fig. 2.60, 100 ms), there was a strong �ow going through the large

ori�ce and at peak E-wave (Fig. 2.60, 150 ms), a second �ow was observed through

the minor valve ori�ce. Two vortices were generated, one from the wake of the valve

and a small one from the secondary jet interfering with the stagnant �uid at the entry

of the LV out�ow tract. At E-wave deceleration (Fig. 2.60, 200 ms) the main vortex

became stronger and absorbed the smaller vortex. Due to mitral �ow deceleration

during diastasis (Fig. 2.60, 250 to 450 ms), �ow velocities decreased while the main

vortex circulated within the LV. At peak A-wave (Fig. 2.60, 500 ms), primary and

secondary �ows fed the main vortex. Due to the main vortex inertia, the jet through

the small ori�ce did not generate a secondary vortex. At systole (Fig. 2.60, 600

ms), the main �ow was directed along the septal wall, and the main vortex slowly

vanished throughout systole.

Besides vortices occurring earlier than in clinical studies, the results obtained in

this study were deemed consistent with previousin vivo studies (W. Y. Kimet al.,

1995; Kilneret al., 2000).

Figure 2.60Intraventricular Particle Image Velocimetry (PIV) velocity vectors
throughout the cardiac cycle with a tilting disk as the mitral valve model (Mouret
et al., 2005).

Instead of using standard mechanical or porcine bioprosthetic valves,

Falahatpishehet al. (2012) used a bilea�et mitral valve prosthesis with dynamic

saddle annulus that they had previously developed (Kheradvar, 2008). In their study,

they described methods for assessing intra-cardiac �uid dynamics aiming at de�ning

effective standard measures forin vitro performance analysis of arti�cial heart

valves. They suggest assessing: LV velocity �elds; chamber kinetic energy and
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In the mechanical case, due to the presence of the lea�ets in the centre of the

mitral valve ori�ce, the mitral jet was much less regular and resulted in 3 jets. The

level of turbulence downstream of the valve was increased when compared to the

natural and bioprosthetic valves. These observations had been observed by Kheradvar

et al. (2010). As a consequence, at E-wave, the mitral jet lost part of its momentum

and generated a weak recirculation that could not last until A-wave. Flow dynamics

in the pathological case presented similar patterns to those of the healthy case but

the fundamental difference was the decrease in jet penetration capabilities and the

exacerbation of the recirculation weakening. These phenomena resulted in �ow

stasis around the LV apex region, preventing adequate wash-out (Badaset al., 2016).

The bioprosthetic valve resulted in the closest haemodynamics to those of the

natural valve. The main difference was the compact vertical stream generated by the

three identical lea�ets. As opposed to the natural valve that directed the jet towards

the LV free wall due to the asymmetrical lea�ets, the bioprosthetic valve generated a

nearly symmetrical jet pointing downwards towards the LV apex.

Although the 5 years fatality-rate for mechanical and bioprosthetic valve

replacement are similar, the underlying reasons are different. Chikweet al. (2015)

and Meschiniet al. (2018) analysed the two cases in a PIV set-up and pointed out

the main �ow dynamic differences. Because of the presence of the lea�ets in the

centre of the mechanical valve ori�ce, mechanical stresses on red blood cells

signi�cantly increase and result in haemolysis and platelet activation (Grigioniet al.,

2010). Lifelong heavy anticoagulant therapy is therefore required to counter clot

aggregation. The main drawback of bioprosthetic valves is the lack of material

durability: they degenerate faster than the mechanical valves. As a result, bilea�et

mechanical valve implantation in patients accounts for more stroke and bleeding

events whereas bioprosthetic valve implantation accounts for more lethal valve

failure and reoperation events (Hammermeisteret al., 2000; Chikweet al., 2015).

As a continuation of Akutsuet al. (2003) work, Westerdaleet al. (2015)

evaluated the effect of mitral valve orientation on LV �ow dynamics. They

concluded that because of the multi-directionality characteristics of the

intraventricular �ow, 3D measurement was required to examine the patterns. To

address this problem, Saaidet al. (2018) developed an alternative multiplane

stereoscopic PIV aiming at estimating the 3D �ow �eld to allow investigation of

complex LV �ow dynamics.

The setup presented in Figure 2.62 was designed to facilitate consecutive

stereoscopic measurements without repeating the elaborate and time-consuming

calibration procedure. In this con�guration, the true 3D displacement was estimated

from a pair of 2D displacements computed from two cameras placed at 90� . The
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shape of �xed and sliding tanks containing the LV model was chosen so that the

optical access could be set orthogonal through the walls. To avoid optical distortions

and mimic rheological blood properties, the working �uid was composed of sodium

iodide, glycerol, and distilled water at a volume fraction of 79:20:1, respectively. A

double-cavity pulsed Nd: YAG laser (Twins BSL 140, Quantel, USA) delivering 140

mJ/pulse was used as the illumination source. To overcome problems of laser light

re�ection in the LV model, �uorescent Rhodamine-B coated particles (average

diameter of 10mm and density of 1100kg� m� 3) were used as tracer, and a

long-pass �lter at 550 nm was mounted in front of each camera to capture scattered

particle light selectively.

Figure 2.62Stereoscopic Particle Image Velocimetry (PIV) set-up a) schematic and
b) picture (Saaidet al., 2018).

As part of their study, Saaidet al. (2018) analysed 3D intraventricular �ow

dynamics developed with two mitral valve angular orientations (anatomical vs. anti-

anatomical). They observed similar �nding as described by Faludiet al. (2010) in a

clinical setting and by Akutsuet al. (2003) in anin vitro setting. Thanks to the added

dimension, the study provided an extended understanding of the out-of-plane �ow

development. When compared to the anti-anatomical orientation, the mitral valve in

anatomical orientation generated more organised �ow patterns, presented a vortex

core closer to the LV apex and yielded a larger turbulent kinetic energy map.

In their study, Saaidet al. (2018) addressed many known limitations such as

refractive index matching and stereographic data acquisition, the main limitations of

this study were the lack of LV anatomical representation and the optical obstruction

of the valve region. In an ulterior study, they implemented a four-view tomographic

PIV setup to acquired more accurate 3D volumetric data. They tested a bioprosthetic,

tilting disc and bilea�et valve (in two different orientations). As observed in previous
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studies, the biological valve showed a jet with peak velocity about twice as high

when compared to all mechanical heart valves, indicating better jet penetration deep

into the LV chamber.

Although their PIV system allowed true 3D measurement, the valve analysis was

limited by the unrealistic reproduction of LV relaxation and �lling: they did not

simulate diastasis nor A-wave and they used 60/40 glycerol/water (percentage by

weight) to match the refractive index, but this mixture resulted in a viscosity four

times higher than blood viscosity. Consequently, the interactions between the �ow

structures induced at early �lling and the fresh blood entering at late �lling were not

modelled and �uid dynamics deviated from realistic dynamics due to the increased

viscosity.

Others. Other recent studies replicatedin vitro intraventricular �ow dynamics to

study other cardiac phenomena such as the effect of exercising on ventricular vortex

propagation, especially during E-wave and A-wave (Santhanakrishnanet al., 2016)

and the in�uence of aortic valve regurgitation on intraventricular �ows (Di Labbio

et al., 2019).

May-Newmanet al.(2016b) and Reideret al.(2017) analysed the effect of a wall

thrombus placed in the out�ow tract region on VAD assisted intraventricular �ow

dynamics. It was observed that the presence of a small thrombus in the out�ow tract

region induced a favourable condition for further growth, especially in the presence

of high VAD support. The thrombus enlargement prevented normal vortex-�ow

development resulting in a further decrease in �ow rate and pulsatility in that region.

Figure 2.63 shows the positive feedback situation for thrombus formation due to the

increase in slow �ow with the thrombus size and the VAD support.

Due to the novelty of the IVBP intraventricular �ow dynamics developed under

IVBP assistance have not been previously described. Methods presented in this

section will be used to develop a PIV set-up and conduct intraventricular �ow

analysis. Particular attention will be given to MCL features including; ventricular

geometry and contractility, mitral valve model and in�ow rates, haemodynamic

baseline condition and blood analogue �uid. Understanding the in�uence of mitral

valve design on ventricular �ow and haemodynamic factors associated with

thromboembolism will be essential for IVBP evaluation. The baseline condition

reproduced by the MCL will have to be validated with clinical and/or simulated

intraventricular �ow patterns.
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2.7 Chapter conclusion

Left Ventricular (LV) failure is a life-threatening condition impeding organ

perfusion that may lead to multiple organ failure. Replacement of the failing heart

with a compatible donor heart is considered the gold standard treatment. However,

due to the high prevalence of heart failure and the lack of viable donor hearts,

alternative support solutions are necessary for patient survival. Drug treatment and

temporary Mechanical Circulatory Support (MCS) devices such as short-term

Ventricular Assist Devices (VADs), Intra-Aortic Balloon Pumps (IABPs) and

ExtraCorporeal Membrane Oxygenation (ECMO) are an option in intensive care

medicine to support blood �ow through the systemic circuit until myocardial

recovery. When recovery is not feasible, long-term MCS devices are considered.

Progress in the development of short-term and durable MCS is promising but far

from adequate as they result in complications impeding the long-term survival of the

patients and are limited by their high cost.

More speci�cally, short-term devices are essential to reduce the "symptom-to-

support" time; the longer the patient's heart is not pumping enough blood to the

body, the higher are the risks for end-organ failure. Development of a low-cost

device to support patients with acute and chronic LV failure is hence required

to alleviate the health and economic burden. A strategy such as support with an

IntraVentricular Balloon Pump (IVBP) may be a potential alternative; the state-of-the

art has demonstrated its potential in improving organ perfusion. However, there is

still insuf�cient evidence supporting the bene�ts and implementation feasibility of

IVBPs.

In vitro testing is an essential tool in MCS design processes. On-bench analysis

of the IVBP could allow identi�cation of the device features (e.g. actuation strategy,

balloon design and mechanical characteristics) that maximise its performance in

term of simulated haemodynamics (e.g. aortic �ow, mean arterial pressure, LV

pressure and LV volume). The lack of publishedin vitro IVBP analysis (none until

2018), the access to modern technologies such as 3D modelling for anatomical

�tting, and advanced Mock Circulatory Loop (MCL) development with more

realistic ventricular models motivated this doctoral study.

Four features must drive the IVBP design: 1- the performance, speci�ed in term of

cardiac output and physiologic pressures; 2- the biocompatibility, no adverse

interaction with the anatomical architecture as well as with the biological system;

3- reliability; and 4- patient quality of life, life changes induced by the utilisation of

the assistance (e.g. weight, battery life, free roaming). This study revisits the IVBP
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design and addresses the main limitations from previous research with tools and

knowledge that were not accessible then.

First, the intraventricular geometry including the mitral valve apparatus must be

measured and corresponding balloon shape must be customised to �t the LV shape

and prevent interactions with the sub-valvular apparatus (Objective 1). A statistical

analysis allowingin silico anatomical �tting of the IVBP inside the LV had never

been done. Second, an IVBP prototype must be developed (Objective 2) and

evaluated (Objective 3) in an MCL speci�cally designed for simulating the main

haemodynamic characteristics of severe heart failure patients (Objective 4 and 5).

Lastly, effects of the balloon actuation on intraventricular �ow dynamics must be

analysed to determine potential increase in blood stasis and decrease in blood

wash-out that could lead to thrombosis (Objective 6).

The following chapters present the development of a novel IVBP, the haemodynamic

evaluation of a simulated SHF patient in a custom-made MCL and thein vitro

analysis of the intraventricular �ow dynamics under IVBP support.





Chapter 3

Intraventricular Balloon Pump

Development

3.1 Literature summary and introduction

The previous chapter highlighted the need for assisting, in a cost-effective manner,

patients presenting with decompensated heart failure; the longer the heart is not

pumping enough blood to the body, the higher the chances are for life-threatening

organ failure. The IntraVentricular Balloon Pump (IVBP) was suggested as a

potential cost-ef�cient alternative to long-term Ventricular Assist Devices (VADs)

and existing short-term extracorporeal devices (e.g. ExtraCorporeal Membrane

Oxygenation, the Impella rotary blood pump). The IVBP consists of an

intraventricular balloon and an extracorporeal pump used for actuating balloon

in�ations and de�ations in synchronicity with the heart cycle. This chapter presents

the development of a novel IVBP.

Development of medical devices must consider anatomical characteristics to

ensure optimal mechanical device integration into the biological environment.

Medical imaging techniques (e.g. computed tomography, contrast magnetic

resonance imaging, ultrasound) are used to develop models representing the true

anatomy surrounding the device. Depending on the application, the device design

can be based on a patient-speci�c anatomy (Saeedet al., 2008; Ricardo

Argueta-Moraleset al., 2014; Anselmiet al., 2016) or on an anatomical model

derived from representative features of the anatomy of a patient population (Jacobs

et al., 1978; Kolket al., 2015; Bruseet al., 2016).

The heart is a complex biological pump which has speci�c anatomical features

and functions. The interaction between the patient's Left Ventricle (LV) anatomy

and the IVBP is critical for the device's reliability; displacement of the sub-valvular
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apparatus with the balloon motion could cause mitral valve dysfunction leading

to detrimental mitral valve regurgitation (Dal-Bianco, Jacob P. and Levine, 2013).

To the best of the authors' knowledge, there is no other IVBP study that aimed at

preventing or reducing mitral regurgitation. To this end, the LV anatomy of the

device target-population needed to be evaluated and characterised to determine:

the region where the IVBP balloon could be deployed without interacting with the

sub-valvular apparatus and, the IVBP balloon dimensions needed to �t its target

population.

Models describing the shape of the left intraventricular anatomy and

sub-valvular apparatus of Severe Heart Failure (SHF) patients with dilated

cardiomyopathy (i.e. target population) are of limited availability (Gaoet al., 2014;

Paunet al., 2017). Development of a statistical anatomical model describing LV

dimensions of a population was therefore required to design the novel IVBP. As

presented in the Literature Review (Chapter 2), LVs of patients suffering from SHF

undergo structural modi�cations intrinsic to the condition aetiology. Although these

structural changes vary from patient to patient and with disease stage, patients with

dilated cardiomyopathy have an increase in LV volume and changes in LV shape

(Douglas, 1989). The LV anatomical characteristics of SHF patients with dilated

cardiomyopathy were analysed and used to create a statistical anatomical model

describing the patient cohort LV dimensions.

3.2 Aims and objectives

The aim of this Chapter was to design and develop an IVBP prototype that could �t

the LV of a SHF patient-cohort. Key objectives include:

• develop a geometrical model that describes the intraventricular anatomy of the

target population. Use medical images to reconstruct 3D models of LVs and

identify relevant landmarks for simplifying the LV shape,

• design a balloon shape that accommodates the entire patient-cohort sample.

Use the LV geometrical model to de�ne the IVBPlanding zone(i.e. the

volume available for IVBP deployment). The balloon must avoid interaction

with the sub-valvular apparatus (papillary muscles and chordae),

• manufacture the balloon. Develop a manufacturing process to create a �exible

balloon with the designed shape, and

• develop the IVBP control system. Identify the IVBP control features and

develop the system to actuate the balloon.
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3.3 Methods

3.3.1 Model-based anatomical characterisation of left ventricles

The LV geometrical model representing the intraventricular anatomy of SHF patients

was developed in three stages:

1- 3D reconstruction of LV geometries of Left Ventricular Assist Device (LVAD)

candidates,

2- extraction of the intraventricular shape and features relevant for the IVBP

design and,

3- determination of an LV geometrical model based on the extracted LV features.

3.3.1.1 Left ventricle three-dimensional modelling

Computed tomography angiography was performed on ten anonymised LVAD

candidates (six females and four males with an average of 53� 15 years of age)

(Grif�th University ethics approval number 2017/877).

Digital Imaging and Communications in Medicine (DICOM) �les of two

dimensional LV scans, recorded at end-diastole, were stacked and processed

on-screen via an image processing software (Mimics v16.0, Materialise, Leuven,

Belgium). The cardiac structures (e.g. heart chambers and main vessels) were

visualised using a high-contrast medium. The anatomic structures of the LV were

segmented using grey value thresholds of 1274-3050 and processed using corrective

manual editing (i.e.wrappingandsmoothing). Figure 3.1 presents the standard user

interface including the three anatomical views (axial, coronal and sagittal) and a

fourth frame containing the corresponding 3D reconstructed LV internal geometry.
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Figure 3.1Mimics (v16, Materialise, Belgium) user interface for the conversion of
2D images into 3D geometries. The Left Ventricular (LV) blood volume contour is
represented in blue. From the top left to bottom right; sagittal, coronal, axial views
and 3D-reconstructed LV geometry.
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3.3.1.2 Left ventricle landmarking

The 3D geometries were imported into 3-Matic (v8.0, Materialise, Leuven, Belgium)

and LV landmarks were manually positioned on the surface of the 3D LV geometry

(Fig. 3.2). These LV landmarks comprised the LV apex, the mitral and aortic valve

centres, and the papillary muscle bases and tips. The main LV longitudinal axes were

de�ned by the LV Apex and the centre of the Mitral valve (AM); and by the LV Apex

and the centre of the Aortic valve (AA). The centre of the mitral valve was de�ned

in three steps: 1- �tting a sphere to the valve surface using theFitting Surfacetool in

3-Matic; 2- identifying the axis de�ned by the centre of the sphere and the LV apex

and; 3- de�ning the intersection point between this axis and the valve surface. The

centre of the aortic valve was de�ned at the point of the cusps coaptation.

Figure 3.2Localisation of the main Left Ventricular (LV) landmarks on a 3D-
reconstructed LV geometry; LV apex, centres of the mitral and aortic valve, main LV
axes from the LV Apex to the Aortic centre (AA) and from the LV Apex to the Mitral
centre (AM), tips and bases of the papillary muscles.

The intraventricular shape was simpli�ed and de�ned by �tting �ve spheres

on the surface of the LV 3D geometry. To generate the spheres, the LV main axis
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de�ned by the LV Apex and the Mitral valve centre (AM) was segmented into �ve

segments ([0%-12.5%], [12.5%-25%], [25%-50%], [50%-75%] and [75%-100%])

and the LV surface enclosed in each segment was utilised to �t spheres using the

Fitting Surfacetool in 3-Matic (v8.0, Materialise, Leuven, Belgium). Figure 3.3

illustrates the generation ofS3, the sphere �tting the LV surface enclosed in the third

AM segment ([25%-50%]).

Figure 3.3Simpli�cation and characterisation of the Left Ventricle (LV) geometry:
positioning of �ve spheresS1 � S5 at [0%-12.5%], [12.5%-25%], [25%-50%], [50%-
75%] and [75%-100%] of the main LV axis (de�ned by the LV Apex and the Mitral
valve centre) using the Fitting Surface tool in 3-Matic (v8, Materialise, Leuven,
Belgium). The orange surface is the LV surface enclosed in the [25%-50%] segment
for the generation of S3 (red sphere).
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Figure 3.4 depicts the �ve spheres resulting from the LV-surface �tting. The

sphere centres were used to de�ne the sphere location with respect to the LV apex.

The distance between each sphere centre and the LV apex; and the angle between

each sphere centre, the LV apex and the centre of the mitral valve were computed.

Figure 3.4Simpli�cation and characterisation of the Left Ventricle (LV) geometry:
positioning of �ve spheresS1 � S5 using the Fitting Surface tool in 3-Matic (v8,
Materialise, Leuven, Belgium).

LV sphericity was evaluated by �tting three ellipses on the LV-surface contour

(Ellipse measurementtool in Mimics) in three slices perpendicular to AM: at 25%,

50% and 75% of AM from the LV apex (Fig. 3.5). The eccentricity index of each

ellipse was computed by dividing the ellipse long axis with the ellipse short axis.
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Figure 3.5Description of the Left Ventricular (LV) geometry eccentricity. A) the
position of three axial slices (perpendicular to AM, the axis de�ned by the LV apex
and the Mitral valve centre) at 25%, 50% and 75% of AM from the LV apex, B)
manual ellipse �tting of the LV surface contour at 25% of the AM axis length.

Papillary muscle position and geometry were analysed to identify the region

the IVBP must avoid. The papillary muscles were simpli�ed into the nearest-�t

cylinders by manually outlining their perimeter and applying theFitting Surfacetool

in 3-Matic (v8, Materialise, Leuven, Belgium) (Fig.3.6).
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Figure 3.6 Characterisation of the Left Ventricular (LV) papillary muscles;
positioning of one cylinder per papillary muscle using the Fitting Surface tool
in 3-Matic.

3.3.1.3 Left ventricle model reduction

The simpli�ed LV geometrical models (points, lines, spheres, cylinders) were

processed in MATLAB (R2017a, MathWorks, Natick, US) to calculate the following

key values:

• the length of the main LV axes: AM, de�ned by the LV apex and the mitral

valve centre and; AA, de�ned by the LV apex and the aortic valve centre,

• the angle between AM and AA,

• the diameter and centre position of the �ve spheres �tting the LV geometry,

• the LV eccentricity index, de�ned by the ratio between the short and long axes

of the �tting ellipses,

• the papillary muscle length,

• the papillary muscle radius, and

• the distance between the LV apex and the papillary muscle bases.

The average and standard deviation of the key values, normalised with the respective

AM length, were computed to determine statistical distribution of the simpli�ed

LV geometrical models representing the patient cohort (n = 10). An example of a

simpli�ed LV geometrical model is presented in Figure 3.7.
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Figure 3.7Simpli�ed Left Ventricular (LV) geometrical model de�ned by �ve spheres
(Si), cylinders for the Papillary Muscles (PM), the main LV axes de�ned by the LV
Apex and the centre of the Mitral valve (AM) and the LV Apex and the centre of the
Aortic valve (AA).

3.3.2 Intraventricular balloon shape design

The IVBP design should adequately support patients with small or large LV

geometries for the studied patient-cohort. Consequently, the balloon shape was

designed to �t the smallest volume common to all the LVs in the target population.

The balloon shape will then be scaled up to �t different LV sizes. The present

section utilised the simpli�ed LV geometrical models to design the IVBPlanding

zone- the LV region where the balloon can be actuated without interacting with the

LV walls and the papillary muscles. The balloon shape was ultimately designed

based on the smallest normalised IVBPlanding zone.
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3.3.2.1 Intraventricular balloon landing zone

Each simpli�ed geometrical model of the intraventricular cavity was de�ned by

two elements: the cavity generated by �ve superimposed spheres and; the cylinders

�tting the papillary muscles.

Before determining the IVBPlanding zone, each simpli�ed LV geometrical

model was: 1- normalised with the LV main axis AM; 2- located at a common

origin: all LV apexes were placed at the same coordinates and; 3- orientated in a

speci�c direction: all AM axes were placed along the same line, and the simpli�ed

LV geometrical models were rotated so that the plane de�ned by the main LV axes

AM and AA was common for all LV geometrical models.

Superposition of the simpli�ed LV geometrical models of the target population

is depicted in Figure 3.8.

Figure 3.8Superposition of simpli�ed Left Ventricular (LV) geometrical models
(n = 10) with the same origin (the LV apex), same main LV axis AM de�ned by the
LV Apex and the Mitral valve centre and the same orientation (common AMA plane
de�ned by AM and AA (de�ned by the LV Apex and the Aortic valve centre)).

The smallest statistical diameter of each sphere (Si) was de�ned by the average

diameter of eachSi minus one standard deviation. The positioning of eachSi was
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de�ned by: the average distance between theSi centre and the LV apex and; the

average angle between theSi centre, the LV apex and the mitral valve centre.

Thepapillary muscle zonewas de�ned with the intraventricular region enclosing

the population papillary muscles. Thepapillary muscle zonewas approximated by a

transverse plane perpendicular to AM, located at a distancedistt p from the LV apex

and; a sagittal plane parallel to AM, located at distancedistsp from AM. distt p was

the minimal distance between the LV apex and the base of the papillary muscles

anddistsp was the maximum distance between the papillary muscle tips and the AM

axis.

The IVBPlanding zone�tting the entire target population was determined from

the union of the population smallest statistical spheres and the extraction of the

populationpapillary muscle zone. A distinction between the smallest statistical

LV and, the smallest LV of the population must be noted. Thelanding zonewas

modelled in SolidWorks (v15, Dassault, Vélizy-Villacoublay, France) based on the

resulting statistical analysis. Figure 3.9 depicts a) the key element de�ning the IVBP

landing zone, papillary muscle zone, and b) the resulting IVBPlanding zonemodel.

To avoid LV out�ow tract obstruction by the balloon, thelanding zonemust not

intersect the region approximately 20 mm below the aortic valve.
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Figure 3.9a) IntraVentricular Balloon Pump (IVBP) landing zone based on the
superposition of the 5� N spheres and one cylinder per papillary muscle. The
main Left Ventricular (LV) axis AM is de�ned by the LV Apex and the Mitral valve
centre. The papillary muscle zone is de�ned by the distancesdistsp anddistt p (yellow
arrows). b) IVBP landing zone model designed based on the smallest statistical
landing zone.
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3.3.2.2 Intraventricular balloon shape

To design the balloon shape, thelanding zonewas scaled with the smallest statistical

AM axis length corresponding to the population AM average length minus one

standard deviation.

