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ABSTRACT 
 
 
Aging and disease processes are known to compromise tissue strength and consequently 

increase the risk of harmful movement or detachment of a heart valve prosthesis in vivo 

when exposed to strong magnetic forces associated with magnetic resonance imaging 

(MRI).  Research however, has failed to fully assess prosthetic valve movement or 