The balloon shape was segmented into two parts based on thelanding zone

geometry; 1- the region below thepapillary muscle zone, and 2- the vertical region

enclosed between thepapillary muscle zoneand the boundary of the LV spheres.

Thus, the balloon was modelled as a double ellipsoid �lling the entire volume below

the papillary muscles, and a single �attened ellipsoid �lling the large vertical space

of thelanding zone. The two balloon parts were then united, and the connections

smoothed to generate a simple geometry and to prevent sharp edges. Figure 3.10(a)

presents the IVBP balloon shape �tting the target populationlanding zoneand

Figure 3.10(b) presents the balloon shape �tting the smallest LV of the target

population. The balloon shape was protruding from the landing zone due to the

shape smoothing at the connection between the two balloon parts. However, the

papillary muscles do not occupy that region of thepapillary muscle zone.

(a) In the statistical landing zone (b) In the smallest LV of the target population
(AM = 84.4 mm)

Figure 3.10Fitting of the balloon model in (a) the landing zone of the target
population with dimensions reported as a ratio of the main axis length AM=1
and; in (b) the smallest Left Ventricle (LV) of the target population.
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3.3.3 Intraventricular balloon manufacture

The balloon was manufactured in 2 steps: 3D printing of the balloon shape and;

silicone (polysiloxane) moulding of the 3D-printed balloon shape.

3.3.3.1 Balloon 3D printing

An 8 mm in diameter stem was added at the balloon apex to allow for tube

introduction. The aim of the tube was to direct pressurised air in and out of the

balloon for balloon in�ation and de�ation. The �nal balloon shape was 3D printed

with Acrylonitrile-Butadiene-Styrene (ABS, Bilby3D, Kanoona, Australia), on an

UP Plus2 3D printer (Tiertime, Beijing, China) and the part surface was

post-processed to obtain a smooth surface �nish. Coarse-sand paper was used for

removing macro irregularities and acetone vapour melting (120� 30 min) was used

to smoothen small irregularities.

3.3.3.2 Balloon silicone moulding

The 3D printed balloon shape corresponded to the smallest balloon shape for

accommodating the smallestlanding zone; for larger LVs, the balloon should be

scaled up so that the balloon shape �ts largerlanding zones. Silicone was utilised as

the preferred material for the balloon manufacture as it exhibits a broad range of

mechanical properties. Speci�c mechanical properties were sought:

• high elasticity to support balloon volume variations of an estimated 300%

from the smallest intraventricular balloon volume (i.e. smallest LV volume of

90 mL) to the largest intraventricular balloon volume (i.e. largest LV volume

of 275 mL) of the target population,

• low Shore hardness to reduce the resistance experienced during balloon

in�ation/de�ation, and consequently the pressure required to drive the

balloon,

• high tensile strength to avoid tearing of the balloon during its operation and at

demoulding, and

• adequate pot life to allow suf�cient time for silicone mixing and balloon

moulding.

Elastosil Vario15 A/B (Wacker, Munich, Germany) (Table 3.1) was selected

as the preferred material for the balloon moulding; it is a two-component silicone

rubber that vulcanizes at room temperature.



112 Intraventricular Balloon Pump Development

Table 3.1Mechanical properties of the Elastosil Vario15 A/B (Wacker, Munich,
Germany).

Mechanical properties Values

Viscosity at 23� C [mPas] 3 000

Hardness, Shore A 15

Tensile Strength [MPa] 6.5

Elongation at break [%] 900

Pot life [min] 150

The balloon was moulded following this procedure:

1- silicone mixing: 15 g of Elastosil Vario15 (10:1 of components A:B by weight)

was mixed with 20% of silicone diluent (AK100, Barnes, Bristol, US). Silicone

diluent was used to facilitate manufacturability. The material properties were

not of interest for this study,

2- silicone degas: the silicone mixture was placed in a vacuum chamber at

-100 kPa gauge until complete removal of air bubbles,

3- silicone moulding: the degassed silicone mixture was poured onto the 3D

printed balloon mould,

4- silicone curing: the balloon mould was mounted on a dual-axis rotational

moulder (presented below) to ensure uniform coating. The rotational speed

was set to� 30 rev/min to propel the silicone excess and ensure full coverage

of the mould,

Before complete curing of the �rst silicone layer (35� 10 min), steps 1 to 4 were

repeated to make a second silicone layer.

5- silicone curing: a heat lamp was placed on top of the rotational moulder to

accelerate the silicone curing time (120� 30 min at 40� 5� C),

6- balloon demoulding: the double layer balloon was demoulded by rolling it off

the mould starting at the mould stem.

The rotational moulder was speci�cally developed in-house (at the Innovative

Cardiovascular Engineering and Technology LABoratory (ICETLAB)) for the

preparation of silicone moulds based on a similar design and private

communications with Dr. Prince (Lecturer in Mechanical Engineering, Aston

University, UK, 2017). The electromechanical system presented in Figure 3.11

consisted of six types of components:
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1- Two rotors: anx- andy-rotor that rotated around thex- andy-axes respectively

(axes are shown in the top right corner of Fig. 3.11). The rotors were designed

in SolidWorks and laser cut from 6 mm thick acrylic sheets. Thex-rotor was

lodged between they-rotor plates; relative motion of thex-rotor with respect

to they-rotor was enabled with a set of gears and bearings (Appendix A.1.1).

2- Two DC geared-motors (FIT0492, CoreElectronics, Adamstown, Australia): a

50 rev/min motor (0.50 kg�m) directly connected to they-rotor and a

100 rev/min (0.42 kg�m) connected to thex-rotor via a geared mechanism.

The geared mechanism was used to transmit the motory-axis rotation into an

x-axis rotation (Appendix A.1.1).

3- A controller: a micro-controller board (Arduino Leonardo board, Adafruit

Industries, Massachusetts, US) was programmed using the open source

Arduino software to control the direction and speed of rotation of each motor

(code in Appendix A.1.2). A motor shield (L298, Arduino MotorShield,

Adafruit Industries, Massachusetts, US) was used to drive the motors.

4- Two potentiometers: the variable resistance of two potentiometers was used as

an analogue input to vary each rotor speed independently.

5- A mould connector: a 3D designed and printed part screwed onto thex-rotor.

This connector was used to mount the mould part on the rotational moulder

and was designed to keep the mould centre of gravity around the centre of the

rotational moulder.

6- A power supply (12 V) for the controller and the motors.



114 Intraventricular Balloon Pump Development

Figure 3.11In situ representation of a two-degrees rotational moulder for silicone
moulding. Axis coordinates are depicted in the top right corner.
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3.3.4 Pump control system

The IVBP pump system comprised a pneumatic circuit controlled to in�ate and

de�ate the balloon based on speci�c commands implemented in Simulink

(MATLAB). Figure 3.12 depicts the different pneumatic elements:

1- a source of compressed air,

2- a manual pressure regulator (AR40- 04H-1, SMC Pneumatics, Tokyo, Japan)

to set the pressure to a maximum of 200 kPa,

3- an electro-pneumatic regulator (ITV2030-012BS5, SMC Pneumatics, Tokyo,

Japan) to tune the balloon in�ation pressure to a speci�c pressure based on an

analogue voltage input and,

4- a 3/2 way solenoid valve (VT325-035DLS, SMC Pneumatics, Tokyo, Japan)

to set the balloon pressure to the pneumatic circuit pressure when open (for

balloon in�ation) or to release the balloon pressure to atmospheric pressure

when on release (for balloon de�ation).

Figure 3.12IntraVentricular Balloon Pump (IVBP) control system.
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Figure 3.13 presents the IVBP control commands and corresponding balloon

in�ation state. The electro-pneumatic regulator and the 3/2-way solenoid valve were

operated by a custom-made Simulink program via a data acquisition system

(DS1104, dSPACE GmbH, Paderborn, Germany). The balloon control signal

consisted of a pulse with a speci�c amplitude, duty cycle and delay with respect to

the cardiac cycle (Fig. 3.13 a)). These pulse variables were implemented in a

ControlDesk user interface (v 5.4, dSpace GmbH, Paderborn, Germany) to enable

adjustments with respect to the cardiac cycle of the pulse-generator (presented in

Chapter 4) and according to the IVBP actuation scenario.

Figure 3.13IntraVentricular Balloon Pump (IVBP) control commands; a) IVBP
command signal to control the balloon in�ation pressure (Pballoon), duty cycle (duty)
and delay with respect to the cardiac cycle; b) the balloon in�ation state when the
3/2-way solenoid valve is open and; c) the balloon de�ation state when the 3/2-way
solenoid valve is on release.Preg is the pressure set by the regulator;Pbal is the
pressure in the balloon and; Patm is the atmospheric pressure.
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3.4 Results

3.4.1 Model-based anatomical characterisation of left ventricles

The following paragraphs present the key geometrical dimensions describing the LV

anatomy of the patient-cohort sample. Analysis of the simpli�ed LV model de�ned

by this set of dimensions (Fig. 3.14) allowed quantitative description of the LV

region where the balloon could be actuated without interacting with the sub-valvular

apparatus.

Figure 3.14Simpli�ed Left Ventricular (LV) geometrical model de�ned by �ve spheres
(Si), cylinders for the Papillary Muscles (PM), the main LV axes de�ned by the LV
Apex and the centre of the Mitral valve (AM), the LV Apex and the centre of the
Aortic valve (AA) and the angle between the mitral valve centre, the apex and the
aortic valve centre ( \AM� Apex� AA).
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The length of AM, the main LV axis going from the LV Apex to the Mitral valve

centre ranged from 84.4 mm to 106.7 mm. The length ratio between the two main

LV axes AA (LV axis going from the LV Apex to the Aortic valve centre) and AM

ranged from 1.04 to 1.15. The angle between AM and AA axes ranged between

14.5� to 18.5� . The LV eccentricity on the three planes de�ned by the AM axis

ranged between 0.7 and 0.93. Table 3.2 presents the length of AM and AA; the

length ratio (AA
AM); the angle between AM and AA; and the LV eccentricity indices

for the patient-cohort sample.

Table 3.2Characterisation of the Left Ventricular (LV) shape; length and angle of
the main LV axis from the LV Apex to the Aortic valve centre (AA) and from the LV
Apex to the Mitral valve centre (AM) and, eccentricity of the LV �tting ellipses at
three slices perpendicular to AM.

LV features Mean � std

AM axis length [mm] 92.8� 7.6

Axes length ratioAA
AM [/] 1.1 � 0.04

Angle de�ned by axes AM and AA[� ] 16.6� 1.36

LV eccentricity (location from the LV apex as a%

of the AM axis length) [/]

0.83� 0.07 (at 25%)

0.83� 0.08 (at 50%)

0.85� 0.06 (at 75%)

Absolute and normalised diameters of the �ve intraventricular �tting spheres

(S1 – S5) for each patient data set (LVi), are presented below in Figure 3.15.

Figure 3.15 Characterisation of the Left Ventricular (LV) shape
(n =10); with �ve spheres (S1-S5) �tted on the LV surface at
[0%� 12:5%]; [12:5%� 25%]; [25%� 50%], [ 50%� 75%] and [75%� 100%] in
percentage of the main axis length de�ned by the LV Apex and the Mitral valve
centre (AM).
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The distance between each sphere centre and the LV apex and; the angle

between each sphere centre, the LV apex and the mitral valve centre are presented in

Figure 3.16.

Figure 3.16Characterisation of the Left Ventricular (LV) shape (n = 10) with a) the
positioning of �ve spheres (S1 � S5) de�ned by the distance from each sphere centre
(Si

centre) and b) the LV apex and the angle de�ned by (Si
centre), the LV apex and the

mitral centre ( \Si
centre� apex� mitralcentre).

The number of anterolateral and posteromedial papillary muscles varied between

two and �ve per LV. Figure 3.17 presents the papillary muscle lengths, radii and the

distances between the papillary muscle bases and the LV apex, normalised with AM.

Figure 3.17Papillary Muscle (PM) distribution: a) length, b) radius and c) distance
between the LV apex and bases of each lateral and medial papillary muscle (lat1-lat3
and med1-med2) normalised by the length of the main LV axis AM de�ned by the LV
Apex and the Mitral valve centre.
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Table 3.3 presents the average and standard deviation values for the normalised

papillary muscle: length; radius; and distance between the LV apex and the papillary

muscle bases.

Table 3.3Shape and positioning of the lateral and medial Papillary Muscles (PM)
normalised with the main axis AM length de�ned by the LV Apex and the Mitral
valve centre.

Characteristics Mean � std [/]

Lateral Medial

PM radius [/] 0.04� 0.02 0.05� 0.01

PM length [/] 0.34� 0.08 0.44� 0.09

Distance LV apex-PM bases [/]0.54� 0.11 0.59� 0.09

Each 3D reconstructed LV geometry was de�ned by these key intraventricular

features resulting in a simpli�ed LV geometrical model. Superposition of the

geometrical models of the LV target population is depicted in Figure 3.18.

Figure 3.18Superposition of simpli�ed Left Ventricular geometrical models (n = 10)
with the same origin (LV apex), same main LV axis AM de�ned by the LV Apex and
the Atrial valve centre and the same orientation (common AMA plane de�ned by AM
and AA (de�ned by the LV Apex and the Aortic valve centre)).
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3.4.2 Intraventricular balloon shape

The resulting normalised IVBPlanding zoneshape was characterised with the �ve

smallest statistical sphere diameters; the length between each sphere centre and the

LV apex; the angle de�ned by the sphere centre, the LV apex and the mitral centre;

distsp the maximal distance between the AM axis and the projection of the papillary

muscle tips on the plane AMA de�ned by AM and AA; anddistt p, the minimal

distance between the LV apex and the projection of the papillary muscle bases on

the plane AMA. Thelanding zonemodel is depicted in Figure 3.19.

Figure 3.19Model of the IVBP landing zone de�ned with the 5 smallest statistical
sphere;distsp the maximal distance between the main axis AM (de�ned by the LV
apex and the centre of the mitral valve) and the papillary muscle tips; anddistt p, the
minimal distance between the Left Ventricle apex and the papillary muscle bases.
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The normalised IVBPlanding zonedimensions are provided in Table 3.4.

Table 3.4IVBP landing zone dimensions normalised with the length of AM, the
LV axis de�ned by the LV Apex and the Mitral valve centre.distt p is the minimal
distance between the papillary muscle bases and the LV apex anddistsp is the
maximal distance between the papillary muscle tips and the AM axis.Si indicates
the sphere number.

IVBP landing zonefeatures Results

S1 S2 S3 S4 S5

Sphere diameters [% of AM length] 25.1 39.1 49.9 54.9 54.7

Length between the sphere centre and the

LV apex [% of AM length]
17.6 30.8 45.8 65.2 78.6

Angle de�ned by the sphere centre, LV

apex and mitral centre [� ]
11.6 11.0 8.7 4.7 2.3

distt p wrt the LV apex [% of AM length] 34.8

distsp wrt AM [% of AM length] 3.6

3.4.3 Balloon manufacturing

The post-processed 3D-printed balloon mould had a smooth surface that allowed

silicone moulding of the balloon. Figure 3.20 depicts the 3D-printed balloon mould

and the resulting silicone balloon in�ated to its original size and, for visualisation

purposes, over its original size. Although the silicone balloon exhibited suf�cient

elasticity and resistance to in�ate to at least twice its original volume, the balloon

shape was not scalable.
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Figure 3.20Resulting a) 3D printed mould of the balloon model 3D printed with
Acrylonitrile-Butadiene-Styrene (ABS, Bilby3D, Kanoona, Australia), on an UP
Plus2 3D-printer (Tiertime, Beijing, China) and b) IVBP silicone balloon made of
Vario15 A/B (Barnes, Bristol, US).
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3.5 Discussion

The aim of this study was to develop a single-size IVBP that accommodated a

population of Left Ventricular Assist Devices (LVAD) candidates. As opposed

to previous IVBP studies (Donaldet al., 1971; Donaldet al., 1972; Bregman

et al., 1974; Satavaet al., 1974; Curtiset al., 1977; Moulopouloset al., 1989;

Stamatelopouloset al., 1995; Stamatelopouloset al., 1996; Zhuet al., 2018; Gharaie

et al., 2019; Zhuet al., 2019), the IVBP balloon shape here was based on ain silico

anatomical �tting analysis performed on comprehensive 3D LV geometries.

A statistical analysis was conducted on simpli�ed LV geometrical models; a

single normalised IVBPlanding zonegeometry was designed based on the

dimensions representing the population cohort. The IVBP balloon was

manufactured by 3D printing the customised IVBP balloon shape and by silicone

moulding. The IVBP pump control system was developed to actuate the IVBP

balloon at a speci�c pressure and timing with respect to a reference signal.

Previous IVBP studies developed �exible balloons for LV implantation in

animal models; different volumes (from 40 to 110 mL) and shapes (e.g. spherical,

tomato, pear, cast of the LV at end-diastole) were tested. Interestingly, only one

study has customised the balloon volume to the LV shape (Stamatelopouloset al.,

1996); they evaluated the effect of 3 balloon volumes (Left Ventricular End Diastolic

Volume (LVEDV) and +/- 25% of LVEDV) on IVBP function. Results indicated that

an intraventricular balloon volume equal to the corresponding LVEDV generated the

largest mean arterial pressure and aortic �ow. However, even though

haemodynamics were improved and signs of cardiac recovery were noticeable,

evidence of mitral regurgitation was observed. To the best of the author's

knowledge, there is no other IVBP study that aimed at preventing and reducing

mitral regurgitation. Abnormal displacement of the papillary muscles impedes

mitral valve lea�et coaptation resulting in potential mitral regurgitation (Dal-Bianco,

Jacob P. and Levine, 2013). The balloon in�ation inside the LV could have distorted

the sub-valvular apparatus leading in increased regurgitation. Hence the current

study developed an anatomical �tting based on ten SHF patients with dilated

cardiomyopathy and designed the balloon geometry based on the internal LV

anatomy. The balloon volume was maximised to �t thelanding zone; with this

design, it is expected the balloon will support patient haemodynamics without

displacing the sub-valvular apparatus and will thus reduce mitral regurgitation

prevalence.

The LV anatomical analysis showed the underlying geometry of the

intraventricular space remained consistent amongst the ten data sets. The LV sphere
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dimensions and shape eccentricity did not vary notably within the population.

However, inconsistencies were noted with respect to the papillary muscles; the

normalised length, radius, and the location of the papillary muscle base with respect

to the LV apex did not exhibit a trend. This suggested that the main LV shape could

be simpli�ed to a parametric model which was low in complexity, while

parametrisation of the papillary muscles was unpredictable.

Due to high variability in papillary muscle positioning, the geometrical model

could not quantitatively predict the location nor dimensions of the papillary muscles.

However, the superposition of all the LV geometrical models showed the papillary

muscles could be enclosed in a region (thepapillary muscle zone) de�ned by the

most posterior papillary muscle tip and the most apical papillary muscle base. These

two measurements were used to de�ne the largestpapillary muscle zoneof the

population cohort to ensure the balloon would not interact with any papillary muscles

and chordae.

The balloon was designed for one speci�c shape - the IVBPlanding zone; by

scaling this shape up, the IVBP was expected to �t any LV from the population

cohort. However, the IVBP balloon shape did not scale as required; the balloon

appeared to in�ate radially rather than around its centre of gravity (Fig. 3.20). As

such, optimised procedures to direct the expansion of the balloon, to keep in line

with the intraventricular geometry, are to be developed.

An experimental pump setup was assembled and used to actuate the balloon with

a speci�c timing. Detailed evaluation of the IVBP actuation timing is presented in

Chapter 4. The IVBP control was designed based on a reference signal - the internal

signal implemented to control the pulse-generator (presented in Chapter 4). In the

future, the IVBP pump will need biological reference signals to re�ect the native

LV contractile activity and; a cardiac beat predictor to de�ne the actuation timing.

Further research will have to study the feasibility in integrating an independent

electrocardiogram sensor into the IVBP pump system.
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3.6 Study limitations

Notwithstanding the extrapolated results, the anatomical study was limited by

numerous factors such as the reduced population size, the lack of patient

information, the type of computed tomography data used and the analysis

techniques applied. A larger cohort of LVAD candidates is necessary to ensure the

most prevalent intraventricular geometry model. Lack of information about patient

anthropometry, heart failure aetiology and heart failure stage limited the LV model

analysis. Ideally, the IVBP should be normalised based on the patient anthropometry

as opposed to the AM axis - an intrinsic LV dimension. There could be a correlation

between the patient condition (e.g. ejection fraction) and the LV dimensions which

could improve the methods in determining the appropriate IVBP balloon size.

The reduced accessibility to clinical end-systolic computed tomography data

limited the anatomical study to end-diastolic data. The IVBP balloon was designed

to be fully expanded at the end of LV contractions - where LV volume is minimal.

The methods used to characterise the LV geometry should be implemented on end-

systolic data as opposed to end-diastolic data - where the LV volume is maximal.

The mechanical, chemical and biological properties of the silicone balloon are to

be assessed and compared. A stress-strain (i.e. compliance) curve is to be generated

to evaluate the maximal allowable pressure before inelastic deformation of the

material. The shape of the balloon is to be characterised at different in�ation rates to

validate the required scaling of the shape. Bio-compatibility needs to be evaluated to

verify suitability of this silicone to be used in contact with blood.

Further research will need to determine the interaction between the IVBP

balloon, the sub-valvular apparatus and the LV walls. Mitral regurgitation,

ventricular remodelling and, atrial and ventricular �brillation are potential problems

that need to be considered.
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3.7 Chapter conclusion

An IVBP design and manufacturing process was developed to �t a patient cohort.

This in silico anatomical �tting study presented a method to reconstruct the

intraventricular region of a speci�c population cohort (i.e. LVAD) with a simpli�ed

LV geometrical model. Although it was not feasible to reconstruct the papillary

muscle shape and positioning individually, superposition of all the LV landmarks

showed the sub-valvular apparatus could be enclosed in a speci�c region - the

papillary muscle zone.

Based on this statistical analysis a novel balloon shape was designed and

manufactured. This was the �rst study to design an IVBP balloon that aims at

avoiding the sub-valvular apparatus. Due to the early-development stage of the

device, evaluation of interactions between the balloon and the sub-valvular

apparatus could not be conducted. The IVBP balloon design could �t the entire

population but the single-size manufactured balloon failed at presenting the scaling

shape expected. At this development stage, the single-size IVBP balloon could

therefore not accommodate the entire patient population. Further development needs

to engineer methods to control the balloon in�ation shape. Notwithstanding, this

anatomical implementation could be translated to other implantable medical

population-based applications.

Next stage of the IVBP development requires testing of the IVBP actuation

timing to quantify the effects of the IVBP on the LV haemodynamics. Chapter 4

presents thein vitro evaluation of the IVBP functions on the haemodynamics of a

simulated SHF patient.
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4.2 Literature summary and introduction

In the previous chapter the prototype of an IntraVentricular Balloon Pump (IVBP)

was developed and manufactured. This chapter presents thein vitro evaluation of the

IVBP in a simulated Severe Heart Failure (SHF) patient with dilated cardiomyopathy.

Testing and validation of the IVBP performance characteristics were a key step in

the device development and optimisation processes.

Animal trials have been previously conducted for identifying the feasibility of

IVBPs (Donaldet al., 1971; Donaldet al., 1972; Bregmanet al., 1974; Satavaet al.,

1974; Curtiset al., 1977; Moulopouloset al., 1989; Stamatelopouloset al., 1995;

Stamatelopouloset al., 1996). It was only until recently that two research groups

presentedin vitro evaluations of an IVBP (Zhuet al., 2018; Gharaieet al., 2019; Zhu

et al., 2019). Nonetheless, none of these early and modern studies aimed at analysing

the effect of the IVBP actuation timing on the resulting haemodynamic support.

These IVBP studies evaluated IVBP function with a single actuation timing - balloon

in�ation during the entire systolic period and de�ation during the entire diastolic

period.

In this chapter it was hypothesised that timing IVBP in�ations with respect to

the native heart's activity was a key factor in IVBP haemodynamic performance. As

such, a `Mock Circulatory Loop' (MCL) mimicking haemodynamics of the systemic

circulation under SHF conditions was developed and assembled to support the testing

of the IVBP.

4.3 Aims and objectives

The present chapter aimed to evaluatein vitro the IVBP for support of a simulated

SHF condition with dilated cardiomyopathy. Key objectives included:

• develop a purpose-built MCL simulating a SHF condition with dilated

cardiomyopathy and,

• determine the in�uence of the IVBP actuation timing on the simulated

haemodynamic function.

4.4 Methods

The following materials and methods describe the purpose-built MCL with a patient-

speci�c LV and; the experimental set-up and protocol used to evaluate the IVBP

haemodynamic performance.
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4.4.1 Mock circulatory loop development

The MCL set-up presented in Figure 4.1 consisted of two systems: a systemic

circulation (highlighted in red) and a pulse-generator (highlighted in yellow). The

�rst system simulated the systemic circulation based on a 3-element Windkessel

model; it comprised an arterial compliance vessel, a venous reservoir and a systemic

vascular resistance. Gauges were placed in-line to acquire MCL changes in pressure,

�ow and volume (not shown in Fig. 4.1). The second system - the pulse generator

- generated a pulse to simulate ventricular systole and allow passive ventricular

diastolic �lling. The pulse generator consisted of 3 parts: a hydraulic system

designed to house the LV model, a pneumatic circuit assembled to control ventricular

contractions and, a control system to regulate the simulated cardiac contractions.

Figure 4.1Mock Circulatory Loop (MCL) diagram. Pulse generator highlighted
with yellow contour and systemic circulation highlighted in red; with Left Ventricle
(LV), Left Atrium (LA), lumped Aortic Compliance (AoC), lumped Systemic Vascular
Resistance (SVR), Mitral Valve (MV) and Aortic Valve (AV). Individual elements are
detailed in Figure 4.9.

The MCL assembly design and correspondingin situ MCL set-up, are provided

below in Figure 4.2.
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Figure 4.2Design and experimental Mock Circulatory Loop (MCL) set-up. Pressure,
�ow and displacement gauges are highlighted with red labels: Left Ventricular
Pressure (LVP), Left Atrial Pressure (LAP), Aortic Pressure (AoP), Aortic Flow (AoF)
and, Left Ventricular (LV) volume variation (dVLV /dt).
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Each element of the MCL systemic circulation and pulse generator are described

in detail in the next sections.

4.4.1.1 The systemic circulation

The working �uid. Glycerol, diluted in water (water/glycerol ratio of 60/40 by

weight), was used as the blood analogue �uid. The water/glycerol mixture at 22� C

closely mimicked blood mechanical properties at 37� C (density of 1100kg� m� 3 and

viscosity of 3.5mPa� s) (Gregoryet al., 2016).

The left ventricular and atrial compliant models. Compliant anatomical models

of an LV and Left Atrium (LA) of a SHF patient with dilated cardiomyopathy were

designed and manufactured to �t the MCL and enable IVBP introduction.

Three-dimensional models of the patient LV and LA were reconstructed in

Mimics (v16, Materialise, Leuven, Belgium) from Digital Imaging and

Communication in Medicine (DICOM) images of the patient.

To enable �xation of the compliant LV model into the pulse generator, the LV

model was separated into two parts: a rigid 3D-printed LV top part, and a compliant

silicone-moulded LV bottom part. The slicing plane dividing the two parts was

placed to keep integrity of the mitral and aortic valves and allow manufacturability.

As illustrated in Figure 4.3, the slicing plane was placed parallel to the mitral valve

plane and 7 mm below the aortic valve. Mitral and aortic channels were added to the

LV top part to enable connection with the pulse-generator chamber. A �ange was

added to the LV top and bottom parts to enable assembly (described below).
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Figure 4.3Left Ventricular (LV) model; de�nition of the LV top part for 3D printing
and the LV bottom part for silicone moulding. Aortic and mitral channels are used
to connect the LV model to the Mock Circulatory Loop (MCL) assembly.
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Figure 4.4 depicts the LV top part 3D printed with Acrylonitrile-Butadiene-

Styrene (ABS, Bilby3D, Kanoona, Australia), on an UP Plus2 3D printer (Tiertime,

Beijing, China) and coated with a preservative resin (Easycast, Barnes, Bristol, US)

to increase long-term durability of the mould. A 3 mm hole was drilled on the LV

top-part and a pressure probe was glued for venting and measurement of the Left

Ventricular Pressure (LVP).

Figure 4.4Anatomical Left Ventricular (LV) top part adapted to �t the Mock
Circulatory Loop assembly.LVP; Left Ventricular Pressure.

The protocol developed to manufacture the silicone LV and LA was similar

to the IVBP balloon moulding presented in Chapter 3. A detailed review of the

manufacturing process is provided below:

1- In silico 3D modelling: The 3D models of the LA and bottom LV part were

customized in SolidWorks (v15, Dassault, Vélizy-Villacoublay, France) to

�t the pulse-generator and to allow the insertion of the IVBP at the LV apex

(Fig. 4.5 (a)).

2- 3D printing: LV and LA moulds were 3D printed with ABS on an UP Plus2

3D printer.

3- Surface post-processing: after sanding the mould surface with coarse sanding

paper, the moulds were placed in an acetone vapour chamber for 120� 30

min to smooth small imperfections. The LV and LA moulds were then coated

with a preservative resin (Easycast, Barnes, Bristol, US) to further improve the

surface �nish and increase the long-term durability of the mould (Fig. 4.5 (b)).

4- Silicone moulding: silicone was prepared by mixing 40 g of M4644 (Barnes,

Moorebank, Australia) for the LV model and 30 g of Vario 15 (Barnes,
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Moorebank, Australia) for the LA model, with 20% silicone diluent (AK100,

Barnes, Bristol, US). M4644 was selected for the LV model due to its optical

transparency, which could be used for future experimental �ow analysis.

Vario 15 was used for the LA model due to the increased manufacturability

over the M4644. The mixture was placed in a vacuum chamber at -100 kPa

gauge until completely degassed. Subsequently, the silicone was poured onto

the 3D printed mould mounted on the dual-axis rotational moulder (presented

in Chapter 3 and Appendix A.1) to ensure uniform silicone coating. An

adaptor was speci�cally designed for the LV and LA moulds for positioning

the mould centre of gravity in the centre of the rotational moulder (LV mould

adaptor is depicted in Fig. 4.5 (c)).

5- Meeting thickness criteria: before complete curing of the silicone layer

(35 � 10 min), step 4 was repeated three times to obtain a silicone model with

a thickness of� 1 mm.

6- Curing completion: the mould was placed in an incubator at 60� 2 � C for

180� 30 min to �nalise the curing process.

7- Silicone demoulding: the cured silicone layer was demoulded by introducing

air between the silicone layer and the mould, and rolling the part off the mould

(Fig. 4.5 (d)).



4.4 Methods 137

Figure 4.5Manufacturing steps of the compliant Left Ventricle (LV) model based on
anatomical data of a patient with severe heart failure.
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To seal and assemble the LV top and bottom parts, a 5 mm thick Ethylene Propylene

Diene Monomer (EPDM) sheet compressed with an assembling plate, and six 316

grade stainless steel bolts and nuts. The �nal LV anatomical model is depicted in

Figure 4.6.

Figure 4.6Left Ventricle (LV) model comprising a rigid top part, a compliant bottom
part, an Ethylene Propylene Diene Monomer (EPDM) sealing sheet, and assembling
plate and bolts.
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The aortic and mitral valves. The aortic and mitral valves were modelled with

one-way umbrella valves of 35 mm diameter (UM 350.001SD, Minivalve, The

Netherlands). They were chosen due to their low-opening pressure, low-rebounce

index and ease of assembly (Fig. 4.7 (left)). A valve seat was designed to 1- secure

the valve in its centre, 2- ensure the valve seal along its circumference and, 3- assert

minimal resistance to the one-way �ow. A wheel-inspired seat was designed and 3D

printed (VeroWhite resin, Objet 24, Stratasys Ltd., Rehovot, Israel). The seat was

adapted to enable pressure probing on either side of the valve (Fig. 4.7 (right)).

Figure 4.7Schematic and photograph of the valve model used.

The aortic and mitral valve models were integrated into the MCL assembly

outside the pulse-generator chamber - not in anatomical position (Fig. 4.8). The

valve seats were placed between customised �tting parts, compressed together with

bolts and nuts and sealed with O-rings. This design allowed easy access to the mitral

and aortic valves from outside the pulse-generator chamber.

Figure 4.8a) Computed Assisted Design (CAD) of a valve assembly and b) in situ
Mock Circulatory Loop (MCL) valve assembly.
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The aortic chamber. The aortic compliance (1.5 mL/mmHg) was modelled using

a closed Windkessel vessel; 101.6 mm diameter PolyVinyl Chloride pipe (PVC)

(Industrial Plastics, Murrarie, Australia) of 260 mm in length (Timmset al., 2005).

A 3-way tap was placed on top of the chamber to enable venting when necessary.

The venous chamber. The venous reservoir (11.5 mL/mmHg) was modelled using

a 101.6 mm diameter PVC open pipe of 600 mm in length (Timmset al., 2005). The

hydrostatic pressure of the reservoir was used to simulate the left atrial pressure.

Systemic vascular resistance. The Systemic Vascular Resistance (SVR) was

lumped in a pneumatic pinch valve (VMP 015.04K.71, AKO UK Ltd., Daventry,

UK). The pinch valve was pressure controlled to generate expansions or collapses of

an internal diaphragm and obtain a speci�c resistance value indynes� s� cm� 5

(custom units used in medical literature, 1dyne� s� cm� 5 = MPa� s� 10� 1 � m� 3 ).

The pinch valve pressure was regulated with a Proportional Integral Derivative

controller based on the Aortic Flow (AoF), the Aortic Pressure (AoP) and the Left

Atrial Pressure (LAP) to generate a speci�cSVR following Equation 4.1:

SVR =
AoP� LAP

AoF
(4.1)

The pinch valve pressure was regulated through an electro-pneumatic regulator

(ITV2030-012BS5, SMC Pneumatics, Tokyo, Japan). TheSVR electro-pneumatic

regulator was voltage commanded with the main control of the MCL (detailed in the

following paragraph).

4.4.1.2 The pulse generator

The purpose of the pulse generator was to mimic the mechanical effects which

myocardial contractions have on systemic blood. The objective of this circuit was to

apply a custom-waveform pressure cycle on the compliant LV model and replicate

the intraventricular pressure and volume variations measured in hearts with speci�c

conditions (e.g. healthy or different stages of heart failure). The hydraulic, pneumatic

and control elements of the pulse generator are detailed in the next paragraph and

depicted in Figure 4.9.
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Figure 4.9 Diagram of the Mock Circulatory Loop (MCL) pulse-generator.
Pneumatic components in grey:A compressed-air source,B manual pressure
regulator, C and D electro-pneumatic regulators,E 3/2-way solenoid valve.
Hydraulic components in blue:F transmission chamber andG pulse-generator
chamber. Control elements in green:H , I and J pressure sensors,K �ow sensor,

L level sensor,M software and N data acquisition system. P1, P2 and P3 are
the processed pressure and Pf is the �nal pressure applied to the pulse-generator
chamber via the transmission chamber. The systemic circulation is depicted in
red: LV, Left Ventricle; LA, Left Atrium; MV, Mitral Valve, AoV, Aortic Valve; SVC,
Systemic Venous Compliance; AoC, Aortic Compliance and SVR, Systemic Vascular
Resistance. pneumatic line, hydraulic line, and control line.

1- Hydraulic elements (blue). Incompressible �uid (water) enclosed in the pulse-

generator chamberG (acrylic box of 290� 290� 290 mm, Industrial Plastic,

Murrarie, Australia) was used to transmit pressure from the transmission

chamber F to the silicone LV model. The transmission chamber (sealed

PVC pipe with a diameter of 38.1 mm and a height of 525 mm) was used to

transmit the air pressure (Pf ) from the pneumatic circuit to the pulse-generator

chamber.

2- Pneumatics elements (grey). The pneumatic circuit was composed of four

main components; a compressed-air sourceA , a manual pressure regulator

B (MS-LFR-D6, Festo, Esslingen, Germany) used to set the input pressure
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(P1) to 200 kPa, an electro-pneumatic regulatorC (ITV2030-012BS5, SMC

Pneumatics, Tokyo, Japan) used to set a pressure (P3) proportional to its voltage

command (0-10 V) and, a 3/2 way solenoid valveE (VT325-035DLS, SMC

Pneumatics, Tokyo, Japan) used to alternatively setPf to P3 (open state of

the solenoid valve) or releasePf to atmospheric pressure (closed state of the

solenoid valve) and allow passive �lling of the LV model.

3- Control elements (green). The controller, master element of the pulse

generator, was programmed in the graphical programming environment

Simulink M (2015, MathWorks, Inc., Natick, US). Input signals from

pressure, �ow and level sensors and; Simulink output signals for pneumatic

control were respectively transmitted from and to the MCL via a data

acquisition systemN . The MCL data acquisition system was composed of a

dSpace (DS1104, dSpace GmbH, Paderborn, Germany) and a conversion

electronic circuit (developed at the ICETLAB based on a transistor

ULN2003AN).

The Simulink pulse-generator controller was implemented to generate 3 output

commands for controlling the lumpedSVR, the LV contraction-rate and, the

LV systolic and diastolic phases. Three types of input signals were recorded

by the data acquisition system (at 200 Hz): pressure, �ow and level signals.

The following provides details for each output and input signals.

• The lumpedSVR was regulated with a Proportional Integral Derivative

(PID) controller - a control loop feedback mechanism - implemented in

the MCL Simulink control. The PID controller was used to compute the

voltage command required to generate the targetSVR value. This

command was transmitted from the MCL Simulink control to theSVR

electro-pneumatic regulatorD via a Digital to Analogue CHannel

(DACHx) of the dSpace.

• An experimentally tuned voltage waveform was used to command the

LV electro-pneumatic regulator to achieve a 67/33 diastolic/systolic ratio.

This output signal was transmitted from the MCL Simulink control to the

LV electro-pneumatic regulatorC via a Digital to Analogue CHannel

(DACHx) of the dSpace.

• The LV 3/2 ways solenoid valveE , was rhythmically opened and closed

with positive and zero voltage, respectively. To simulate the systolic

and diastolic cardiac cycle phases, the LV solenoid valve was controlled

with a boolean pulse (0-1 V, frequency of 1 Hz and systolic duty cycle
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of 35%). The LV solenoid valve command was transmitted from the

Simulink control to the conversion electronic circuit via the Digital I/O

port of the dSpace. The conversion electronic circuit was used: to power

the LV solenoid valve (24 V) and; to transmit the output command signal

to the LV solenoid valve (0-1 V at 1 Hz).

• Silicon-based transducersH , I , J (PX181B-015C5V, Omega

Engineering, Stamford) were used to measure Left Atrial Pressure

(LAP), Left Ventricular Pressure (LVP), Aortic Pressure (AoP) and the

internal Balloon Pressure (BP) (not shown). Pressure signals were

transmitted to the Simulink controller via the Analogue to Digital

CHannels (ADCHx) of the dSpace.

• An in-line ultrasonic �ow sensor K (TS410-13PXL, Transonic

Systems, Ithaca, USA), speci�cally calibrated for the 40/60

glycerol/water �uid, was used to measure the Aortic Flow (AoF). The

�ow signal was transmitted to the Simulink controller from the �ow

meter through an Analogue to Digital CHannel (ADCHx) of the dSpace

• A magnetorestrictive level sensorL (MTL-550mm, Miran, Guangzhou,

China) placed at the air/water interface in the transmission chamber of

the pulse generator was used to measure the LV volume variations based

on the incompressible system. This level sensor was connected to the

conversion electronic circuit which was used: to power the level sensor

(24 V) and; to transmit the level measurement from the level sensor to

the Simulink controller via an Analogue to Digital CHannel (ADCHx)

of the dSpace.

The dSPACE experiment software, ControlDesk (v 5.4, dSpace GmbH, Paderborn,

Germany), was used as a user interface to visualize the input results and output

commands and; to modify the command parameters.
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4.4.2 Experimental set-up

4.4.2.1 IVBP

The IVBP balloon designed and manufactured in Chapter 3 from thein silico

anatomical �tting study, placed inside the reconstructed IVBPlanding zone, is

represented in Figure 4.10 a). The balloon dimensions are fractions of AM, the main

LV axis de�ned by the LV Apex and the Mitral valve centre axis of the patient-speci�c

LV (AM = 92 mm). The resultant balloon (60 mL), dyed in green for visualisation

purposes, can be seen inside the manufactured silicone LV in Figure 4.10 b).

Figure 4.10a) Balloon design (dark green), normalised with the Apex-Mitral valve
centre axis (AM), �tting the smallest ventricular region (i.e. landing zone, light
green) of the target population. b) Fitting of the balloon prototype (green) into the
manufactured silicone Left Ventricle (LV) model of the patient-speci�c LV.

4.4.2.2 MCL calibration

Once the IVBP was �xed in the LV model, the MCL system was calibrated following

the subsequent �ve steps: 1- open the aortic chamber to atmospheric pressure by

opening the 3 way stop-cock to atmosphere, 2- �ll the pulse-generator chamber

with water and the systemic circuit with blood analogue �uid. The peripheral

systemic circuit was �lled while keeping the aortic and venous chambers empty. The

contraction chamber was �lled until the LV model was expended to its resting shape,

3- reset the pressure and level sensors in the Simulink controller to zero, 4- close

the aortic chamber by closing the 3 way stop-cock and, 5- blood analogue �uid was

added into the venous chamber until the Left Atrial Pressure (LAP) was 15 mmHg.
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4.4.3 Experimental protocol

The baseline condition of the systemic MCL targeted clinical data of Left Ventricular

Assist Device (LVAD) candidates (Table 4.1) (Muthiahet al., 2017). The SVR

was set to 1300dynes� s� cm� 5. The heart rate, limited by the MCL response-time

and most particularly by the �uid inertia, was set to 60 beats/min. The LV systolic

period was set to 33% of the cardiac cycle. The SHF baseline was recorded over a

period of 50 cardiac cycles and MCL repeatability was individually assessed for the

Aortic Pressure, Left Ventricular Pressure and Left Atrial Pressure by calculating a

coef�cient of correlation (R) for each.

Table 4.1Clinical haemodynamic parameters of patients pre- and post-LVAD
implantation (HeartWare International, Inc., Framingham, US) (Muthiahet al.,
2017); Aortic Flow (AoF), Mean Arterial Pressure (MAP), Left Atrial Pressure
(LAP) and Ejection Fraction (EF).

P P P P P P P P P PPParameters

Conditions Pre-LVAD implantation

(mean� std)

Post-LVAD implantation

(mean� std)

AoF [L=min] 3.4 � 1.4 5.0 � 1.1

MAP [mmHg] 75.6� 11.4 80.3� 11.3

MLAP [mmHg] 27.1� 6.6 14.8� 5.1

EF [%] 24 � 8 35 � 9

To determine the signi�cance of balloon in�ation timing and evaluate the degree

of IVBP support, 105 combinations of in�ation duty cycles and end-in�ation points

were assessed in a simulated SHF condition. As one of the reference parameters,

the end-in�ation point (s ) corresponded to the termination of balloon in�ation with

respect to the start of ventricular systole. The second reference parameter was the

balloon in�ation duty cycle (D), which was evaluated for 10, 15, 20, 25 and 30%

of the cardiac cycle duration. For each in�ation duty cycle, the end-in�ation point

(s ) was varied from 0 to 95% of the cardiac cycle duration in 5% increments. For

categorical analysis, three actuation-timing types were de�ned by the balloon end-

in�ation time point (s ) and in�ation phase delay (f = s - D). Key actuation timing

factors are presented in Figure 4.11. Compressed air was used to in�ate and de�ate

the balloon.

The three balloon-actuation types were: co-pulsation (20% 6 s 6 35%) - when

the balloon was in�ated in phase with systole (and wholly contained within the

systolic period); counter-pulsation (f > 35%) - when the balloon was in�ated out-of-

phase with systole (and wholly contained in the diastolic period), and; transitional-
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pulsation (s > 35% andf <35%) - the phase between co- and counter-pulsation (and

overlapping both systolic and diastolic periods to varying degrees).

Figure 4.11Key Intra-Ventricular Balloon Pump (IVBP) actuation timing parameters.
D is the in�ation duty cycle,s is the end-in�ation point andf = s – D is the phase
delay with respect to start of ventricular systole as percentages of the cardiac cycle
duration. The balloon in�ation period is highlighted by blue shading.

For each condition (D,s ), ten cardiac cycles were recorded. The relevant

systemic haemodynamic parameters included: Left Ventricular Pressure (LVP),

Aortic Pressure (AoP), Left Atrial Pressure (LAP), Balloon Pressure (BP), Aortic

Flow (AoF), LV End-Diastolic Volume (LVEDV), Stroke Volume (SV) and Ejection

Fraction (EF = AoF
HR� LVEDV � 100 where HR is the heart rate). These parameters

were averaged over the recorded cardiac cycles (MATLAB, R2017a, MathWorks,

Natick, US). For each IVBP pulsation type, the systemic haemodynamic parameters

were compared to the corresponding MCL SHF baseline values and to post-LVAD

implantation clinical data (Muthiahet al., 2017).

In co-pulsation, the increase in pressure generated by the balloon in�ation was

in phase with the native ventricular pressure peak; the balloon was in�ated whilst

the ventricle was contracting. To quantify ventricular pressure loading caused by the

IVBP co-pulsation, the ventricular systolic period (re�ecting the period of increased
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ventricular pressure) and LVP peaks were measured. Coef�cient of determination

(R2) was computed for the ventricular systolic period and LVP peaks to determine

the linearity with the end-in�ation points .

4.5 Results

The MCL was capable of replicating the main haemodynamic features of a patient

with SHF (Fig. 4.12 a)) with high repeatability for Aortic Pressure (AoP, R>0.95,

p<0.01), Left Ventricular Pressure (LVP, R>0.99, p<0.01) and Left Atrial Pressure

(LAP, R>0.96, p<0.01). Besides lower Mean LAP (MLAP) and Ejection Fraction

(EF), mean baseline values were comparable with target values of pre-LVAD

implantation patients (Table 4.2) (Muthiahet al., 2017).

The key features of the baseline pressure-waveform depicted in Figure 4.12 a)

were: the sudden increase in LVP during isovolumetric systole (from 0.2 s); the

increase in AoP when LVP becomes larger than AoP (around 0.3 s); the dicrotic

notch caused by the aortic valve closing (around 0.55 s); the sudden decrease in LVP

combined to a slow decrease in AoP and slow increase in LAP; and the stable LAP

throughout systole (approximately between 0.2 and 0.6 s).

As shown in Figure 4.12 b), co-pulsation changed the amplitude of the LVP peak

but did not appreciably change the key features of the baseline pressure waveform. As

shown in Figure 4.12 c) and d), the transitional- and counter-pulsation signi�cantly

changed the pressure waveform features. In the transitional- case, a second LVP

peak was generated at balloon in�ation and a negative LVP and LAP peaks were

generated at balloon de�ation. In the counter-pulsation case, a second LVP peak

was generated at balloon in�ation accompanied with a peak in LAP, and at balloon

de�ation, negative peaks in LVP and LAP were generated.
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Figure 4.12Aortic (AoP), Mean Arterial (MAP), Left Ventricular (LVP) and Left
Atrial (LAP) pressure for a) Severe Heart Failure (SHF), b) co-pulsation (D20,s 20),
c) transitional-pulsation (D20,s 45) and d) counter-pulsation (D20,s 60) condition
examples. D corresponds to the in�ation duty cycle ands the end-in�ation point
with respect to start of systole and both as percentages of the cardiac cycle duration.
The balloon in�ation period is highlighted by blue shading.

The three pulsation-type boundaries (for co-, counter- and transition-pulsation)

are outlined by three planes in Figure 4.13 where AoF, MAP, LVEDV and EF are

depicted for all IVBP actuation timing conditions as a function of D ands .

Maximal and minimal values of the three pulsation types are presented in

Table 4.2 and compared to the MCL SHF baseline. The haemodynamics resulting

from the co-pulsating IVBP were comparable to LVAD-supported haemodynamics

(Muthiahet al., 2017). Although the EF resulting from co-pulsating IVBP support

was smaller than that resulting from LVAD support, the relative EF augmentation

from pre- to post-support was comparable (45% vs. 50% for the LVAD and IVBP

respectively) (Muthiahet al., 2017).
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Figure 4.13Aortic Flow (AoF), Mean Arterial Pressure (MAP), Left Ventricular
End-Diastolic Volume (LVEDV) and Ejection Fraction (EF) for each IVBP actuation
timing condition as a function of the in�ation duty (D) and the end-in�ation point
(s ). Green planes (s = 20%, s = 35% andf = 35% (in�ation-phase delay)) outline
the three actuation timing categories; co-, transitional- and counter-pulsation as
labelled in the �rst sub-�gure. The blue plane indicates the severe heart failure
condition.
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Figure 4.14 presents LV systolic periods and LVP peaks for all co-pulsation

conditions. Except for D = 30%, the LV systolic period was positively correlated

to s (R2>0.95, p<0.05). The LVP peak was negatively correlated tos (R2>0.97,

p<0.05).

Figure 4.14a) Left Ventricular (LV) systolic period (time from ventricular-contraction
start to aortic-valve closure) and b) Left Ventricular Pressure (LVP) peak for all
in�ation duties (D) as a function of the balloon in�ation end-point (s ) with respect
to the start of ventricular systole as a percentage of the cardiac cycle duration.

4.6 Discussion

This study evaluated the feasibility of a patient-cohort speci�c IVBP prototype to

support a simulated SHF patient. An MCL simulated SHF haemodynamics and the

IVBP effects on Aortic Flow (AoF), Mean Arterial Pressure (MAP), Mean Left Atrial

Pressure (MLAP), Left Ventricular End Diastolic Volume (LVEDV) and Ejection

Fraction (EF) were analysed. The IVBP could restore haemodynamics comparable

to post-implantation LVAD patients but the support varied with the pump actuation

timing (D, s ).

Although multiple animal trials have been previously conducted to evaluate the

feasibility of IVBPs (Donaldet al., 1971; Donaldet al., 1972; Bregmanet al., 1974;

Satavaet al., 1974; Curtiset al., 1977; Moulopouloset al., 1989; Stamatelopoulos

et al., 1993; Stamatelopouloset al., 1995; Stamatelopouloset al., 1996), limitedin

vitro studies have analysed intra-ventricular assist devices with a pulsatile chamber

(Horvathet al., 2017; Zhuet al., 2018; Zhuet al., 2019). The advantage of using

a purpose-built MCL as opposed to animal trials lies in the cost; testing-condition

repeatability, adaptability and control; and the absence of ethical considerations.

MCL testing allows isolation of speci�c device and condition parameters without

generation of physiological re�exes. It was suspected that in previous pre-clinical
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IVBP studies, the balloon in�ation inside the LV distorted the papillary muscles

leading to an increase in mitral regurgitation (Donaldet al., 1972; Satavaet al., 1974;

Moulopouloset al., 1989; Stamatelopouloset al., 1996). This suspicion was the

motivation of this study to perform an anatomical �tting, endeavouring to maximise

the balloon volume without interactions with the papillary muscle and chordae.

With this design, it is expected that the balloon will support patient haemodynamics

without displacing the papillary muscles and chordae and subsequently reduce the

prevalence of mitral regurgitation.

Prior to this study, the in�uence of IVBP timing on cardiac support had not been

evaluated. In previous studies, the balloon was in�ated from start to end of the LV

systolic period (i.e. D = 0%, s = 33%) (Donaldet al., 1971; Donaldet al., 1972;

Bregmanet al., 1974; Satavaet al., 1974; Curtiset al., 1977; Moulopouloset al.,

1989; Stamatelopouloset al., 1993; Stamatelopouloset al., 1995; Stamatelopoulos

et al., 1996; Zhuet al., 2018; Zhuet al., 2019). In the present study, 105 different

timing conditions were tested and categorised into three actuation timing types; co-,

transitional- and counter-pulsation (Fig. 4.12). In transitional- and counter-pulsation

the balloon in�ation resulted in prolonged increased-LVP periods and in a second

opening of the aortic valve. In addition to providing relatively less haemodynamic

support when compared to co-pulsation, transitional- and counter-pulsation actions

impeded normal diastolic function by disrupting LV �lling. Furthermore, it is

expected that prolonged increased-LVP will reduce diastolic coronary perfusion due

to myocardial compression. Coronary perfusion is essential to cardiac recovery, it

is partially driven by the pressure gradient between the aorta and the myocardium

(AoP and LVP) and is normally maximal in diastole. Although AoF, MAP and EF

improved in counter-pulsation, the 9% increase in LVEDV and the presence of a

double ventricular pulse during diastole, re�ected LV pressure and volume loading.

As a result, counter-pulsation with the IVBP is not favourable.

In co-pulsation, all haemodynamic parameters were improved compared to

baseline. The AoF (up to 5.2 L/min) and MAP (up to 94.8 mmHg) were comparable

to patients with LVAD support (Muthiahet al., 2017). Due to the lack of pulmonary

circulation and physiological auto-regulation, MLAP pre- and post- support could not

be compared. Even though EF did not reach the targeted healthy EF value (>40%),

the 3% decrease in LVEDV and 50% increase in EF demonstrated potential for

haemodynamic restoration (i.e. restored AoF, MAP, LAP and EF and unloading of

ventricular volume). The patient LV-model used in the MCL evaluation had a larger

than average end-diastolic volume (410 mL) for patients with dilated cardiomyopathy

(Langet al., 2015); therefore, the LVEDV and EF changes induced by the IVBP

resulted in smaller ratios. Interestingly, despite the balloon duty cycle value (D), AoF,
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MAP, LVEDV and EF reached their optimum values (AoF = 5.2 L/min, MAP = 95

mmHg, LVEDV = 400 mL and EF = 21.5%, respectively) at the same end-in�ation

point s = 25%. This observation indicated that the end-point of the balloon in�ation

was a key determinant in the level of haemodynamic support.

The combination of IVBP co-pulsation and native ventricular contraction altered

natural ventricular dynamics, including aortic valve opening and closing times.

Consequently, the LV systolic period duration varied depending on the IVBP

actuation timing when compared to the SHF baseline. The systolic period became

shorter when the balloon �nished in�ating earlier. This shortening of the increased

ventricular pressure period induced lengthening of diastole, which could provide

more time for LV �lling and concomitant coronary perfusion. Davieset al., 2011

showed in their study that increasing ventricular systolic pressure while maintaining

a low ventricular diastolic pressure increases coronary blood �ow. It is therefore

essential to validatein vivo the effect of the IVBP on systolic and diastolic pressure

on coronary perfusion and mitral regurgitation.

IVBP co-pulsation with D = 30% presented the least bene�ts in terms of LV

systolic period shortening. This indicated that D = 30% was less favourable for

cardiac support, potentially attributed to the in�ation being approximately the same

duration as ventricular systole. Findings of previous IVBP studies where balloon

in�ation duty was D = 33% and end-in�ation points = 33% could have therefore

been improved by using different (D,s ) combinations (Donaldet al., 1971; Donald

et al., 1972; Bregmanet al., 1974; Satavaet al., 1974; Curtiset al., 1977;

Moulopouloset al., 1989; Stamatelopouloset al., 1995; Stamatelopouloset al.,

1996; Zhuet al., 2018; Zhuet al., 2019). Depending on the patient condition and

support target, D ands may be varied to achieve a speci�c haemodynamic target by

following the surface function relating IVBP actuation timing to IVBP support

(Fig. 4.13).

4.7 Study limitations
The results from this study must be interpreted considering experimental limitations.

Although MCL results indicated that the IVBP could provide haemodynamic

support in a simulated SHF patient; the pulmonary circulation, anatomical structures

including the mitral valve and its sub-valvular apparatus, and biological responses

were not replicated. At aortic valve closure, an abnormal drop in LAP was observed

due to the absence of the right heart and pulmonary function. LAP was directly

in�uenced by the drop in instantaneous AoF. Due to the lack of pulmonary

circulation and ventricular Starling response, the effects of IVBP support on preload



154 Haemodynamic Evaluation of the IntraVentricular Balloon Pump

could not be studied. Although smalls values presented bene�cial LV systolic

period shortening, it was observed in Figure 4.14 b) that LVP peaks were larger for

smallers values. Future work will have to determine if this LV pressure loading

negatively impacts ventricular function, mitral valve function and ventricular

remodelling. The IVBP in�ation was controlled to reach a speci�c volume; however,

in case of ventricular recovery, new in�ation strategies will have to address LV

remodelling.

The intrinsic MCL response-time, particularly the �uid inertia, limited the heart

rate to a maximum value of 60 bpm; however, the IVBP should be tested at higher

heart rates (Muthiahet al., 2017). The IVBP in�ation trigger was controlled with

respect to the LV contraction trigger but future work should involve developing

control strategies using biological signals, such as LVP or ventricular electrical

activity.

In the future, it is anticipated that helium will be the choice of gas due to its

low viscosity and its reduced formation of gas emboli in case of balloon membrane

rupture. The differences in gas property may change the IVBP actuation timing. The

experiment must be repeated with helium, it is expected that the results will show

similar trends to the ones presented in this study.

Mitral and aortic valves were simulated with silicone mechanical valves;

therefore, valve regurgitation could not be evaluated. A mitral regurgitation model

should be integrated to evaluate the IVBP in�uence on this adverse phenomenon.Ex

vivoand/orin vivostudy should be conducted to evaluate interactions with internal

structures of the ventricle, focusing on subluxation of the papillary muscles. In vivo

experiments should be conducted to assess the effect of the IVBP on the potential

device-induced heart rhythm disorders. The heart-pump interface should be

evaluated by considering the IVBP effect on the intraventricular �uid dynamics to

determine the risk of thrombosis.

Although the manufactured balloon was designed for a speci�c patient-cohort

LV geometry, the anatomical analysis was limited to ten dilated LVs. A larger

population of LVs should be used to reiterate the anatomical �tting and the design of

the speci�c patient-cohort balloon geometry. This study targeted SHF patients with

dilated cardiomyopathy; however, the feasibility of the proposed methods should be

evaluated for other patient cohorts.

4.8 Chapter conclusion
An IVBP was designed based on patient data to avoid interaction with the papillary

muscles and chordae.In vitro analysis of the IVBP action on a simulated SHF patient
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showed that co-pulsation improved the haemodynamics to values comparable to

LVAD patients, in contrast to counter- and transitional-pulsation. This study was the

�rst to analyse the IVBP actuation timing; interestingly, the end-in�ation parameter

was a determinant factor in the support provided by the device. Potential limitations

speci�c to cardiac physiology and architecture need to be evaluatedex vivoor in vivo

to fully corroborate the hypothesis.

The next stage of the IVBP development aimed at evaluating the effect of the

device on simulated intraventricular �ow dynamics (Chapter 6). Chapter 5 presents

the adaptation of the MCL to enable replication of intraventricular �ow dynamics of

a SHF patient.





Chapter 5

Intraventricular Flow Dynamics:

Mitral Valve Model Identi�cation

5.1 Literature summary and introduction

The heart is a biological pump, the performance of which relies on a combination

of factors acting together to provide adequate cardiac output. Optimal ventricular

function is dependent on the myocardial contraction (motion, strength and timing),

ventricular anatomy, mitral and aortic valve functions and blood properties. Healthy

ventricular function optimises energy transfer between the blood arriving from the

left atrium and the myocardial contractions. This results in reduced total work while

preventing blood damage. Insuf�ciency in any of the factors will require biological

compensation. As discussed in numerous studies, intraventricular �ow analysis

provides keys to diagnose ventricular function and explain mechanisms induced by

cardiac insuf�ciencies (Togeret al., 2012; Charonkoet al., 2013; Erikssonet al.,

2013; Hendabadiet al., 2013; Pasipoularides, 2013; Bermejoet al., 2014).

Analysis of left intraventricular �ows is commonly performed to determine the

in�uence of Mechanical Circulatory Support (MCS) devices on blood dynamics.

Alterations to �ow features including shear stresses, blood pulsatility, wash-out

and residence time, for example, may cause haemolysis or thrombosis that may

lead to adverse events such as internal bleeding or stroke.In silico Computational

Fluid Dynamics (CFD), experimental Particle Image Velocimetry (PIV) or clinical

methods (echocardiography, contrast magnetic resonance imaging, etc.) are used to

capture blood motion at each time point of the cardiac cycle throughout the entire

Left Ventricle (LV) volume or on a plane of interest.

In this chapter, the Mock Circulatory Loop (MCL) (developed in Chapter 4) was

adapted to reproduce intraventricular �ow dynamics of a Severe Heart Failure (SHF)
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patient, and to enable PIV acquisition. The updated MCL consisted of an anatomical

LV model, realistic transmitral �ow rates and the use of a blood analogue �uid;

however, the mitral valve model was yet to be de�ned. In this chapter, two mitral

valve models were analysed and compared to literature; the mitral valve model that

resulted in the most representative intraventricular �ow dynamics was selected for

the SHF baseline in Chapter 6.

5.2 Aims and objectives

The aim of this chapter was to reproduce realistic intraventricular �ow dynamics of

an SHF patient with dilated cardiomyopathyin vitro. Key objectives included:

• adapting the MCL control, design and working �uid to: 1- generate realistic

ventricular �ow rates; 2- anatomically position the aortic and mitral valves;

3- replicate blood viscosity and; 4- allow PIV acquisition (optical access,

refractive index matching),

• identifying the mitral valve model that results in intraventricular �ow features

comparable to clinical and experimental observations.

5.3 Methods

The following section presents the PIV set-up, the PIV acquisition and the methods

used to analyse the intraventricular �ow features.

5.3.1 Mock circulatory loop development

To simulate haemodynamic features of a patient with SHF, the MCL had to replicate

�ow rates, ventricular anatomy, blood viscosity and aortic and valve features. The

MCL was required to be PIV compatible, namely allowing adequate optical and

light-sheet access to a plane of interest. As detailed in Chapter 2, Section 2.6.2.1,

PIV utilises a high-power laser, a fast camera and particles to calculate a �ow vector

�eld. The laser sheet must go through the plane of interest and the camera had to

be focused on the plane of interest perpendicular to the laser sheet. The laser sheet-

camera alignment and the working �uid were critical aspects in the PIV experimental

design.

The MCL used in this study was adapted from Chapter 4 to meet these

experimental requirements. More speci�cally, the LV model, working �uid and
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ventricular control were adapted; the main features and PIV set-up are highlighted in

Figure 5.1. The LV model was redesigned to facilitate analysis of different mitral

and aortic valve models placed in anatomically correct positions. The LV model

assembly was oriented to facilitate optical access through the valve centres and the

LV apex. A working �uid was developed to have optical and mechanical properties

refractive index and achieving the viscosity of blood. The ventricular control was

adapted to incorporate a controlled vacuum-generator that increased the transmitral

�ow rate to more physiological values compared to the previous MCL (Chapter 4).

Figure 5.1Mock Circulatory Loop (MCL) design adapted for Particle Image
Velocimetry (PIV) acquisition. This �gure highlights the changes in the MCL design
from Chapter 4. LV: Left Ventricle.
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5.3.1.1 Left ventricular model

The LV model was redesigned to integrate a model of the mitral valve and provide

optical access to the entire LV volume. The LV used in Chapter 4 was severely

dilated (Left Ventricular End Diastolic Volume (LVEDV) of 450 mL) and it is not

typically seen; therefore, a more typical dilated LV (LVEDV of 275 mL) was used

for studying the LV �ow dynamics. Figure 5.2 presents the computed assisted design

model of the LV. This LV model was separated into three parts: the LV top part

including seats for placing the aortic and mitral valves in anatomical position and LV

pressure probing access; the LV bottom part including papillary muscles and IVBP

introduction access; and an assembling plate (laser cut 3 mm thick acrylic sheet)

to connect the top and bottom parts together. Six vertical cylindrical holes allowed

mounting of the three parts, with 8 mm diameter 316-grade stainless steel bolts and

nuts. The seal between the LV bottom and top part was ensured by a layer of silicone

sealant (Wet Area, EZI Press, Selleys, Padstow, Australia).

Figure 5.2Left Ventricle (LV) model design divided into a basal LV top part and an
LV bottom part.



5.3 Methods 161

Left ventricle top part manufacturing.

Design of the LV top part. The original LV geometry (Fig. 5.3 a)) was adapted

to incorporate in and out�ow channels, valve seats and an LV pressure probing tube

(Fig. 5.3 b)). A block was designed with a transverse plane parallel to the mitral

valve seat and positioned 7 mm below the aortic valve – so that the top part included

both the entire mitral and aortic valve seats (Fig. 5.3 c)). The LV model including the

additional channels was subtracted from the block resulting in the negative shape of

the LV top part. The block sides were cut to have minimal wall thickness of 10 mm

and 6 cylindrical holes (8 mm diameter) were extruded vertically from the block for

the assembling bolts (Fig. 5.3 d)).

Figure 5.3Left Ventricular (LV) top part design progression: a) initial LV anatomical
model, b) addition of mitral and aortic valve seats and tube for LV pressure probing,
c) block design and d) subtraction of the adapted anatomical LV model from the
block and extrusion of six cylindrical holes (8 mm diameter).
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Moulding of the LV top part. The geometry of the LV top part was 3D printed

(Lulzbot Taz 6, Loveland, US) in water soluble PolyVinyl Alcohol (PVA) and �xed

inside an Acrylonitrile-Butadiene-Styrene (ABS) 3D-printed enclosure (UP Plus2,

Tiertime, Beijing, China) using PVA glue. Six ABS studs (8 mm diameter) were 3D

printed with an Up Plus2 and �xed to the bottom plate of the enclosure. The set-up

is presented in Figure 5.4.

Figure 5.4Mould components of the negative Left Ventricular (LV) top part: 3D
printed enclosure, studs and PolyVinyl Alcohol (PVA) LV top.

Optically clear silicone (750 mL, RT601, refractive index of 1.41, Wacker,

Munich, Germany) was mixed, degassed and poured into the mould. After silicone

curing (� 12h at 24� C), the enclosure was demoulded, the studs removed and the LV

top shape dissolved in hot water. The resulting mould is presented in Figure 5.5.

Figure 5.5Resulting negative Left Ventricular (LV) top part mould with optical
access to the out�ow and in�ow LV regions.
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Left ventricle bottom part manufacturing.

The LV bottom part was manufactured using similar methods as presented in

Chapter 3. The LV bottom shape was 3D printed with ABS with an UP Plus2 and its

surface was smoothed by sanding and applying a thin coat of acrylic paint (Crystal

clear acrylic, White Knight, Pittsburgh, US). The surface rendering process was

necessary to reduce the surface roughness and enable moulding of optically clear

LV model. The LV was moulded from three layers of silicone (Solaris, refractive

index of 1.41, Smooth-On, Macungie, USA) using the rotational moulder presented

in Chapter 3 (Appendix A.1.1). Once fully cured (2 hours� 30 min at 40� C), the

bottom LV part was demoulded. The LV bottom mould (after surface rendering) and

resulting LV silicone model are presented in Figure 5.6.

Figure 5.6(left) 3D printed Left Ventricular (LV) bottom part and (right) resulting
silicone LV bottom part model.
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An example of a resulting LV assembly is presented in Figure 5.7; the LV bottom

part was not optically clear and was replaced in the �nal assembly with the LV model

of Figure 5.6.

Figure 5.7Left Ventricular (LV) model assembly including the 3D printed plate
designed to connect the LV model to the pulse generator box. The acrylic studs were
replaced in the �nal version with 316-grade stainless steel bolts and the LV bottom
model with an optically clear LV.
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5.3.1.2 Aortic and mitral valve models

As presented in the Literature Review (Chapter 2) the valve model used to simulate

the mitral valve in�uences the intraventricular �ow dynamic features. A bilea�et

mechanical valve (24 mm in diameter, St. Jude Medical, Saint Paul, US) was used to

simulate the aortic valve. Two valve models were used to simulate the mitral valve:

A parametric valve model-a dynamic umbrella valve (UM 350.001 SD,

Minivalves, Oldenzaal, The Netherlands) in series

with the static open-channel shape of a parametric

mitral valve (Domenichiniet al., 2015) and;

A mechanical valve model-a dynamic single-lea�et valve (Omnicarbon Cardiac

Valve, MedicalCV, Inver Grove Heights, US).

The parametric valve model was selected has it could recreate physiological �ows

numerically (Domenichiniet al., 2015). The tilting-disk mechanical valve model

was selected as it had commonly been used in clinical practice for mitral valve

replacement and because it results in a single asymmetrical in�ow jet (Florezet al.,

2005). Figure 5.8 presents the con�guration of each mitral valve model with the

dynamic motion of each valve model highlighted with red arrows.

Figure 5.8Mitral valve model con�gurations: a) dynamic umbrella valve (UM
350.001 SD, Minivalves, Oldenzaal, The Netherlands) in series with a parametric
mitral valve (Domenichiniet al., 2015) and; b) dynamic single-lea�et mechanical
valve (Omnicarbon Cardiac Valve, MedicalCV, Inver Grove Heights, US).
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Parametric valve design and manufacturing. The static open-channel shape of

the parametric mitral valve was designed based on the model from (Domenichini

et al., 2015); it was generated in MATLAB (R2017a, MathWorks, Natick, US)

(Appendix A.2) with a diameter of 32.5 mm (mitral annulus diameter measured on

the LV model in 3-Matic (v8.0, Materialise, Leuven, Belgium)) and opening angle

of 45� (Fig. 5.9).

Figure 5.9Parametric mitral valve from (Domenichiniet al., 2015): diameter of
32.5 mm and opening angle of 45� .

A negative mould of the parametric valve shape was designed in SolidWorks

(v15, Dassault, Vélizy-Villacoublay, France) based on the surface generated in

MATLAB. It was composed of two parts; an internal mould part (Fig. 5.10 a)) and

external mould part (Fig. 5.10 b)). The parts were assembled so that a space of 5 mm

formed the �nal valve shape (Fig. 5.10 c)). To facilitate demoulding, both internal

and external mould parts were 3D printed in �exible material (FLX973, Objet 30,

Stratasys, Rehovot, Israel).

Figure 5.10Negative mould design of the parametric valve: a) internal mould, b)
external mould and c) cut view through the mid coronal plane of the mould assembly.
The internal mould was hollowed to reduce 3D printing material use.
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The open-valve shape was moulded with transparent silicone (Solaris, refractive

index of 1.41) and the external mould part was cut open to remove the silicone valve

from the mould (Fig. 5.11 (left)).

The main differences between the two mitral valve models were: the ori�ce area,

the mechanical valve had a main ori�ce area of� 378 mm2, secondary ori�ce of

� 112 mm2 and the parametric valve had a single ori�ce of� 212 mm2; the lea�et

motion of the mechanical valve (disc opens up to 80 degrees with respect to the

valve seat normal) as opposed to the static channelling (at 45� with respect to the

valve-seat normal) of the parametric valve and; the generation of a second jet stream

through the secondary ori�ce of the mechanical valve. For the same in�ow Q, the

mechanical valve will induce velocities of the order of Q
(378+ 112) m/s whereas the

parametric valve will induce velocities of the order ofQ
212 m/s; the parametric valve

will therefore generate velocities at least 2.3 times larger than the mechanical valve.

Figure 5.11Two mitral valve models: (left) silicone moulded parametric open-shape
valve and (right) Omnicarbon tilting disk (MedicalCV, Inver Grove Heights, US).

The dynamic versus static motion of the valves was of interest; although the

mitral valve motion contributes to the development of intraventricular �ow patterns,

prosthetic valves lead to more complex �ow pattern and cause turbulent

intraventricular �ows. The �rst part of this study evaluated the LV �ow dynamics

resulting from the two valve models. The parametric valve model or the mechanical

valve model was selected to model the mitral valve of the IVBP PIV-study.

5.3.1.3 Diastolic control

As presented in Chapter 4, the �rst version of the MCL could simulate systemic

pressures representative of a realistic SHF condition. However, due to the slow

passive �lling during LV diastole, the ventricular �ow pro�le generated by the �rst
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MCL version did not present characteristic E and A wave physiological features. To

address this problem, the MCL designed in Chapter 4 was adapted to enable increases

in ventricular �lling rates. A vacuum generator comprising a vacuum pump (DVP

1801046, D.V.P Vacuum Technology s.p.a., Bologna, Italy) and a vacuum regulator

(IRV10-C08B, SMC, Tokyo, Japan) was implemented in the pulse generator. The

vacuum generator was controlled to apply vacuum at early LV diastole to induce

an E-wave (from 35% to 50% of the cardiac cycle) and late LV diastole to induce

an A-wave (from 98% to 100% of the cardiac cycle). With this vacuum feature,

the mitral in�ow had a �lling peak rate of 500 mL/s, an E/A wave ratio of 5 and a

systolic period of 35% of the cardiac cycle. Ideally the E/A wave ratio should be

around 0.5 to 2.5 for patients with dilated cardiomyopathy (Zambonet al., 2017);

however, the in�ow rate control was limited by the slow MCL response-time to

changes in vacuum.

Figure 5.12 presents the ventricular in and out�ow rates of: the �rst MCL version;

a simulated example found in the literature (Chnafaet al., 2016) for comparison;

and the MCL adapted for PIV experimentation.

Figure 5.12Left ventricular �ow rate generated by: the �rst Mock Circulatory
Loop (MCL) version, the MCL adapted for Particle Image Velocimetry (PIV)
experimentation and a simulation from Chnafaet al. (2016). The orange lines
indicate the E- and the A-wave peaks.

Chapter 4 presented the effect of the IVBP on haemodynamic pressures and

mean �ows; however, this chapter focuses on the local �ow dynamics within the left

ventricle under IVBP support. Therefore, haemodynamic pressure waveforms of the

PIV-adapted MCL had non-physiological negative pressures during LV diastole,

attributed to obtaining a physiological diastolic �lling pro�le with a vacuum

generator.

5.3.1.4 Working �uid

The MCL working �uid was developed to meet three physical properties: optical

clarity, speci�c refractive index and viscosity. To prevent light refraction and
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consequent image distortion, the MCL pulse-generator �uid and blood-analogue

�uid had to match the refractive index of the silicone LV model (Solaris,nsol=1.41).

As described by Snell's law (Equation 5.1), angles of incidence (qin) and refraction

(qre f ) of a wave (e.g. laser light) passing through a boundary between two different

isotropic media are related to the media refractive indices (nin andnre f ).

Sinqin

Sinqre f
=

nre f

nin
(5.1)

Figure 5.13 a) presents an example of image distortion due to non-matching

refractive indices where the silicone LV model (nsol = 1.41) sat in water (nwater = 1.33)

and Figure 5.13 b) presents an example of a matched refractive index scenario where

the silicone LV model (nsol = 1.41) sat in 40/60 water/glycerol (percentage by weight,

nw=g = 1.41).

Figure 5.13Comparison of image distortion between (left) non-matching refractive
index case and (right) matching refractive index case.

However, due to the high viscosity of 40/60 water/glycerol (percentage by

weight, viscosity of 7.6 mPas), a different �uid mixture was required to meet both

the refractive index of 1.41 and viscosity of 3.55 mPas – equivalent to the

asymptotic viscosity of whole blood at high shear rates. A mixture of 11/31/58

glycerol/calcium chloride/water (percentage by weight) was experimentally de�ned

for the working �uid as it presented a refractive index of 1.409� 0.005 and

viscosity of 3.55� 0.06 mPas (AppendixA.3). Refractive indices were measured

with a digital refractometer (#PA202, precision� 0.1%, Misco, Solon, US) and

viscosities were measured with a digital viscometer (DV2TLVCJ0, precision

0.06 mPas, Ametek Brook�eld, Middleboro, US).
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5.3.2 Particle image velocimetry set-up

The PIV set-up comprised seven main components (Fig. 5.14): 1- particle tracers

(Rhodamin B coated �uorescent particles, diameter of 52µm, density of 1.016 g/mL,

ILA5150 GmbH, Aachen, Germany); 2- an illumination system (Laser DualPower

65-15, Dantec Dynamics, Skovlunde, Denmark); 3- a high-speed camera

(FlowSenseEO 2M, Dantec Dynamics, Skovlunde, Denmark) equipped with a

60 mm lens (2.8 aperture, Nikon, Tokyo, Japan) and an optical bandpass �lter

(wavelength of 590 nm, transmission 90%, ILA5150 GmbH, Aachen, Germany) to

only let through light wavelengths emitted by the �uorescent particle tracers; 4- a

time synchronizer (Dantec Dynamics, Skovlunde, Denmark); 5- a host computer;

and 6- a data-processing program (Dynamic Studio, Dantec Dynamics, Skovlunde,

Denmark).

The system alignment, particle density per interrogation area and acquisition

timing are the most important variables to capture the details of the intraventricular

�ow of interest.

Figure 5.14Particle image velocimetry set-up for intraventricular �ow dynamic
analysis.
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The LV model was designed in this study so that the plane of interest was parallel

to the pulse-generator face 2. The plane of interest was de�ned with the centre of

the aortic and mitral valve and the LV apex. To capture the particles located in the

LV plane of interest, the laser sheet must go through the plane of interest and the

high-speed camera sheet must be perpendicular to the laser sheet and focus on the

tracing particles. System alignment was performed in three steps:

1- the laser sheet was oriented perpendicular to the pulse generator face 1 with

the use of an alignment laser-pointer (Fig. 5.15);

2- the MCL was positioned to ensure the laser sheet intersected the plane of

interest; and

3- the camera was oriented perpendicular to the pulse generator face 2 with the

use of an alignment laser-pointer and simultaneously positioned to capture the

entire plane of interest.

Figure 5.15Laser alignment with the pulse-generator face 1. (left) The laser sheet is
not perpendicular to the pulse-generator face 1 and (right) the absence of refracted
laser sheet indicates the perpendicularity between the laser sheet and the pulse-
generator face 1.

The particle density (10 to 25 particles per interrogation area was needed) and

time between pulses were de�ned for an interrogation area of 32� 32 pixels. To

calibrate the image dimensions, a marker (of 18 mm) placed on the pulse-generator

face 2 (Fig. 5.14) was used to determine the scaling factor: 18 mm corresponded

to seven interrogation areas resulting in pixel size of18
7�32 = 0:080mm. The time



172 Intraventricular Flow Dynamics: Mitral Valve Model Identi�cation

between laser pulses (dt) was determined for a maximal velocity of 1 m/s and a

maximal particle displacement of 25% of the interrogation area (Equation 5.2).

dt =
25
100

�
Interrogation Size

maximal particle speed
=

0:25� 18�10� 3

7 m
1 m=s

= 643 µs (5.2)

5.3.3 Data acquisition

The following section details methods used to obtain the velocity vectors

corresponding to each mitral valve model: the parametric valve and the mechanical

valve models.

5.3.3.1 Mock circulatory loop acquisition

The MCL was tuned to simulate the same SHF �ow conditions with both mitral

valve models. The MCL ventricular contractility was increased until the cardiac

output reached 3.5 L/min with a Systemic Vascular Resistance (SVR) of

1300 dynes� s� cm� 5. For each case, the Mean Arterial Pressure (MAP) was

measured with a silicon-based transducer (PX181B- 015C5V, Omega Engineering,

Stamford, US), the LV volume was measured with a magnetorestrictive level sensor

(MTL-550mm, Miran, Guangzhou, China) and the Aortic Flow (AoF) with an

in-line ultrasonic �ow meter (TS410-13PXL, Transonic Systems, Ithaca, USA). All

data were down sampled at 200 Hz. The ventricular �ow rate was computed in

MATLAB by derivating the LV volume over time.

5.3.3.2 Particle image velocimetry acquisition

For each case, the PIV acquisition was performed in 4 steps:

1- data capture at the same time point in 30 subsequent cardiac cycles. This data

capture was repeated for each time step (sampling rate of 0.025 s) throughout

the cardiac cycle (60 bpm);

2- masking of each image to exclude the information outside the region of interest

(the region outside the LV model);

3- velocity-vector map generation of each image via the Adaptive PIV method

(Dantec Dynamics, Skovlunde, Denmark); and

4- average velocity-vector map generation of the 30 velocity-vector maps at each

time point (Vector Statisticsmethod, Dantec Dynamics, Skovlunde, Denmark).
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The minimum number of images required to represent the cyclic variations

was identi�ed by analysing the standard deviation of image groups of variable size

(Appendix A.4). Data acquisition was validated with the signal-to-noise ratio and

the correlation peak resulting from the Adaptive PIV (Appendix A.6).

5.3.4 Metric analysis

Velocity vectors generated from the PIV process were analysed to extract

intraventricular �ow dynamic features. Three main features were investigated:

velocity, pulsatility and vorticity.

Velocity vectors in the LV plane of interest were analysed throughout the cardiac

cycle. Five probing areas of 48� 48 pixels were de�ned for all cases, along the

intraventricular transmitral jet path: at the LV base and midline along the LV free

wall (probesA andB), along the LV septal wall (probesD andE) and at the LV apex

(probeC). A schematic of the LV plane of interest and key features is presented in

Figure 5.16.

Velocity vectors (magnitude ||V|| and directionVy andVx) and standard deviation

at each probe were computed for each mitral valve model.

Figure 5.16Schematic of the Particle Image Velocimetry (PIV) plane of interest
de�ned by three points: the aortic and mitral valve centres and the Left Ventricular
(LV) apex (yellow crosses). The main key elements are: the balloon left and right side;
the LV septal and free wall; the basal, mid and apical regions and; the transmitral
jet path (orange).
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To evaluate blood stagnation, �uid pulsatility indices were computed throughout

the cardiac cycle. Pulsatility indices quantify the velocity-magnitude range at each

interrogation area in the LV plane; they were computed from the maximum

(jjVjj i
max) and minimum (jjVjj i

min) velocity magnitude of each interrogation area (i)

over the cardiac cycle normalised with the average velocity of the entire cardiac

cycle (jjVjjall
avg) as shown in Equation 5.3. Low values of pulsatility index indicated

high chances of blood stagnation leading to potential blood thrombosis.

Pulsatility Indexi =
jjVjj i

max� jj Vjj i
min

jjVjjall
avg

(5.3)

To evaluate �uid circulation, rotational motion and vortex cores were qualitatively

analysed. Vorticity magnitude (||w||) was computed using Equation 5.4 to evaluate

global rotational motion generated with the parametric and the mechanical valve

models. A single threshold, the standard deviation of the vorticity magnitude of the

parametric valve model was used to determine clockwise and anticlockwise limit

values.

jjwjj =
dVx

dy
�

dVy

dx
(5.4)

A threshold-independent Q-criterion method was used to compute the vortex

cores. The Q-criterion is the second invariant of the velocity gradient tensor; it

represents the balance between the antisymmetric (i.e. rotational) and symmetric (i.e

strain) components of the vorticity tensor (w = 5 v). Positive values of Q-criterion

indicated dominance of the rotational motion over the strain motion. Equation 5.5

was used to identify vortex cores:

Q� criterion = �
1
2

(
dVy

dy
dVy

dy
+ 2

dVx

dy
dVy

dx
+

dVx

dx
dVx

dx
) > Qth (5.5)

Qth was de�ned as the Q-criterion standard deviation of the studied case.

5.4 Results

Flow dynamics of an SHF patient LV with dilated cardiomyopathy were simulated

with two mitral valve modelsin vitro: a dynamic umbrella valve in series with

the static open-shape of a parametric mitral valve (parametric valve model) and a

single-lea�et mechanical valve (mechanical valve model). For each model, velocities,

pulsatility indices and vorticity were computed.
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5.4.1 Flow patterns

5.4.1.1 Parametric valve model

Velocity vectors and contour plots for the parametric valve model at mid-systole,

end-systole, E-wave, end E-wave, diastasis and A-wave are presented in Figure 5.17.

Ventricular ejection �ow was de�ned as a negative �ow.

At mid-systole (around s1), ventricular ejection achieved -0.390 L/s, the LV �ow

was directed towards the out�ow tract with higher magnitude at the aortic valve

(0.4 m/s). At end-systole, after the closure of the aortic valve (s2), the �ow magnitude

and LV volume were minimal. At E-wave (d1), the transmitral jet reached more

than 0.8 m/s and the LV reached a maximal �ow rate of 0.530 L/s, this mitral jet

was initially directed towards the LV free wall and by the end of E-wave (d2) it had

travelled down to the apex along the LV free wall. When the mitral valve was still

open in diastasis (d3 to d4) but the mitral in�ow was low (less than 0.100 L/s), the

mitral jet had diffused and was travelling upward towards the mitral valve. Eventually,

the A-wave (d4) occurred and appeared as a shorter and weaker LV �lling-wave than

the E-wave.

Figure 5.17Parametric valve model. (top) Left Ventricular (LV) velocity vectors and
contour plots at mid-systole (s1), end-systole (s2), E-wave (d1), end E-wave (d2),
diastasis (d3) and A-wave (d4) and; (bottom) LV �ow rate for one cardiac cycle.

Average velocity magnitudes (||V||), vertical (Vy) and horizontal (Vx) velocity

components and corresponding �uctuations for the parametric valve model at the �ve

probing zones (probesA-E) are presented in Figure 5.18. Probes and corresponding

graphs were ordered starting from the in�ow entry at the mitral valve to the out�ow

tract at the aortic valve. Thex-axis was orientated from the septal wall to the free

wall and the axisy was orientated from the LV apex to the LV base.
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The high-velocity mitral jet, detected by the high peak in ||V||, travelled from

probeA at 1.30 m/s at 0.450 s to probeB at 0.75 m/s at 0.525 s, to probeC at 0.85 m/s

at 0.55 s, to probeD at 0.70 m/s at 0.55 s and eventually to probeE at 0.45 m/s at

0.650 s. Fluctuations were higher at the E-wave high-velocity peak as seen by the

width of the grey region.

The high-velocity mitral jet was initially directed downwards and towards the

free wall in probeA. In probeB the jet was �owing downwards along the LV free

wall towards the septal wall, in probeC, the jet had the largestVx combined with no

vertical velocity. In probeD, the jet was �owing upwards vertically with a smallVx

towards the LV free wall. Eventually, the jet arrived in probeE at 0.650 s whereVy

dropped to a near-zero velocity at around 0.675 s whilstVx was� 0.1 m/s.
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5.4.1.2 Mechanical valve model

Velocity vectors and contour plots for the mechanical valve model at mid-systole,

end-systole, E-wave, end E-wave, diastasis and A-wave are presented in Figure 5.19.

Ventricular ejection �ow was de�ned as a negative �ow.

At mid-systole, ventricular ejection achieved -0.375 L/s, the LV �ow was

directed towards the out�ow tract with a higher velocity magnitude at the aortic

valve (� 0.225 m/s). At end-systole, after aortic valve closure, the velocity

magnitude was minimal. At the E-wave (d1) the high-velocity jet reached more than

0.25 m/s, and LV �lling reached a maximal �ow rate of 0.505 L/s. This principal

mitral jet was initially directed towards the LV free wall. A secondary jet, going

through the secondary valve opening, was noticeable at the LV base. By the end of

the E-wave the high-velocity jet was around the midline along the LV free wall.

After the E-wave, from 0.500 s to 0.600 s, there was some back�ow during valve

closure which resulted in a negative LV �ow peak of -0.075 L/s. In diastasis,

(0.600 s to 0.875 s), the �ow presented clockwise rotation with an ellipsoidal core

located vertically along the LV free wall. At the A-wave (d4) a short and weak

�lling wave occurred.

Figure 5.19Mechanical valve model: (top) Left Ventricular (LV) velocity vectors and
contour plots at mid-systole (s1), end-systole (s2), E-wave (d1), end E-wave (d2),
diastasis (d3) and A-wave (d4) and; (bottom) LV �ow rate for one cardiac cycle.

Average velocity magnitudes (||V||), vertical (Vy) and horizontal (Vx) velocity

components and corresponding �uctuations for the �ve probing zones (probesA-E)

for the mechanical valve model are presented in Figure 5.20.

The high-velocity mitral jet, detected by the peak in ||V||, travelled from probe

A at 0.700 m/s at 0.575 s to probeB at 0.250 m/s at 0.700 s. As opposed to the

parametric valve model, probesC, D andE did not detect the high-velocity mitral
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jet in ||V||,Vx or Vy. A large increase in �uctuations was observed from probeA to

B, especially at the high-velocity jet. Besides the high �uctuations occurring at the

passage of the high-velocity jet in the parametric valve model, velocity �uctuations

throughout the cardiac cycle were higher for the mechanical valve model than for

the parametric valve model.

Velocity evaluation showed that the parametric valve �ow case was more

representative of natural ventricular �ow and that in the mechanical valve case, the

�ow was more impingement on the LV free wall, thus preventing the mitral jet

reaching the LV apex.
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5.4.2 Pulsatility

Pulsatility indices for the parametric valve model and the mechanical valve model

are depicted in Figure 5.21. Pulsatility indices with the parametric valve model

presented a higher dispersion of high pulsatility indices throughout the LV plane than

for the mechanical valve model. The parametric valve model showed high pulsatility

indices (>7) at the mitral-jet inlet, LV apex and along the LV free wall. The apical

region along the septal wall and more centrally had slightly lower pulsatility indices

(� 6). Besides high pulsatility indices at the mitral jet inlet (>7) and along the LV

free wall until the midline, the mechanical valve model presented low pulsatility

indices (� 2) throughout the LV plane.

Figure 5.21Pulsatility indices for a) the parametric valve model and b) the
mechanical valve model.

The pulsatility trace in the parametric valve model was interrupted along the

LV free wall around the midline, which was attributed to the acquisition rate of

0.025 s; the jet was travelling faster than 0.025 s and was therefore not detected

in that frame. Despite the limitation of the study, the acquisition rate of 0.025 s

provided suf�cient information to detect the main �ow features. The lack of distinct

jet in the mechanical valve model resulted in low pulsatility throughout the LV.
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5.4.3 Vorticity

Figure 5.22 compares the vorticity distribution throughout the cardiac cycle for

the parametric and the mechanical valve models. For the same clockwise and

anticlockwise thresholds, it was observed that the parametric valve presented more

variations in vorticity than the mechanical valve. The parametric valve presented

a steep increase in clockwise and anticlockwise vorticity at the start of diastole

(0.400 s). At the end of E-wave (0.600 s), the clockwise peak reached 40% of the

LV area. It decreased until the A-wave (0.850 s) where clockwise and anticlockwise

vorticities settled on a small vorticity area plateau (10%). The mechanical valve had

a small increase in clockwise and anticlockwise vorticity at the start of the E-wave

(0.475 s) and reached a peak in clockwise vorticity to approximately 20% of the LV

area at 0.550 s.

Figure 5.22ClockWise (CW) and AntiClockWise (ACW) vorticity area in pixel
percentage for a) the parametric valve and b) the mechanical valve models.
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5.4.3.1 Parametric valve model

Q-criterion maps for the parametric valve model at mid-systole, end-systole, E-wave,

end E-wave, diastasis and A-wave are presented in Figure 5.23. The Q-criterion

indicated the strength of rotation whereas the velocity vectors around the vortical

cores indicated the direction of rotation. At mid- and end-systole, there were no

vortex cores. During the E-wave, the high-velocity jet generated a small clockwise

and anticlockwise vortex core at the tip of the jet. At the end of the E-wave, when

the high-velocity jet had reached the LV apex and travelled along the LV septal

wall up to the mid-plane, there was a large clockwise vortex core located at the

LV apex along the free wall. From the end of E-wave to diastasis, this vortex core

disintegrated throughout the LV basal region. During the A-wave, besides a small

anticlockwise vortex core generated at the A-wave jet tip, no vortex cores were seen

in the LV.

Figure 5.23Parametric valve model: (top) Left Ventricle (LV) velocity vectors and
contour maps with (bottom) corresponding Q-criterion maps at mid-systole, end-
systole, E-wave, end E-wave, diastasis and A-wave.
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5.4.3.2 Mechanical valve model

Q-criterion maps for the mechanical valve model at mid-systole, end-systole, E-

wave, end E-wave, diastasis and A-wave are presented in Figure 5.24. At mid- and

end-systole, there were no vortex cores. During the E-wave, the high-velocity jet

generated a clockwise vortex with a large core that was located at the LV base on

the tip of the tilting-disk valve. At the end of the E-wave, this vortex core was split

into two cores along the LV free wall around the LV midline. In diastasis, these two

cores moved further down with a decrease in core area, which was then diminished

during the A-wave. The vorticity magnitude for the mechanical valve model was

approximately one eighth that of the parametric valve.

Figure 5.24Mechanical valve model: (top) Left Ventricle (LV) velocity vectors
and contour maps with (bottom) corresponding Q-criterion maps at mid-systole,
end-systole, E-wave, end E-wave, diastasis and A-wave.

5.5 Discussion

Intraventricular �ow dynamics mainly vary with ventricular anatomy, myocardial

contractility and cardiac insuf�ciencies. More speci�cally, intraventricular �ow

features are intrinsically dependant on valve dynamics and are modi�ed by

dysfunctional valves, prosthetic valves and/or additional ventricular support devices

(Machleret al., 2004; Pedrizzettiet al., 2010).

This experiment was conducted to identify a mitral valve model that provided

similar velocity distributions when compared to intraventricular �ow dynamics

found in literature. The mitral valves were simulated by implementing a static

open-shape parametric valve model that was in series to a one-way umbrella valve

(Domenichiniet al., 2015) and the mechanical valve model was a single-lea�et

mechanical prosthetic valve. With the same SHF haemodynamics condition (cardiac
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output of 3.5 L/min, systemic vascular resistance of 1300dynes� s� cm� 5, left atrial

pressure of 17 mmHg and heart rate of 60 bpm), the intraventricular �ow dynamics

throughout the cardiac cycle differed between the parametric and mechanical valve

models, as illustrated with three �ow features: velocity distribution patterns,

pulsatility indices and vorticity.

It should be noted that the experiments and measurements were designed to

capture general �ow features. Details related to a speci�c valve model were not of

interest as the aims were to replicate �ow dynamics similar to a SHF condition.

5.5.1 Flow patterns

Velocity magnitude contour maps at speci�c time points of the cardiac cycle showed

that the high-velocity jet entering the LV during the E-wave did not have the same

motion for the parametric and mechanical valve models. With the parametric valve,

the transmitral jet was slightly oriented towards the LV free wall; the jet reached

the LV free wall at the LV midline and travelled down along the LV free wall until

reaching the LV apex. The �ow then changed direction and travelled up towards the

out�ow tract. In the mechanical valve, the transmitral jet was also initially oriented

towards the LV free wall, but as opposed to the parametric valve, it reached the LV

free wall at the LV basal-line. The transmitral jet then travelled along the LV free

wall to the LV midline where it stayed until diastasis; the high-velocity jet did not

travel further and was dispersed before reaching the LV apex.

Figure 5.25 compares ultrasound-based and PIV experimental images of

ventricular �ows with PIV images for the parametric and mechanical valves. The

results are compared at early �lling, late �lling and ejection. Ultrasound-based

clinical data was of a patient with dilated cardiomyopathy, and the experimental data

was of a patient just before Left Ventricular Assist Device (LVAD) surgery. As

shown by the arrows, the high-velocity jet caused by the E-wave in the parametric

valve model presented similar orientation to that of the clinical data (Fig. 5.25early

�lling ). At late �lling, the parametric valve showed a similar rotational motion as the

one found in the clinical and experimental case, which was in contrast to the

mechanical valve (Fig. 5.25late �lling ). During LV ejection, the parametric and

mechanical valve models presented similar out�ow at the aortic valve when

compared to both clinical and experimental data (Fig. 5.25ejection).

It was noted that the transmitral jet velocity scale in the mechanical valve was

more than three times smaller than that in the parametric valve due to the larger

valve ori�ce area with the mechanical valve (� 490mm2 for the mechanical valve vs.

� 212mm2 for the parametric valve).
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Figure 5.25Intraventricular �ow at early �lling, late �lling and ejection of:
ultrasound data of a dilated cardiomyopathy ventricle; Particle Image Velocimetry
(PIV) experimental results of a Left Ventricular Assist Device (LVAD) candidate; the
parametric valve model and; the mechanical valve model. White and grey arrows
indicate the main �ow direction, the mitral valve is located by a green triangle and
the aortic valve by a red triangle. Modi�ed from (Bermejoet al., 2014; Reideret al.,
2017).

In the parametric valve model, the high-velocity peak generated by the E-wave

was transported from probeA to probeE indicating an energy transfer from the mitral

in�ow to the aortic out�ow (Fig. 5.18). The peak velocity magnitude decreased from

probeA to probeB, with a transfer of vertical energy into horizontal energy. By the

time the high-velocity jet had reached the LV apex, the entire energy was contained

in horizontal velocity. FromC to D the energy was converted back from horizontal

to vertical velocity.

As opposed to the parametric valve model, the high-velocity peak in the

mechanical valve model was not transferred from probeA to E (Fig. 5.20). The

high-velocity jet observed in probesA andB was not present in the remaining probes

C, D andE. The magnitude velocity peak in the mechanical valve model decreased

by more than half (from 0.7 m/s to 0.25 m/s) from probeA to probeB whereas in the

parametric valve model, the average magnitude decreased by on third (from 1.2 m/s

to 0.8 m/s) from probesA to C. Lower velocity and higher turbulent �ow, due to the

mechanical tilting-disk dynamics, induced higher energy dissipation at the mitral



5.5 Discussion 187

inlet; these large dissipations in the mechanical valve model could explain the lack

of energy transfer from the mitral inlet to the aortic outlet as normally observed in

clinical data. Moreover, during the E-wave, the transmitral jet directly collided with

the LV free wall resulting in the higher instability observed with the mechanical

valve, corroborating with Querzoliet al. (2010). Querzoliet al. (2010) concluded

that monolea�et prosthetic valves yield higher turbulent intensity when compared to

bilea�et or uniform in�ows.

5.5.2 Pulsatility

Pulsatility indices were used as a metric to evaluate potential zones of high blood

stasis. Large areas of blood stagnation can indicate a low washout thus increasing the

potential for thrombosis. The parametric valve presented a medium to high pulsatility

index trace along the high-velocity jet path in the LV; high pulsatility indices (� 7)

along the LV free wall and medium pulsatility indices (� 6) along the LV septal wall

directed towards the LV centre. This was not observed for the mechanical valve

model where high pulsatility indices were only observed below the mitral inlet in the

LV basal region.

Figure 5.26 presents pulsatility index maps for the parametric valve, the

mechanical valve and for a similar PIV experimental condition case studied by

Reideret al. (2017) (pre-LVAD patient, mean arterial pressure of 65 mmHg and

cardiac output of 3.5 L/min). The pre-LVAD pulsatility index map presented similar

distribution to that of the parametric valve model: high pulsatility indices along the

LV free wall until the LV apex and medium pulsatility indices along the LV septal

wall.

Figure 5.26Comparison of Pulsatility Indices (PI) between, a) an experimental
pre-Left Ventricular Assist Device (LVAD) patient case (Reideret al., 2017), b) the
parametric valve model and c) the mechanical valve model.
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5.5.3 Vorticity
As presented in the Literature Review (Chapter 2), the vorticity plays a central role

in the LV �ow dynamic ef�ciency, strong vortices improve blood circulation, avoid

excessive energy dissipation by preserving �uid momentum and steering the blood

bulk towards the LV out�ow tract (Cicchittiet al., 2016). In a normal LV, a clockwise

vortex is generated by the E-wave at the tip of the mitral valve lea�ets. In the present

study, vorticity (curl of the velocity) and Q-criterion (second invariant of the vorticity

tensor) were used to analyse the circular motion of the intraventricular �ow.

Figure 5.27 depicts variations in clockwise circulation in the parametric and

mechanical valve models and in a simulated pre-LVAD case (Reideret al., 2017).

For comparison purposes, the parametric and mechanical valve model circulation

values (presented earlier in Fig. 5.22) were normalised with the maximum circulation

value of the parametric valve model, and the simulated pre-LVAD case circulation

was normalised with its maximum value. The parametric valve model presented

similar variation in clockwise circulation to that of the simulated pre-LVAD case

(Reideret al., 2017). A diastolic peak in circulation was observed in the three

cases but was more distinct in the parametric and simulated pre-LVAD models.

The parametric valve model presented similar variation in the clockwise circulation

throughout the cardiac cycle to that of the simulated pre-LVAD case from Reider

et al. (2017).

Figure 5.27Normalised clockwise circulation in the parametric, mechanical valve
models and in a simulated pre-Left Ventricular Assist Device (LVAD) patient from
Reideret al.(2017). For comparison purposes, the parametric and mechanical valve
model values were normalised with the maximum circulation value of the parametric
valve model, and the pre-LVAD values with the maximum pre-LVAD value.
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Bermejoet al. (2014) used the threshold independent Q-criterion to identify the

time-evolution of intraventricular vortices in patients with dilated cardiomyopathy.

They observed that the main vortex develops rapidly after mitral valve opening and

during E-wave deceleration, the vortex gets stronger while moving apically. In most

control subjects, only residual vortices are present by A-wave and get dissipated by

the late �lling jet. The A-wave generates a strong vortex ring close to the mitral

tips. By the time of aortic valve closure, all vortices have dissipated or hold very low

circulation.

Time-evolution of vortex cores generated in the parametric valve and mechanical

valve models were compared to the observation of Bermejoet al. (2014). It was

noticed that in the parametric valve model a clockwise vortex appeared at the mitral

valve tips at the onset of the E-wave, it became stronger and moved apically by the

end of E-wave. This vortical motion was not present in the mechanical valve model;

a strong vortex core was generated at the E-wave onset, but instead of travelling

down to the LV apex, this vortex stayed around the LV midline along the LV free

wall.

Based on these observations, it was concluded that the parametric valve model,

compared to the mechanical valve model, generated a vortical behaviour that was

closer to experimental and clinical data.

5.6 Study limitations

The study had numerous limitations. The main limitations include the restricted

MCL capabilities in reproducing physiological SHF conditions.

The MCL in Chapter 4 was not able to simulate higher �ow rates for the passive

E-wave and the active A-wave. Simulation of the active A-wave would have required

an additional control feature to contract of the left atrium independently from the LV.

To simulate physiological ventricular �ows, the ventricular contractility generated

by the MCL pulse-generator was therefore modi�ed to generate stronger ventricular

dilation during LV diastole. This arti�cial dilation was generated with a negative

pressure applied to the LV compliant model. Although physiological ventricular

�ow rates could be replicated, the ventricular pressure traces presented negative,

non-physiological, peaks. The lack of vacuum modulability prevented the simulation

of a stronger A-wave; the E/A ratio of the simulated �ow was approximately 5 which

is high compared to the SHF population described by Estepet al. (2014) where

E/A ratios for patients with left atrial pressure superior to 15 mmHg was 2.3� 1.4

(n = 17).
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In this experimental study, the mitral valve was simulated with a combination of

a one-way valve in series with an open-shape parametric valve; the mitral valve was

therefore simpli�ed to be �xed open. Due to this simpli�cation, the �ow dynamic

did not capture the in�uence of the valve motion on the �ow and more importantly

on the �ow vorticity. However, as stated by Chnafaet al. (2015) the opening and

closing of the mitral valve represent 5% of the cardiac cycle; the main �ow features

would still be simulated without the mitral valve lea�et motion.

As presented in Chapter 4 the MCL was limited to a maximal heart rate of 60

bpm (instead of around 80 bpm for SHF patients) due to �uid inertia and the time

response of the MCL. To compensate for the difference in heart rate, the ventricular

contractions had to be increased to simulate an SHF patient condition with a cardiac

output of 3.5 L/min.

5.7 Chapter conclusion

This study aimed to reproduce the main features of intraventricular �ow dynamics of

a patient presenting with SHF. Analysis of intraventricular �ow velocity, pulsatility

and vortical patterns for the parametric and mechanical valve and comparison of these

results to data found in the literature, provided suf�cient information to conclude

that the parametric valve yielded a good representation of �ow in an LV with SHF.

As opposed to the parametric valve, the mechanical valve did not present the main

features of physiological intraventricular �ows. As observed in this study, the strong

oblique jet generated by the tilting-disk valve prevented the �ow from organising

into large coherent structures. The �ow instability of the mechanical valve could not

effectively transport the transmitral jet from the mitral inlet to aortic outlet via the

LV apex.

The next chapter evaluates the effect of the IVBP support on the intraventricular

�ow dynamics of a simulated SHF condition model with the MCL adapted for PIV

and with the parametric open-shape mitral valve model.
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6.2 Literature summary and introduction

Chapter 4 demonstrated that with an optimised actuation timing, the IntraVentricular

Balloon Pump (IVBP) provided suf�cient haemodynamic support to restore

physiological functions of a simulated Severe Heart Failure (SHF) patient. However,

this study only provided an indication of the IVBP feasibility on systemic

haemodynamics (cardiac output, systemic pressures and ventricular volume). The

effect of the IVBP function on the Left Ventricle (LV) �ow dynamics must be

evaluated to identify potential detrimental consequences of the IVBP support on the

LV function such as thrombosis and haemolysis. Variousin vitro studies evaluated

the effect of Left Ventricular Assist Devices (LVADs) on intraventricular �ow

dynamics using Particle Image Velocimetry (PIV) (Laumenet al., 2010; Yanoet al.,

2012; May-Newmanet al., 2013; Wonget al., 2014c; Zimpferet al., 2016;

May-Newmanet al., 2017; May-Newmanet al., 2019a; May-Newmanet al.,

2019b); however, no study has evaluated the effect of IVBPs on intraventricular �ow

dynamics.

6.3 Aims and objectives

This chapter aimed to identify potential risks of thrombosis and reduced blood wash-

out induced by the IVBP support. The effect of IVBP actuation on the intraventricular

�ow dynamics of a simulated SHF condition with dilated cardiomyopathy must be

assessed. Key objectives include:

• conduct PIV experimentation on the simulated SHF patient with three IVBP

actuation cases: IVBP off - when the balloon was inserted inside the LV but not

actuated; IVBP co-pulsation - when the balloon was actuated during systole

and; IVBP counter-pulsation - when the balloon was actuated during diastole.

6.4 Methods

The following section presents the methods used to analyse the intraventricular �ow

dynamics to compare the different IVBP actuation scenarios to the SHF baseline

(parametric valve model of Chapter 5). Methods used to obtain and analyse the

velocity vectors corresponding to each IVBP case were similar to that of the ones

presented in Chapter 5.
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6.4.1 Data acquisition

Table 6.1 presents the four cases analysed: (I) the baseline simulating the systemic

haemodynamics of a SHF patient with dilated cardiomyopathy, (II) the IVBP-off

where the IVBP was implanted in the simulated SHF patient LV but the IVBP was

not actuated, (III) the IVBP co-pulsation where the IVBP was actuated in synchrony

with ventricular systole and (IV) the IVBP counter-pulsation where the IVBP was

actuated out-of-phase with respect to ventricular systole.

Table 6.1Particle Image Velocimetry (PIV) study cases. Severe Heart Failure (SHF),
IntraVentricular Balloon Pump (IVBP), Cardiac Output (CO), Heart Rate (HR) and
Systemic Vascular Resistance (SVR).

Case Speci�cs

(I) SHF baseline SHF patient with dilated cardiomyopathy. Mitral valve

modelled with an umbrella valve combined with a parametric

open-shape mitral valve

CO = 3.5 L/min; HR = 60 bpm; SVR = 1300dynes� s� cm� 5

(II) IVBP off IVBP implanted in the simulated SHF patient but was not

turned on

(III) IVBP co-

pulsation

IVBP implanted in the simulated SHF patient and actuated

from 22.5% to 42.5% of the cardiac cycle

(IV) IVBP counter-

pulsation

IVBP implanted in the simulated SHF patient and actuated

from 55% to 75% of the cardiac cycle

6.4.1.1 Mock circulatory loop acquisition

The MCL was tuned to simulate the same SHF condition at baseline and after balloon

insertion inside the silicone LV. Left Atrial Pressure (LAP) was set to 17 mmHg, and

ventricular contractility was increased until the cardiac output reached 3.5 L/min

with a Systemic Vascular Resistance (SVR) of 1300dynes� s� cm� 5. For each

case, the Mean Arterial Pressure (MAP), Left Ventricular Pressure (LVP) and Left

Atrial Pressure (LAP) were measured with a silicon-based transducer (PX181B-

015C5V, Omega Engineering, Stamford, US), the LV volume was measured with a

magnetorestrictive level sensor (MTL-550mm, Miran, Guangzhou, China) and the

Aortic Flow (AoF) with an in-line ultrasonic �ow meter (TS410-13PXL, Transonic

Systems, Ithaca, USA). All data were down-sampled at 200 Hz. The ventricular �ow

rate was computed in MATLAB (R2017a, MathWorks, Natick, US) by derivating

the LV volume over time.
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6.4.1.2 Particle image velocimetry acquisition

Methods to acquire PIV data was performed in four steps as explained in Chapter 5:

1- data capture throughout the cardiac cycle with a sampling rate of 0.025 s.

Each time point was synchronised with LV systole of the pulse generator and

captured in 30 subsequent cardiac cycles. Depending on the balloon position at

each time point, more images were acquired and 30 images presenting similar

balloon position were individually selected (Appendix A.5);

2- masking of each image to exclude information outside the region of interest

(the balloon area and the region outside the LV model);

3- velocity-vector map generation of each image with theAdaptive PIVmethod

(Dantec Dynamics, Skovlunde, Denmark); and

4- average velocity-vector map generation of the 30 velocity-vector maps at each

time point with theVector Statisticsmethod (Dantec Dynamics, Skovlunde,

Denmark).

Due to laser-light obstruction by the balloon, particles behind the balloon were

not suf�ciently illuminated and could therefore not be captured. Data acquisition

of IVBP cases was performed in two parts (Fig. 6.1); the data on the right of the

balloon was acquired with the laser �ring from the right on the pulse-generator face

1 and the data on the left of the balloon was acquired with the laser �ring from the

left on the pulse-generator face 3 (Fig. 5.14 in Chapter 5 ). The camera and MCL

were not moved so that the calibration and placement of the plane of interest were

the same for the left and right acquisitions. Left and right side velocity-vector maps

were merged before conducting theVector Statisticsmethod.

Figure 6.1Left and right placement of the laser to acquire data on both sides of the
IntraVentricular Balloon Pump (IVBP).
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6.4.2 Metric analysis

Velocity vectors generated from the PIV process were analysed to extract

intraventricular �ow dynamic features. Three main features were investigated:

velocity, pulsatility and vorticity.

Velocity vectors in the LV plane of interest were analysed throughout the cardiac

cycle. Six probing areas of 48� 48 pixels were de�ned for all cases, along the

intraventricular transmitral jet path: at the LV base, midline and apex along the LV

free wall (probesA, B andC) and along the LV septal wall (probesD, E andF). A

schematic of the LV plane of interest and key features is presented in Figure 6.2.

Velocity vectors (magnitude ||V|| and directionVy andVx) and standard deviations

at each probe were computed and statistically compared between the SHF baseline

and each IVBP case. The Pearson coef�cient was used to test the linear correlation

between the SHF baseline and the IVBP off case. Pearson correlation coef�cient

equal to one indicates total positive correlation. A paired T-test was used to assess

the equality between the SHF baseline mean (mk
baseline) and the IVBP case mean

(mk
IVBP) at each time point (k). A P-value> 0.01 indicated no rejection of the null

hypothesis (H0:mk
baseline= mk

IVBP).

This analysis was performed to gain a global understanding of the effect of IVBP

actuation on the intraventricular �ow patterns.

Figure 6.2Schematic of the Particle Image Velocimetry (PIV) plane of interest de�ned
by three points: the centres of the aortic and mitral valves and the Left Ventricular
(LV) apex (yellow crosses). The main regional key elements are: the balloon left and
right side; the LV septal and free wall; the basal, mid and apical region and; the
transmitral jet path (orange).
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The potential stagnation caused by the IVBP was evaluated by the �uid

pulsatility indices, which were computed throughout the cardiac cycle and compared

qualitatively between all cases. For comparing pulsatility between the SHF baseline

and the different IVBP cases, the velocity range at each pixel (V i
max� V i

min) and the

average velocity at each pixel (V i
avg) were analysed.

Vortex cores were qualitatively analysed to evaluate the impact of IVBP actuation

on �uid circulation. As explained in Section 5.3.4 Chapter 5, the Q-criterion method

was used to compute the vortex cores. The same Q-criterion threshold was used for

all cases and was de�ned as the Q-criterion standard deviation of the SHF baseline

to compare vortex strengths between the SHF baseline and the different IVBP cases.

6.5 Results

Once the baseline of simulating the intraventricular �ow dynamics of a patient with

SHF was de�ned (Chapter 5), the in�uence of the IVBP on intraventricular �ow

dynamics could be studied. This section presents the results comparing the SHF

baseline with the three IVBP cases: IVBP off - the device was placed inside the

LV model but was not actuated; IVBP co-pulsation - the device was actuated in

synchrony with ventricular systole (from 20% to 40% of the cardiac cycle) and; IVBP

counter-pulsation - the device was actuated during diastole (from 55% to 75% of the

cardiac cycle). Presence of the balloon in the LV (IVBP off case) did not change the

Cardiac Output (CO), Mean Arterial Pressure (MAP), Left Ventricular End-Diastolic

Volume (LVEDV) and Ejection Fraction (EF) when compared to the SHF baseline.

IVBP co- and counter-pulsation increased CO (46% for co-pulsation and 37% for

counter-pulsation), MAP (26% for co-pulsation and 24% for counter-pulsation),

LVP (75% for co-pulsation and 30% for counter-pulsation) and EF (71% for co-

pulsation and 14% for counter-pulsation) when compared to the SHF baseline. IVBP

co-pulsation decreased LVEDV (-16%) whereas IVBP counter-pulsation increased

LVEDV (23%) when compared to the SHF baseline. Table 6.2 presents the main

haemodynamic parameters of the SHF baseline and each IVBP case.
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Table 6.2Haemodynamic results for the Severe Heart Failure (SHF) baseline and
the IntraVentricular Balloon Pump (IVBP) cases.

Features/Case
SHF

baseline
IVBP off

IVBP co-

pulsation

IVBP counter-

pulsation

Cardiac output 3.5 L/min 3.5 L/min 5.1 L/min 4.8 L/min

Mean arterial

pressure
72 mmHg 72 mmHg 91 mmHg 89 mmHg

Left ventricular end-

diastolic volume
275 mL 275 mL 232 mL 339 mL

Left ventricular

maximal pressure

100

mmHg

100

mmHg
175 mmHg 130 mmHg

Ejection fraction 21% 21% 36% 24%

6.5.1 Flow patterns

Figure 6.3 presents a comparative preview of velocity magnitude contours for the

SHF baseline and the three IVBP cases during systole, diastole and balloon in�ation.

All cases presented similar dynamics with some variations due to the presence and

actuation of the balloon. In all cases, the �ow at mid-systole was directed towards

the out�ow tract with higher velocity magnitude around the aortic valve. During

the E-wave, a high-velocity jet entered the LV with similar orientation in all cases.

During the E-wave with IVBP co-pulsation, an additional narrow jet was observed

along the balloon wall going down towards the LV apex. At the end of the E-wave,

the high-velocity jet was present in all cases at the LV apex along the LV septal wall.

At the end of E-wave, the IVBP off and IVBP co-pulsation cases had a circulation

zone at the LV base below the mitral valve. Velocity magnitude of this circulation

zone was higher for the IVBP co-pulsation.

Diastasis presented the main difference between the SHF baseline and the IVBP

cases; the �ow in the IVBP off, co- and counter-pulsation was directed upwards

towards the out�ow tract and had higher velocity magnitudes when compared to the

SHF baseline.

At A-wave, the IVBP counter-pulsation case had a circulation zone in the out�ow

tract in the basal region. This circulation was attributed to the balloon de�ation.

The LV shape at A-wave illustrated the LV End Diastolic Volume (LVEDV). It was

observed that the IVBP off did not notably change the LVEDV when compared to

the SHF baseline. However, the IVBP co-pulsation decreased the LVEDV whereas

the IVBP counter-pulsation increased LVEDV when compared to baseline.
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6.5.1.1 IVBP off

Velocity vectors and contour plots for the IVBP off at mid-systole, end-systole,

E-wave, end E-wave, diastasis and A-wave are presented in Figure 6.4. Ventricular

ejection was de�ned as a negative �ow. At mid-systole (s1), ventricular ejection was

-0.400 L/s, the LV �ow was directed towards the out�ow tract with higher magnitude

at the aortic valve (0.5 m/s). At end-systole, after closure of the aortic valve, the

velocity magnitude was low (0.1 m/s) and LV collapsing was observed. During the

E-wave (d1), the high-velocity transmitral jet (>0.8 m/s) reached its maximal �ow

rate of 0.500 L/s; this jet was initially directed towards the LV free wall. By the end

of E-wave, the transmitral jet had travelled down to the LV apical septal wall passing

the balloon. In diastasis (from d2 to before d4), the mitral in�ow was low (0.050 L/s)

while the high-velocity jet reached the LV base on the left side of the balloon. At

A-wave (d4) a short and weak �lling wave (0.100 L/s for 0.025 s) occurred. There

was a close resemblance between the IVBP off and the SHF baseline �ow rates.

Figure 6.4IntraVentricular Balloon Pump off (IVBP off). (top) Left Ventricular (LV)
velocity vectors and contour plots at mid-systole (s1), end-systole (s2), E-wave (d1),
end E-wave (d2), diastasis (d3) and A-wave (d4) and; (bottom) LV �ow rate for one
cardiac cycle for the IVBP off and SHF baseline cases (for comparison).

Figure 6.5 compares the average velocity magnitudes (||V||) of the IVBP off with

the SHF baseline at the six probes located along the LV wall on the transmitral jet

trajectory. ProbeA presented null ||V|| from 0.525 s to 0.600 s indicating obstruction

of the probe by the balloon.
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Figure 6.5Comparison of the Severe Heart Failure (SHF) baseline with the
IntraVentricular Balloon Pump off (IVBP off). Average velocity magnitude (||V||)
with velocity �uctuations represented by shaded areas. The yellow diamonds indicate
non-rejection of the null hypothesis (H0) that the SHF baseline mean and IVBP off
mean are equal. The vertical dotted line at 0.35 s indicates the start of diastole.
Each graph is presented in the order of the probe locations shown on the sub�gure.

Table 6.3 presents the Pearson coef�cients of the linear correlation between the

IVBP off ||V|| and the SHF baseline ||V||. All probes presented signi�cant moderate

to high correlation indicating moderate to high similarity in ||V|| variations between

the IVBP off and SHF baseline in the LV plane throughout the cardiac cycle.
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Table 6.3Pearson test results indicating a linear correlation between the Severe
Heart Failure (SHF) baseline and the IVBP off.

Probes
Pearson correlation

coef�cient
P-value Statistical conclusion

A 0.47 <0.005 moderately correlated

B 0.77 <0.001 highly correlated

C 0.86 <0.001 highly correlated

D 0.92 <0.001 highly correlated

E 0.72 <0.001 highly correlated

F 0.75 <0.001 highly correlated

The T-test non-rejection of the null hypothesis (H0) that the SHF baseline ||V||

and IVBP off ||V|| were equal is represented by a yellow diamond at each time point.

The yellow diamond indicated statistical equality between the IVBP off ||V|| and the

SHF baseline ||V||. The transmitral jet peak magnitude in probeA was signi�cantly

lower in the IVBP off than the SHF baseline. The transmitral jet peak magnitudes in

probeB andC were similar for both cases. In probesD, E andF, the peak magnitude

was signi�cantly higher for the IVBP off when compared to the SHF baseline. The

velocity magnitude on the right of the balloon (probeB andC) was similar for the

IVBP off and the baseline, throughout the entire cardiac cycle except during early

E-wave. In contrast, on the left of the balloon (probeD, E and F), the velocity

magnitude was signi�cantly higher in the IVBP off compared to baseline.

Figure 6.6 depicts the SHF baseline and IVBP off horizontal (Vx) and vertical (Vy)

velocity components at the six probes. ProbesA andB had the largest difference at

the E-wave peak when compared to baseline. In probeA, at the E-wave peak, the

IVBP off Vy did not decrease as low as the baseline (-0.4 m/s for IVBP off vs.

-1.25 m/s for baseline). At the end of E-wave (0.675 s), similarly to the baseline, the

IVBP off increasedVy to 0.2 m/s, but instead of continually increasing, the IVBP off

decreasedVy to -0.2 m/s during diastasis (0.750 s). During the E-wave, the IVBP off

Vx in probeA was signi�cantly similar to the SHF baseline. However, due to missing

information between 0.525 s and 0.600 s, the trend at the end of E-wave could not

be captured. Similarly toVy, the IVBP offVx during diastole presented signi�cantly

smaller values when compared to baseline.

In probeB, at E-wave, the IVBP off increasedVy to similar values of the baseline,

but instead of keeping increasing, the IVBP off decreasedVy to -0.25 m/s at 0.500 s.
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The IVBP off had high amplitude oscillations inVx ranging from -0.2 m/s to 0.3 m/s

at 0.450 s to 0.700 s.

ProbesC, D, E andF for the IVBP off and SHF baseline had globally similarVx

andVy patterns. In probeC bothVx andVy at the high-velocity jet peak were slightly

smaller for the IVBP off. ProbesD andE presented similarVx in both cases with

a larger IVBP offVy at the high-velocity jet peak. ProbeF presented similarVy for

both cases but the IVBP offVx at the high-velocity jet peak was of higher amplitude

(0.4 m/s) when compared to baseline (0.25 m/s), and the peak occurred around 0.05 s

sooner in the IVBP off case.
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6.5.1.2 IVBP co-pulsation

Velocity vectors and contour plots for the IVBP co-pulsation at mid-systole, balloon

in�ation, E-wave, end E-wave, diastasis and A-wave are presented in Figure 6.7. At

mid-systole, ventricular ejection was 0.390 L/s, the LV �ow was directed towards

the out�ow tract with a higher velocity magnitude at the aortic valve (� 0.7 m/s).

Before end-systole, the balloon started in�ating, which generated an upward �ow

wave visible on the right side of the balloon (b1). At the start of E-wave (d1), the

balloon was still in�ated, the mitral jet entered with velocities higher than 0.8 m/s.

During E-wave the LV reached its maximal �ow of 0.400 L/s. At the end of the

E-wave, the high-velocity jet had passed the LV apex and was travelling along the

septal wall while a circulation region was present at the LV base on the right side of

the balloon. In diastasis, there was a high-velocity jet travelling along the LV apical

septal wall and at the LV basal septal wall towards the aortic valve.

Figure 6.7IntraVentricular Balloon Pump (IVBP) co-pulsation. (top) Left Ventricular
(LV) velocity vectors and contour plots at mid-systole (s1), balloon in�ation (b1),
E-wave (d1), end E-wave (d2), diastasis (d3) and A-wave (d4) and; (bottom) LV �ow
rate for one cardiac cycle. The balloon in�ation period is shown with blue shading.

Figure 6.8 depicts the average velocity magnitude (||V||) of the IVBP co-pulsation

and SHF baseline at the six probes located along the LV walls on the transmitral jet

trajectory. Balloon in�ation (at 0.225 s) resulted in increased ||V|| in all probes. The

||V|| peak amplitude generated by the balloon in�ation was� 0.25 m/s in probesA,

D, E andF and 0.9 m/s in probeB. Due to contraction of the ventricle, probeC, E

andF were not in the plane of interest for the entire cardiac cycle.

Balloon de�ation resulted in a second peak in ||V|| in all probes; 0.85 m/s in

probeA, 0.5 m/s in probeB, 0.15 m/s in probeC, 0.25 m/s in probeD and 0.3 m/s in
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probeE andF. Throughout the cardiac cycle, except during the E-wave, the IVBP

co-pulsation presented similar ||V|| patterns to that of the SHF baseline with a trend

in higher magnitudes on the left of the balloon.

Figure 6.8Comparison of the Severe Heart Failure (SHF) baseline with the
IntraVentricular Balloon Pump co-pulsation (IVBP co-pulsation). Average velocity
magnitude (||V||) with velocity �uctuations represented by shaded areas. The yellow
diamonds indicate non-rejection of the null hypothesis (H0) that the SHF baseline
mean and IVBP co-pulsation mean are equal. The balloon in�ation period is shown
in blue shading. The vertical dotted line at 0.35 s indicates the start of diastole. Each
graph is presented in the order of the probe locations (A-F) shown on the sub�gure.

Figure 6.9 depicts the horizontal (Vx) and vertical (Vy) velocity components of the

SHF baseline and IVBP conditions at the six probes. IVBP co-pulsation displaced

�uid outwards from the balloon walls. At balloon in�ation (0.225 s),Vy increased

on the right and left of the balloon whereasVx decreased on the left of the balloon

and increased on the right of the balloon. The balloon in�ation peakVy ranged from

� 0.25 m/s in probeA, C, D, E andF to 0.8 m/s in probeB. In contrast, the balloon

in�ation peakVx ranged from� -0.15 m/s in probeD andE to 0.5 m/s in probeB. At
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balloon de�ation (0.350 s),Vy instantaneously decreased on the right (to -0.75 m/s in

A and -0.4 m/s inB) and left (to� -0.25 m/s inD, E andF) of the balloon.

Besides the presence of the balloon in�ation and de�ation peaks, the presence

of the circulation zone in probeB during the E-wave and the absence of E-wave

peak in probeA, Vx andVy patterns were similar for the IVBP co-pulsation and the

SHF baseline. As indicated by the absence/presence of the null hypothesis markers,

probesD, E andF presented signi�cantly larger values inVy and similar values inVx

when compared to SHF baseline after the passage of the E-wave. This indicated that

the �uid did not change direction but went faster towards the aortic valve.
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6.5.1.3 IVBP counter-pulsation

Velocity vectors for the IVBP counter-pulsation at mid-systole, E-wave, end E-wave,

balloon in�ation, second �lling and A-wave are presented in Figure 6.10. At mid-

systole, ventricular ejection was -0.400 L/s, the LV �ow was directed towards the

aortic valve. The E-wave started at 0.425 s but the balloon in�ation at 0.550 s caused

closure of the mitral valve and premature E-wave ending. At the end of the E-wave

(d2), the high-velocity jet had reached the apical LV septal wall. At full balloon

in�ation (b1), there was a high-velocity jet reaching the LV base at the out�ow tract

and the aortic valve was open. When the balloon de�ated, the aortic valve closed and

the mitral valve opened generating a second LV �lling (d3). During the A-wave (d4),

the balloon was fully de�ated and tilted towards the mitral valve; the A-wave jet was

observed along with a circulation zone along the balloon left-wall at the LV base.

Figure 6.10IntraVentricular Balloon Pump (IVBP) counter-pulsation. (top) Left
Ventricular (LV) velocity vectors and contour plots at mid-systole (s1), E-wave (d1),
end E-wave (d2), balloon in�ation (b1), second �lling (d3) and A-wave (d4) and;
(bottom) LV �ow rate for one cardiac cycle. The balloon in�ation period is shown in
blue shading.

Average-velocity magnitudes ||V|| and �uctuations at the �ve probes located

along the transmitral jet path are presented in Figure 6.11. ProbeA was not included

in the results as this region was masked by the balloon during the main part of the

cardiac cycle.

The balloon started in�ating during the passage of the E-wave, and all probes

had similar peak in ||V|| when compared to the SHF baseline. After balloon de�ation

(0.750 s), a second peak in ||V|| appeared in probesB and C. After the E-wave

and during systole, ||V|| was higher on the left side of the balloon for the IVBP

counter-pulsation (0.25 m/s in probeD, 0.35 m/s in probesE andF) when compared
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to the SHF baseline condition (less than 0.1 m/s in probeD andE and 0.2 m/s in

probeF).

Figure 6.11Comparison of the Severe Heart Failure (SHF) baseline with the
IntraVentricular Balloon Pump counter-pulsation (IVBP Counter). Average velocity
magnitude (||V||) with velocity �uctuations represented by shaded areas. The yellow
diamonds indicate non-rejection of the null hypothesis (H0) that the SHF baseline
mean and IVBP counter-pulsation mean are equal. The balloon in�ation period is
shown in blue shading. The vertical dotted line at 0.35 s indicates the start of LV
diastole. Each graph is presented in the order of the probe locations (B-F) shown on
the sub�gure.

Horizontal (Vx) and vertical (Vy) velocity components at the �ve probes for the

IVBP counter-pulsation are presented in Figure 6.12. In probeB, at balloon in�ation

during the E-wave,Vx andVy increased as opposed to decreasing as in the SHF

baseline case. During the E-wave,Vx in probeC presented no difference in amplitude

and timing compared to the SHF baseline case, theVy magnitude was signi�cantly

smaller for the IVBP counter-pulsation (-0.45 m/s) when compared to the SHF

baseline case (-0.8 m/s). In probeF, the balloon in�ation peak and the natural
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E-wave were in synchrony and therefore resulted in a stronger peak when compared

to the SHF baseline and other probes.

In probeB, after the balloon de�ation,Vy had a large negative peak (-0.5 m/s)

andVx a large positive peak (0.22 m/s). In probeC, after the balloon de�ation,

Vy had a small negative peak (-0.1 m/s) andVx a large negative peak (-0.24 m/s).

This combined peak inVx andVy demonstrated the presence of an extra jet after the

de�ation of the balloon.
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6.5.2 Pulsatility

Average and velocity-range maps for the baseline, IVBP off, co- and

counter-pulsation are presented in Figure 6.13.

Figure 6.13Pulsatility illustrated by the average and velocity range throughout
the Left Ventricle (LV) for a) the Severe Heart Failure (SHF) baseline, b) the
IntraVentricular Balloon Pump (IVBP) off, c) IVBP co-pulsation and, d) IVBP
counter-pulsation. Missing information in the white regions is caused by the presence
of the balloon and the assembling plate between the upper and bottom part of the
left ventricle model.

The IVBP co-pulsation had a higher average velocity over the cardiac cycle when

compared to the SHF baseline and IVBP off cases, especially on the septal side

of the balloon from the LV apex to the out�ow tract. The IVBP counter-pulsation,

resulted in a more dilated LV shape, and had a lower average velocity throughout the

LV plane when compared to the IVBP co-pulsation.

The velocity-range maps illustrating pulsatility throughout the LV changed with

the IVBP insertion and actuation strategy. Both the IVBP off and IVBP co-pulsation

had higher pulsatility on the septal side of the balloon when compared to the SHF

baseline condition, especially around the LV apical region. The pulsatility along

the apical LV free wall was smaller for the three IVBP cases when compared to
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the SHF baseline. The IVBP off and co-pulsation presented higher pulsatility when

compared to the IVBP counter-pulsation indicating potential lower thrombosis risks

and better washout around this apical region. Balloon actuation resulted in higher

pulsatility around the LV basal region; the IVBP co- and counter-pulsation had a

high pulsatility zone along the LV free wall at the LV basal region, which was in

contrast to that of the IVBP off.

The average of the velocity range and of the average velocity throughout the

LV plane over the cardiac cycle for the different cases are presented in Table 6.4.

The average of the velocity range decreased with the insertion and actuation of the

balloon. When compared to the IVBP off, the IVBP co-pulsation decreased the

average velocity-range by 7% whereas the IVBP counter-pulsation decreased the

average velocity-range by 26%. The three IVBP cases had higher average velocity

over the cardiac cycle when compared to the SHF baseline case; potentially due to

the smaller LV volume caused by the presence of the balloon inside the LV. The

IVBP co-pulsation resulted in a higher average velocity than the IVBP off case

(+25%) whereas the IVBP counter-pulsation resulted in a lower average velocity

than the IVBP off case (-6%). The IVBP co-pulsation had better pulsatility in this

LV plane than the IVBP counter-pulsation.

Table 6.4Average of the velocity range (velocity rangei) and of the average velocity
average velocityi throughout the Left Ventricle (LV) plane over the cardiac cycle
for the Severe Heart Failure (SHF) baseline and when the IntraVentricular Balloon
Pump (IVBP) support was off, in co-pulsation and in counter-pulsation.

SHF

baseline

IVBP

off

IVBP

co-pulsation

IVBP

counter-pulsation

velocity rangei [m/s] 0.54 0.47 0.44 0.35

average velocityi [m/s] 0.12 0.16 0.20 0.15
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6.5.3 Vorticity

Q-criterion maps for the IVBP off, co-pulsation and counter-pulsation at

mid-systole, end-systole, E-wave, end E-wave, diastasis, A-wave and balloon

in�ation are presented in Figure 6.14.

In the IVBP off, a small vortex core was generated by the transmitral jet during

the E-wave. At the end of the E-wave, there were small vortex cores in the LV apical

region on either side of the balloon. Besides the clockwise vortex generated at the

mitral inlet during LV �lling, there were only traces of weak vortices throughout the

LV plane which completely vanished by the A-wave.

In the IVBP co-pulsation, at mid-systole, there was a small vortex core at the

out�ow tract. Balloon in�ation resulted in an anticlockwise vortex around the

midplane along the LV free wall. During the E-wave, there were two vortex cores, a

clockwise and anticlockwise vortex, created at the tip of the transmitral jet. Around

the LV apex, on the LV free wall side, there was an anticlockwise vortex core. At

the end of E-wave, there were clockwise vortices at the LV apex on either side of

the balloon, and an anticlockwise vortex below the mitral valve. In diastasis, the

recirculation zone below the mitral valve was no more; however, there was still a

clockwise vortex at the LV apex. During the A-wave, all vortices had disintegrated

or moved in another plane except for the newly generated vortex at the mitral inlet.

In the IVBP counter-pulsation, at mid-systole, there was no vortex present in

the LV. The E-wave introduced two small vortex cores at the LV inlet, and by the

end of E-wave a main clockwise vortex core was present at the LV apex on the

left of the balloon. At the balloon in�ation, no vortex core remained. The second

�lling generated by the balloon counter-pulsation introduced a small vortex core that

travelled down to the LV apex on the right of the balloon.
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Figure 6.14(top) Left Ventricle (LV) velocity vectors and contour maps with (bottom)
corresponding Q-criterion maps featuring vortical cores at speci�c point in the
cardiac cycle.
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6.6 Discussion

This experiment aimed to understand the effect of IVBP actuation on the

intraventricular �ow dynamics and identify potential risks of thrombosis or reduced

blood wash-out. Three IVBP actuation cases were tested: IVBP off, IVBP

co-pulsation and IVBP counter-pulsation. Each IVBP actuation case was compared

to the SHF baseline (i.e. parametric mitral valve model) and discussed.

6.6.1 Flow patterns

Quantitative comparison of velocities at speci�c probes provided an insight into the

LV dynamics. Although the six probes were not a true representation of the entire

LV volume nor of the LV plane of interest, the comparison between the different

cases provided suf�cient information to understand the main in�uence of the IVBP

actuation on the �ow dynamics.

Velocity vectors and contours at different time points during the cardiac cycle

indicated that the balloon presence and actuation did not prevent the transmitral

high-velocity jet propagation; the in�ow jet travelled from the mitral inlet to the

aortic outlet following a similar path to that of the SHF baseline. The balloon did

not stop the �uid from �owing along the LV apex. The balloon presence in the

three IVBP cases caused increased jet velocities; this was mainly observed during

diastasis where the �ow was channelled on the left side of the balloon forcing the jet

to increase velocity and travel straighter towards the out�ow tract.

Velocity magnitude plots showed a high correlation between the IVBP off and

the SHF baseline. Besides probeA where the transmitral jet was not detected, all

probes along the LV free wall (B andC) experienced a transmitral jet peak similar

in amplitude and timing to that of the SHF baseline. Probes located along the LV

septal wall (D, E andF) had higher average velocity magnitudes compared to the SHF

baseline throughout diastasis until mid-systole. These observations indicated that

besides the increase in average velocity magnitude after the E-wave passage along

the LV septal wall, the presence of the balloon did not induce noticeable changes in

magnitude and timing of energy transfer.

The comparison of IVBP co-pulsationVxandVycomponents to the SHF baseline

con�rmed that the balloon actuation provided constructive energy throughout the

cycle and did not appreciably alter the E-wave peak amplitude and timing. During

balloon in�ation, positive additionalVy peak in all probes (except in probeC due

to missing information) combined with positiveVx peak on the balloon right side;

and negativeVx peak on the balloon left side (probesD, E andF) indicated that the
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balloon in�ation generated a jet going upwards away from the balloon walls. A

negative peak inVyat balloon de�ation in all probes demonstrated a pulling effect

of the balloon on the �uid causing the �uid to go downwards. These observations

indicated that the co-pulsation actuation of the balloon provided constructive energy

to push the �uid towards the LV base during LV systole and constructive energy to

pull the �uid towards the LV apex during LV diastole.

One of the main observation was the interaction between the prevailing LV �ow

and the balloon actuation; instead of generating radial �uid displacement from the

balloon walls towards the LV walls, an upward jet during balloon in�ation and a

downward jet during balloon de�ation were generated. In IVBP co-pulsation, the

interaction between the �uid displaced by the balloon in�ation and the prevailing

LV �ow resulted in an upward jet with velocities of the order of the natural LV

transmitral jet.

Left ventricular pressure peak and velocity analysis at the mitral valve region

provided an insight into the potential detrimental effect on the mitral valve function;

abnormal high forces on the mitral valve lea�et would result in mitral valve

regurgitation. Considering a maximal vertical velocity of 0.8 m/s during systole, the

maximal total pressure (ptot) (Eq. 6.1) did not present abnormally high values.

ptot = pstat+ pdyn (6.1)

= max LVP+ r
V2

y

2
�

1
133:322

[mmHg]

= 175+ 3 [mmHg]

Wherepstat was the static pressure andpdyn the dynamic pressure, max LVP the

maximal Left Ventricular Pressure,r the blood-analogue density (1220kg
m3 ) and

133.322 the constant for converting Pa into mmHg. According to a clinical opinion

(private conversation with Dr. Bruce Thomson, The Prince Charles Hospital,

Chermside, Australia), the total LV pressure was within an acceptable range. Peak

systolic LVP of 178 mmHg was considered as intermediate LVP elevation for a

normal subject (Leite-Moreiraet al., 2012). These �ndings indicated the IVBP

would not impose excessive forces on a functional mitral valve. However, in

presence of mitral valve insuf�ciency, it is expected the IVBP could increase mitral

regurgitation �ow. IVBP support in presence of functional and insuf�cient mitral

valve needs to be assessed.

Counter-pulsation actuation of the balloon induced a second LV ejection period

during the balloon in�ation and a second LV �lling period during the balloon

de�ation. The fast increase in ventricular pressure during balloon in�ation caused



218 Effect of an Intraventricular Balloon Pump on Intraventricular Flow

premature mitral valve closure and aortic valve opening. The fast decrease in

ventricular pressure caused by the balloon de�ation induced aortic valve closure

and mitral valve opening. As opposed to co-pulsation, balloon counter-pulsation

provided energy during the E-wave but this energy had a negative interaction with

the prevailing �ow, as observed in probesB andC where theVyE-wave peak was

signi�cantly smaller for the IVBP counter-pulsation when compared to the SHF

baseline. This was due to the balloon pushing the �uid upwards whilst the E-wave

jet was travelling downwards.

Similar to the IVBP co-pulsation, the balloon de�ation in counter-pulsation

generated a pulling effect on the �uid towards the balloon. However, due to the

difference in actuation synchronisation with the cardiac cycle, this pulling effect

induced mitral valve opening and consequent additional LV �lling from the left

atrium. The additional LV �lling generated a wave from probeB to C and then after

passing through the LV apex, the wave spread in time during systole in probes along

the LV septal wall.

At the end of the E-wave, a circulation zone was observed in the IVBP off and

IVBP co-pulsation; the circulating �ow was stronger for the IVBP co-pulsation than

for the IVBP off. The detachment of the high-velocity jet at the mitral tips generated

a circulation zone. Before the mitral jet passed through probeB, in the SHF baseline,

the �uid was initially pulled upwards and then pushed downwards. In the IVBP

off and IVBP co-pulsation, the �uid in probeB was pulled upwards longer while

oscillating from left to right and then, the �uid was going downwards oscillating

from left to right. Although the average velocity magnitude in IVBP off probeB was

similar to the SHF baseline,Vx andVyshowed the �uid energy was used differently

between the IVBP off and the SHF baseline.

In the three IVBP cases the de�ated balloon moved with the �ow; when the �ow

on the left of the de�ated balloon increased, the balloon tended to move towards

the right. It is expected that the de�ated balloon would not cause detrimental effect

to the subvalvular apparatus due to the absence of force. However, positioning of

the balloon when it is in�ated is critical for good functioning of the mitral valve.

Interaction between the in�ated balloon and the subvalvular apparatus could induce

valve dysfunction leading to mitral valve regurgitation. During in�ation, the balloon

in co-pulsation presented better placement in the LV volume than in the IVBP

counter-pulsation. In the IVBP co-pulsation, the balloon left wall was following the

LV septal wall and the balloon was pointing towards the out�ow tract whereas in

counter-pulsation the balloon was in the middle of the LV and was pointing towards

the mitral valve. Although the IVBP co-pulsation balloon presented better placement
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during in�ation, additional IVBP development will have to ensure correct balloon

placement.

6.6.2 Pulsatility

The presence of the balloon in the LV and the actuation strategy altered the pulsatility

in the LV. With the IVBP off, the apical pulsatility was shifted from the LV free wall

to the LV septal wall: when compared to the SHF baseline case, less pulsatility was

present along the LV free wall whereas more pulsatility was detected along the LV

septal wall. The increase in pulsatility along the septal wall was potentially due to the

�ow channelling as a result of the balloon presence; the �ow was redirected towards

the LV out�ow tract with higher velocity inducing, therefore, higher pulsatility

indices.

It was interesting to note that 1- when compared to the IVBP off case, co-

pulsation actuation of the balloon resulted in increased average velocity throughout

the LV plane whereas the counter-pulsation actuation of the balloon resulted in

decreased average velocity; and 2- the co-pulsation actuation of the balloon resulted

in higher velocity ranges than the counter-pulsation actuation case throughout the

LV plane, especially around the LV apex. The energy provided by the IVBP in

co-pulsation ampli�ed the intraventricular �ow energy whereas the energy provided

by the IVBP in counter-pulsation counteracted the �ow dynamics potentially leading

to reduced blood washout and increased thrombosis.

6.6.3 Vorticity

The strong clockwise vortex core normally present in the SHF baseline was not

present in the IVBP off. Scattered small vortices were observed around the balloon,

particularly in the LV apical region. The absence of vortical core in the LV plane

of interest indicated that the balloon presence prevented the generation of the main

vortex core.

In IVBP co-pulsation, balloon in�ation yields an arti�cial anticlockwise vortex.

Interestingly, despite inactivity of the balloon during the E-wave, strong vortex cores

were observed indicating that the IVBP co-pulsation actuation of the balloon restored

or generated the main vortex core that was observed in the SHF baseline but was

absent in the IVBP off. In counter-pulsation, although the main �ow presented

clockwise rotation, the main vortex core generated by the E-wave entry and present

until end of E-wave disintegrated or moved out of plane at balloon in�ation during
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diastole. These results demonstrated better �uid washout around the balloon for the

IVBP co-pulsation.

6.6.4 Summary

The presence of the balloon (IVBP off case) did not prevent the energy transfer

from mitral in�ow to the aortic out�ow, and high pulsatility indices at the LV apex

indicated promising blood washout and lower risk of thrombosis.

In co-pulsation, the balloon started in�ating before the end of LV systole when

the aortic valve was opened and started de�ating during LV diastole at early E-wave

when the mitral valve was opened. As opposed to the IVBP counter-pulsation, the

IVBP co-pulsation did not alter normal dynamics of the valves and presented the main

features of the SHF baseline velocity �ow. Ideal synchronisation of balloon actuation

with the LV function provided constructive energy to increase �uid momentum during

both LV ejection and LV �lling without generating appreciably high velocities when

compared to the SHF baseline. This co-pulsation actuation (Balloon in�ation from

22:5% to 42:5%of the cardiac cycle) provided the largest haemodynamic support

(cardiac output = 5.2 L/min and ejection fraction = 36%) when compared to other

co- and counter-pulsation timing.

In counter-pulsation, the balloon started in�ating during the E-wave. The counter-

pulsation of the balloon reduced the �uid momentum during LV �lling but generated

an additional in�ow at balloon de�ation. As opposed to the IVBP co-pulsation, the

IVBP counter-pulsation: 1- counteracted the natural LV �ow leading to a decrease

in vorticity and pulsatility; 2- generated of a second beat during LV diastole; and

3- caused a large increase in left ventricular end-diastolic volume. This study

strengthened the conclusion of Chapter 4 where the IVBP counter-pulsation was not

recommended as the actuation mode for supporting an SHF condition.

6.7 Study limitations

This study presented inherent limitations in addition to the one presented in Chapter 5.

Although ventricular �ow dynamics demonstrate three-dimensional features, in

this study, the �ow analysis was limited to two dimensions in one speci�c plane.

Intraventricular �ow analysis studies commonly use the LV plane going through the

centre of the valves and the LV apex as it provides suf�cient information about the

main ventricular features. It was expected that the IVBP actuation generated �ow

alterations in the entire volume; these alterations could not be analysed in this study.
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Three-dimensional �ow analysis is required to identify �uid alterations caused by

the IVBP support on a volumetric scale.

The balloon was not located as per design, it was designed to follow the septal

wall and point towards the aortic valve; during this experiment we observed that

the balloon in�ated in the centre of the LV. Future work will have to address the

positioning of the balloon including the motion of the balloon while the recipient

would be standing in different position as well as laying down.

6.8 Chapter conclusion

The aim of this study was to evaluate the effect of the IVBP actuation timing on

the intraventricular �ow features of a simulated SHF patient. It was observed that

the presence of the balloon without being activated did not stop �ow propagation or

pulsatility. The co-pulsation actuation of the balloon generated a constructive energy

peak that allowed positive synergy between the balloon and the LV function. Counter-

pulsation of the balloon generated an energy peak that counteracted the natural �ow

of the LV, reducing �uid pulsatility, circulation and increasing LV volume loading.

In addition to providing suf�cient haemodynamic support (in terms of mean

arterial pressure, cardiac output, end-diastolic volume and ejection fraction) to a

simulated SHF patient, this study indicated that the intraventricular �ow dynamics of

the IVBP co-pulsation analysed in the midplane of an LV model was not appreciably

different when compared to the SHF baseline. It was therefore concluded that

with these methods, including the limitations, the actuation of the IVBP in co-

pulsation with ventricular systole did not present major contraindications to pursue

its development.In vivo or ex vivoanalysis will be essential to evaluate the true

impact of the IVBP on the ventricular anatomy and physiology and validate thein

vitro observations made in this chapter and Chapter 4.





Chapter 7

Conclusion and Future Work

Early research on IntraVentricular Balloon Pumps (IVBPs) started in the early

1970's and stopped in late 1990's presumably due to limited access to testing and

manufacturing methods. At the start of this thesis project, it was believed that

modern technology could be used to revisit IVBP research and provide the feasibility

evidence that this device could support patients with heart failure. As of 2018,

the IVBP concept has regained interest due to the need for short-term mechanical

circulatory support devices. Therefore, this thesis aimed to develop and evaluate an

IVBP prototype destined to support patients suffering from Left Ventricular (LV)

heart failure. In order to achieve these aims, six key objectives were de�ned:

1- developing an IVBP balloon shape based on anin silico anatomical �tting

study;

2- manufacturing of an IVBP driver with electro-pneumatics and customised

components;

3- developing anin vitro set-up simulating the systemic circulation of a patient

with Severe Heart Failure (SHF) – referred to as a Mock Circulatory Loop

(MCL);

4- evaluating and optimising the IVBP actuation timing on simulated

haemodynamicsin vitro;

5- adapting the MCL to reproduce physiologically representative intraventricular

�ow dynamics; and

6- evaluating the effect of the IVBP on intraventricular �ow dynamics of a

simulated patient with SHF.
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The following paragraphs detail the main conclusions for each objective,

including limitations and suggestions for future work.

The �rst objective (Chapter 3) consisted of developing an IVBP balloon shape by

implementing anin silico anatomical �tting study based on a 3D anatomical

analysis of LVs with dilated cardiomyopathy. A balloon shape was successfully

designed to �t ventricular geometries and avoid interaction with the sub-valvular

apparatus of a SHF population sample. This anatomical �tting analysis was,

however, limited by the small sample size (n=10) and type of data available. Due to

the lack of patient information (e.g. age, anthropometric and body mass values), the

simpli�ed ventricular shapes were normalised with intrinsic LV measurements (axis

de�ned by the LV apex and the centre of the mitral valve) that are not readily

accessible in a clinical setting. The normalisation of the anatomical �tting study

should be based on patient height and body mass index. Computed tomography

images used in this study were acquired at end-diastole - when the LV is at its

largest volume. Optimal IVBP actuation is when the balloon starts in�ating before

the end of systole - when the LV volume is at the smallest, computed tomography

images should ideally be taken at end-systole. After thein silico anatomical �tting

study is repeated with end-systolic data and the balloon is manufactured using

methods developed in the second objective, the balloon shape should be validated.

Ex vivoor in vivo visualisation techniques such as echocardiography should be used

to determine interactions between the balloon and the sub-valvular apparatus.

The second objective (Chapter 3) consisted of developing an IVBP prototype. A

balloon with the designed shape was successfully manufactured using Computed

Assisted Design, 3D-printing and silicone-moulding methods. Electro-pneumatic

components, selected to actuate the balloon with customisable timings, allowed

precise control of the balloon in�ation and de�ation. The manufactured balloon was

not scalable and could not be used in different sized ventricles: over-in�ation did not

result in a scaled geometry of the designed-balloon shape. Methods need to be

developed to ensure balloon shape scalability while maintaining the required

durability and resistance to rupture. Varying the balloon thickness in speci�c

locations is a potential solution that could be explored for controlling balloon

deformation during expansion. Changes in LV geometry may occur with LV

recovery or with worsening heart failure. At this stage, the IVBP does not adapt its

actuation function with variations in LV geometry; a strategy to adjust the balloon

in�ation based on LV pressure and cardiac output needs to be implemented.

The third objective (Chapter 4) consisted of developing anin vitro set-up to

simulate the systemic circulation of a patient with SHF - referred to as a Mock
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Circulatory Loop (MCL). An MCL comprising a contractile and anatomically correct

LV model successfully replicated main pressure pro�les characteristic to patients

with SHF. Instead of simulating SHF with an increased heart rate of approximately

80 beat per minute, the MCL heart rate was limited to 60 beat per minute. As a

result of the reduced heart rate, ventricular stroke volumes were larger than in SHF

patients.

The fourth objective (Chapter 4) consisted of evaluating and optimising IVBP

actuation timings on simulated haemodynamics - using the MCL. Thein vitro study

successfully showed the IVBP was capable of supporting a simulated heart failure

patient by increasing the cardiac output and aortic pressure to healthy values. As

opposed to previous studies, the LV volume was recorded and showed bene�cial LV

unloading for the optimal IVBP actuation timings. Due to the absence of pulmonary

circulation, Frank-Starling mechanism and anatomical valves, thisin vitro evaluation

needs to be validatedin vivowith an emphasis on assessing mitral regurgitation, as

it is potentially one of the main device limitations. The IVBP was synchronised

with the MCL system thus a sensor system needs to be implemented to detect

and/or predict natural LV timing (start and end of systole). Balloon introduction

and anchoring methods were not assessed in this study; introduction and actuation

of the balloon inside the LV may induce electrophysilogical disturbances such as

ventricular and atrial �brillation, these adverse events need to be assessedin vivo.

It is anticipated that the asymmetrical balloon shape (ovoid at the LV apex

and vertical ellipsoid along the out�ow tract) will complicate balloon placement.

Methods to visually assist and validate balloon placement need to be explored.

The �fth objective (Chapter 5) consisted of adapting the MCL to allow 2D Particle

Image Velocimetry (PIV) acquisition and to reproduce physiologically representative

intraventricular �ow dynamics. Two mitral valve models were evaluated in the

MCL and the resulting intraventricular �ow features were compared to clinical and

experimental data. The one-way valve, in series with a parametric open-shape mitral

valve was selected to model the mitral valve of the MCL as it resulted in similar

natural intraventricular �ow features. Although valve opening and closing account

for <5% of the cardiac cycle, intraventricular �ow dynamics are normally affected by

the valve motion. Although intraventricular �ow is highly dynamic, present complex

3D features, and the balloon is anticipated to generate 3D �ow disturbances, the PIV

acquisition was limited to a 2D plane. Even though the contribution of the mitral

valve motion to the intraventricular �ow dynamics was neglected, the replicated 2D

features were deemed suf�cient for evaluating the IVBP.

The sixth objective (Chapter 6) consisted of evaluating the effect of the IVBP on

intraventricular �ow dynamics of a simulated patient with SHF - using the adapted
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MCL. The IVBP was inserted in the LV model of the MCL and PIV was used to

assess intraventricular �ows throughout the cardiac cycle while the balloon was not

actuated, and while the balloon was actuated in co- and counter-pulsation. The

presence of the balloon in the LV did not alter washout or localised pulsatility.

Co-pulsation actuation of the balloon resulted in constructive interaction with the

native �ow resulting in a positive synergy between the balloon actuation and

ventricular function. Counter-pulsation counteracted the natural �ow, resulting in a

double beat and increased LV volume and potentially leading to heart failure

worsening and higher risks of thrombosis. Three-dimensional features need to be

assessed to ensure the absence of pro-thromboembolic regions.

Intraventricular balloon pump evaluations presented in this thesis were used for a

relative comparison within a speci�c scenario; evaluations were speci�c to one heart

failure condition with one patient anatomy. Notwithstanding the limitations, the

main observations are expected to be valid for other conditions. In particular, IVBP

co-pulsation would increase cardiac output, arterial pressure and decrease atrial

pressure and ventricular volume; balloon in�ation would increase blood �ow

towards the LV base during systole; and balloon de�ation would assist ventricular

�lling by pulling blood from the LV base to the LV apex.

7.1 Thesis contribution to knowledge

As a result of increased understanding of the �eld and technological advances, this

thesis was able to further contribute to the body of knowledge on IVBPs. Novel

methods to develop an IVBP were established and strong evidence that the device

could support patients suffering from left ventricular heart failure were presented.

The following points were the main contributions to knowledge:

• identifying that the balloon shape needs to be designed to avoid sub-valvular

apparatus interactions (addressing limitations of previous studies). Early and

recent IVBP studies used standard balloon shapes and did not design the

balloon shape to prevent mitral regurgitation;

• implementing anin silico anatomical �tting study for customising the IVBP

balloon shape so that it �ts a speci�c population and avoids the sub-valvular

apparatus. This anatomical implementation could be translated to other

intraventricular population-based applications;
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• establishing a process to manufacture silicone IVBP balloons with a custom

shape;

• identifying that the actuation timing of the IVBP plays a signi�cant role on

the provided haemodynamic support. Early and recent IVBP studies used

the same actuation timing: balloon in�ation during the entire systolic period

and balloon de�ation during the entire diastolic period. Utilisation of a MCL,

as opposed to animal models, permitted comprehensive analysis of different

actuation timings. The study demonstrated interesting results that had never

been explained before.

• describing the effect of IVBP actuation on intraventricular �ow dynamics of a

simulated patient with heart failure. It is well known that introducing a device

inside a heart chamber alters the �ow dynamic potentially leading to

thrombosis and life-threatening adverse events. Effects of IVBP actuation on

intraventricular �ow had not previously been analysed. This study

demonstrated the importance of evaluating �ow features resulting from IVBP

actuation.

In conclusion, this thesis study presented three signi�cant and novel �ndings for

the IVBP concept. 1- The IVBP could be designed based on anatomical �tting to

avoid interaction between the balloon and the sub-valvular apparatus, potentially

preventing apparition or worsening of mitral regurgitation. 2- An ideal IVBP

actuation timing can restore the haemodynamics of a simulated SHF patient to

healthy levels. 3- Intraventricular �ow dynamics with the ideal IVBP actuation

timing did not appear to reduce intraventricular �uid washout, pulsatility or increase

the risks of thrombosis. These exciting �ndings demonstrate the importance of

pursuing the IVBP development further to realise its potential use as a short-term

ventricular support device.

Future work must focus on developing better control and sensing systems,

evaluating the effect of the IVBP on pathological mechanisms, developing

biocompatible balloons with appropriate mechanical properties.
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Appendix A

Supplementary information

A.1 Rotational moulder

A.1.1 Mechanical design

The mechanical design of the double axis rotational moulder is depicted in Figure A.1.

When moulding, a part is �xed on Rotor X (blue). Rotation of Rotor X around the

y-axis is generated by Motor Y whereas rotation of Rotor X around thex-axis is

generated by Motor X. Three inner gears are used to enable rotation of Rotor X

x-axis while being connected to Rotor Y.

To translate they rotation of Motor X into anx rotation for Rotor X, a gearing

system - presented in Figure A.2 - is used. Three custom-made gears were assembled:

bevel gear 1 (green) �xed to the shaft of Motor Y; bevel gear 2 (light blue) mounted

on gear 1 at 90� angle; and gear 3 (orange), �xed to the shaft of gear 2 with teeth

engaged in gear 4 (Rotor X of Fig. A.1). With this assembly, they rotation driven by

Motor X is translated into anx rotation of Rotor X.
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Figure A.1Mechanical design of a double-axis rotational moulder. Motor X drives
the rotation of Rotor X around the x-axis whereas Motor Y drives the rotation of
Rotor Y around the y-axis. The coordinate system is depicted in the bottom left of the
Figure.

Figure A.2Gearing system of the rotational moulder used to translate the y rotation
of the Motor-X shaft into an x-rotation of gear 4 (i.e. Rotor X).
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A.1.2 Control code

Code developed in the open-source Arduino Software (IDE) to control the speed of

two DC motors independently. Two potentiometers (i.e. variable resistances) are

used as analogue inputs to independently adjust the velocity of each motor.

1 vo id s e t u p ( ) {
2

3

4 pinMode (12 , OUTPUT) ; / / ENABLE R a d i a l
5 pinMode ( 0 , OUTPUT) ; / / CLK R a d i a l
6 pinMode ( 2 , OUTPUT) ; / / DIR R a d i a l
7 pinMode ( 8 , OUTPUT) ; / / CLK T i l t
8 pinMode (10 , OUTPUT) ; / / DIR T i l t
9 pinMode ( 4 , OUTPUT) ; / / ENABLE T i l t

10

11 d i g i t a l W r i t e ( 4 , LOW) ;
12 d i g i t a l W r i t e (12 , LOW) ;
13 d i g i t a l W r i t e ( 2 , HIGH) ;
14 d i g i t a l W r i t e (10 , LOW) ;
15 }
16

17

18 i n t s p e e d _ r a d i a l = 50 ;
19 i n t s p e e d _ t i l t = 200 ;
20

21 vo id loop ( ) {
22 s p e e d _ r a d i a l = ana logRead (A4) ; / / r ed p o t e n t i o m e t e r
23 s p e e d _ t i l t = ana logRead (A1) ; / / o range p o t e n t i o m e t e r
24

25 f o r ( i n t i = 0 ; i < s p e e d _ r a d i a l* s p e e d _ t i l t ; i ++) {
26 i f ( i % s p e e d _ r a d i a l == 0) {
27 d i g i t a l W r i t e ( 0 , HIGH) ;
28 / / de layM ic roseconds ( s p e e d _ r a d i a l / 1 0 0 ) ;
29 de layM ic roseconds ( 1 ) ;
30 d i g i t a l W r i t e ( 0 , LOW) ;
31 S e r i a l . p r i n t ( s p e e d _ r a d i a l ) ;
32 S e r i a l . p r i n t ( " red " ) ;
33 }
34 i f ( i % s p e e d _ t i l t == 0) {
35 d i g i t a l W r i t e ( 8 , HIGH) ;
36 / / de layM ic roseconds ( s p e e d _ t i l t / 1 0 0 ) ;
37 de layM ic roseconds ( 1 ) ;
38 d i g i t a l W r i t e ( 8 , LOW) ;
39 S e r i a l . p r i n t ( s p e e d _ t i l t ) ;
40 S e r i a l . p r i n t ( " o range " ) ; } } }
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A.2 Mitral valve generation - MATLAB code

The mitral valve construction was based on equations developped by Domenichini

et al., 2015. The code below was used to generate the mitral valve surface.

1 e p s i l o n = 0 . 3 5 ;
2 k = 0 . 6 ;
3 ang le = 45 ;
4 a n g l e o u t = d e g t o r a d ( ang le ) ;
5 omega = a n g l e o u t ;
6 R = 3 2 . 5 / 2 ;
7

8 s= l i n s p a c e ( 0 , 1 , 4 0 ) ;
9 t h e t a = l i n s p a c e (0 ,2* pi , 1 0 0 ) ;

10 [ t h e t a , s ]= meshgr id ( t h e t a , s ) ;
11

12 xv=R.* cos ( t h e t a ) .* (1 � s .* cos ( omega ) )� e p s i l o n .* R.* s .* cos ( omega ) ;
13 yv=R.* s i n ( t h e t a ) .* (1 � s .* k . * cos ( omega ) ) ;
14 zv=� s . ^ 2 .* ( ( 1 + k ) /2+ e p s i l o n .* cos ( t h e t a ) +((1� k ) / 2 ) .* cos (2* t h e t a ) ) .* R

. * s i n ( omega ) ;
15

16 f i g u r e ( 1 )
17 s u r f ( xv , yv , zv , ' FaceCo lo r ' , ' i n t e r p ' , ' F a c e L i g h t i n g ' , ' gouraud ' , '

EdgeColor ' , ' f l a t ' , ' EdgeAlpha ' , 0 . 5 )
18 c a m l i g h t h e a d l i g h t
19 co lormap autumn
20 t i t l e ( ' M i t r a l Valve ' )
21 x l a b e l ( ' x� a x i s ' )
22 y l a b e l ( ' y� a x i s ' )
23 z l a b e l ( ' z� a x i s ' )
24 a x i s equa l
25

26 s u r f 2 s t l ( 'MV45 . s t l ' , xv , yv , zv ) ;

where surf2stl is a function by Bill McDonald:

1 f u n c t i o n s u r f 2 s t l ( f i l ename , x , y , z , mode )
2 % Author : B i l l McDonald , 02� 20� 04
3

4 e r r o r ( nargchk ( 4 , 5 , n a r g i n ) ) ;
5

6 i f ( i s c h a r ( f i l e n a m e ) ==0)
7 e r r o r ( ' I n v a l i d f i l e n a m e ' ) ;
8 end
9

10 i f ( n a r g i n < 5)
11 mode = ' b i n a r y ' ;
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12 e l s e i f ( s t r cmp ( mode , ' a s c i i ' ) ==0)
13 mode = ' b i n a r y ' ;
14 end
15

16 i f ( ndims ( z ) ~= 2)
17 e r r o r ( ' V a r i a b l e z must be a 2� d i m e n s i o n a l a r r a y ' ) ;
18 end
19

20 i f any ( ( s i z e ( x ) ~= s i z e ( z ) ) | ( s i z e ( y ) ~= s i z e ( z ) ) )
21

22 % s i z e of x or y does no t match s i z e o f z
23

24 i f ( ( l e n g t h ( x ) ==1) & ( l e n g t h ( y ) ==1) )
25 % Must be s p e c i f y i n g dx and dy , so make v e c t o r s
26 dx = x ;
27 dy = y ;
28 x = ( ( 1 : s i z e ( z , 2 ) )� 1)* dx ;
29 y = ( ( 1 : s i z e ( z , 1 ) )� 1)* dy ;
30 end
31

32 i f ( ( l e n g t h ( x ) == s i z e ( z , 2 ) ) & ( l e n g t h ( y ) == s i z e ( z , 1 ) ) )
33 % Must be s p e c i f y i n g v e c t o r s
34 xvec=x ;
35 yvec=y ;
36 [ x , y ]= meshgr id ( xvec , yvec ) ;
37 e l s e
38 e r r o r ( ' Unable t o r e s o l v e x and y v a r i a b l e s ' ) ;
39 end
40

41 end
42

43 i f s t r cmp ( mode , ' a s c i i ' )
44 % Open f o r w r i t i n g i n a s c i i mode
45 f i d = fopen ( f i l ename , 'w ' ) ;
46 e l s e
47 % Open f o r w r i t i n g i n b i n a r y mode
48 f i d = fopen ( f i l ename , 'wb+ ' ) ;
49 end
50

51 i f ( f i d == � 1)
52 e r r o r ( s p r i n t f ( ' Unable t o w r i t e t o %s ' , f i l e n a m e ) ) ;
53 end
54

55 t i t l e _ s t r = s p r i n t f ( ' C rea ted by s u r f 2 s t l .m %s ' , d a t e s t r ( now ) ) ;
56

57 i f s t r cmp ( mode , ' a s c i i ' )
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58 f p r i n t f ( f i d , ' s o l i d %s \ r \ n ' , t i t l e _ s t r ) ;
59 e l s e
60 s t r = s p r i n t f ( '%� 80s ' , t i t l e _ s t r ) ;
61 f w r i t e ( f i d , s t r , ' ucha r ' ) ; % T i t l e
62 f w r i t e ( f i d , 0 , ' i n t 3 2 ' ) ; % Number o f f a c e t s , ze ro f o r

now
63 end
64

65 n f a c e t s = 0 ;
66

67 f o r i = 1 : ( s i z e ( z , 1 )� 1)
68 f o r j = 1 : ( s i z e ( z , 2 )� 1)
69

70 p1 = [ x ( i , j ) y ( i , j ) z ( i , j ) ] ;
71 p2 = [ x ( i , j +1) y ( i , j +1) z ( i , j +1) ] ;
72 p3 = [ x ( i +1 , j +1) y ( i +1 , j +1) z ( i +1 , j +1) ] ;
73 v a l = l o c a l _ w r i t e _ f a c e t ( f i d , p1 , p2 , p3 , mode ) ;
74 n f a c e t s = n f a c e t s + v a l ;
75

76 p1 = [ x ( i +1 , j +1) y ( i +1 , j +1) z ( i +1 , j +1) ] ;
77 p2 = [ x ( i +1 , j ) y ( i +1 , j ) z ( i +1 , j ) ] ;
78 p3 = [ x ( i , j ) y ( i , j ) z ( i , j ) ] ;
79 v a l = l o c a l _ w r i t e _ f a c e t ( f i d , p1 , p2 , p3 , mode ) ;
80 n f a c e t s = n f a c e t s + v a l ;
81

82 end
83 end
84

85 i f s t r cmp ( mode , ' a s c i i ' )
86 f p r i n t f ( f i d , ' e n d s o l i d %s \ r \ n ' , t i t l e _ s t r ) ;
87 e l s e
88 f s e e k ( f i d , 0 , ' bo f ' ) ;
89 f s e e k ( f i d , 8 0 , ' bo f ' ) ;
90 f w r i t e ( f i d , n f a c e t s , ' i n t 3 2 ' ) ;
91 end
92

93 f c l o s e ( f i d ) ;
94

95 d i s p ( s p r i n t f ( ' Wrote %d f a c e t s ' , n f a c e t s ) ) ;
96

97 % Loca l s u b f u n c t i o n s
98

99 f u n c t i o n num = l o c a l _ w r i t e _ f a c e t ( f i d , p1 , p2 , p3 , mode )
100

101 i f any ( i s n a n ( p1 ) | i s n a n ( p2 ) | i s n a n ( p3 ) )
102 num = 0 ;
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103 r e t u r n ;
104 e l s e
105 num = 1 ;
106 n = l o c a l _ f i n d _ n o r m a l ( p1 , p2 , p3 ) ;
107

108 i f s t r cmp ( mode , ' a s c i i ' )
109

110 f p r i n t f ( f i d , ' f a c e t normal %.7E %.7E %.7E \ r \ n ' , n ( 1 ) , n ( 2 ) , n
( 3 ) ) ;

111 f p r i n t f ( f i d , ' o u t e r loop \ r \ n ' ) ;
112 f p r i n t f ( f i d , ' v e r t e x %.7E %.7E %.7E \ r \ n ' , p1 ) ;
113 f p r i n t f ( f i d , ' v e r t e x %.7E %.7E %.7E \ r \ n ' , p2 ) ;
114 f p r i n t f ( f i d , ' v e r t e x %.7E %.7E %.7E \ r \ n ' , p3 ) ;
115 f p r i n t f ( f i d , ' end loop \ r \ n ' ) ;
116 f p r i n t f ( f i d , ' e n d f a c e t \ r \ n ' ) ;
117

118 e l s e
119

120 f w r i t e ( f i d , n , ' f l o a t 3 2 ' ) ;
121 f w r i t e ( f i d , p1 , ' f l o a t 3 2 ' ) ;
122 f w r i t e ( f i d , p2 , ' f l o a t 3 2 ' ) ;
123 f w r i t e ( f i d , p3 , ' f l o a t 3 2 ' ) ;
124 f w r i t e ( f i d , 0 , ' i n t 1 6 ' ) ; % unused
125

126 end
127

128 end
129

130

131 f u n c t i o n n = l o c a l _ f i n d _ n o r m a l ( p1 , p2 , p3 )
132

133 v1 = p2� p1 ;
134 v2 = p3� p1 ;
135 v3 = c r o s s ( v1 , v2 ) ;
136 n = v3 . / s q r t ( sum ( v3 .* v3 ) ) ;
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A.3 Blood analogue - mixture identi�cation

A blood analogue mixture comprising water, calcium chloride and glycerol was

experimentally determined to obtain a clear �uid mixture with a viscosity of 3.55 cp

and a refractive index of 1.41. Calcium chloride and glycerol both impacted on the

refractive index and viscosity; however, the calcium chloride was mainly used for

increasing the refractive index whereas the glycerol was mainly used for increasing

the viscosity.

A �rst test was conducted to determine the properties of aqueous calcium

chloride (Fig. A.3). Polynomial approximations based on experimental samples

were determined: the viscosity of aqueous calcium chloride followed a4th degree

polynomial function (coef�cients: [485.44, -360.71, 91.656, -4.6188, 0.9548],R2

= 0.99) and the refractive index followed a linear function (coef�cients: [0.2097,

1.3313],R2 = 0.99).

Figure A.3Viscosity and refractive index of calcium chloride (CaCl2) added to water
(proportion by weight). Lines are polynomial approximations (R2>0.99) and crosses
are the experimental samples.

Two additional tests were performed to determine the viscosity and refractive

index of aqueous calcium chloride (x%) with addition of glycerol by weight.

Polynomial approximations based on experimental samples were determined:

• for x = 35% (Fig. A.4 a)) the viscosity followed a quadratic function

(coef�cients: [44.268, 4.101, 2.4995],R2 = 0.99) and the refractive index

followed a linear relationship (coef�cients : [0.0684, 1.4017],R2 = 0.98).



A.3 Blood analogue - mixture identi�cation 261

• for x = 24% (Fig. A.4 b)) the viscosity followed a4th degree polynomial

function (coef�cients: [-272.73, 291.27, -66.846, 10.179,1.6029],R2 = 0.99)

and the refractive index followed a linear relationship (coef�cients : [0.0907,

1.3786],R2 = 0.99).

Figure A.4Viscosity and refractive index of a) 24% and b) 35% aqueous calcium
chloride (CaCl2) solution with addition of glycerol (proportion by weight). Lines are
the polynomial approximations (R2>0.98) and crosses are the experimental samples.

The three sets of function were combined to generate a mixture predictor. This

predictor was solved with Wolfram Alpha (online computational knowledge engine

developed by Wolfram Alpha LLC) and resulted in the following equations for a

desired refractive index (RIdesired) of 1.4095 and viscosity of 3.55 cp :

%glycerol=
RIdesired� 1:4017

0:06844095
%CaCl2 = ( 1� %glycerol) � 0:349657

%water= 1� %CaCl2 � %glycerol

The �nal mixture was 11/31/56 of glycerol/CaCl2/water (in percentage by

weight).
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A.4 Number of images to acquire for particle image

velocimetry analysis

The graph below presents the velocity and standard deviation measured at one time

point in the cardiac cycle and in one interrogation area of the LV as a function of

the number of acquired images. To measure representative vector velocities it was

decided to acquire 30 images per time point.

Figure A.5Velocity (red) and standard deviation (shaded area) measured at one time
point in one interrogation area as a function of the number of acquired images.
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A.5 Balloon motion during particle image

velocimetry experimentation

Depending on the cardiac cycle time point the balloon positioning was more or less

stable. Figure A.6 depicts an example of 20 acquisitions at the same time point

(copulsation, t=0.025 s), the most common position was selected (green frames) and

frames where the balloon was going out of that position were rejected (red). For each

IVBP case and each time point, additional images were acquired to ensure analysis

of 30 images.
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Figure A.6Particle Image Velocimetry (PIV) frames (n=20) with the balloon inserted
at time t=0.025 s where red frames have been rejected and green frames accepted
for analysis.
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A.6 Particle image velocimetry data acquisition

validation

As presented in Chapter 2, Section 2.6.2.1, PIV �ow-velocity calculation is based

on the assumption that particles within one interrogation area present a uniform

displacement. A cross-correlation algorithm is applied on each interrogation area to

identify the most probable displacement from frame 1 to frame 2 of all the particles

within each interrogation area. To validate the certainty of the resulting displacement,

a correlation map attributed to each interrogation area can be analysed. Each peak in

the correlation map corresponds to a possible displacement. The correlation peak-

height, and the ratio between the �rst and second highest peak - the peak-to-peak

ratio - provide a practical measure of the cross-correlation quality (Charonkoet al.,

2013). A correlation peak-height higher than 0.75 (where 1 is the true displacement

value) is a reasonable quality of correlation. Typical PPR threshold values of 1.2-2

have been reported as to reliably avoid spurious vectors (Keaneet al., 1990; Hain

et al., 2007; Xueet al., 2014).

To validate the PIV acquisition method, the peak-to-peak ratio (Fig. A.7) and

the correlation peak-height at �ve locations (R1-R5) throughout the LV plane were

computed in systole and diastole. In diastole correlation peak-heights were R1 = 0.8,

R2 = 0.8, R3 = 0.8, R4 = 0.82, R5 = 0.76 and in systole correlation peak-heights

were R1 = 0.75, R2 = 0.76, R3 = 0.88, R4 = 0.78, R5 = 0.76 with regions R1-R5

depicted in Figure A.8.

The gasket region presented lower peak-to-peak ratio in diastole and systole

indicating higher displacement uncertainty in that region. Peak-to-peak ratio

values higher than 1.5 combined with acceptable correlation peak-height in the

�ve interrogation areas throughout the LV plane indicated reliability of the velocity

vectors produced by the adaptive PIV process.
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Figure A.7Peak-to-Peak Ratio (PPR) of the resulting cross-correlation for validating
acquired data in a) diastole and b) systole. PPR is the ratio between the highest and
the second highest correlation peak of each interrogation area (32� 32 pixels).
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Figure A.8 Example of correlation maps for �ve interrogation areas (32� 32)
throughout the left ventricle plane placed along the mitral jet path. Each peak
represents a displacement solution of the cross-correlation algorithm, the higher the
peak the more certain the displacement solution is. R1-R5 are the correlation peak
heights at each location where 1 is the true displacement value.




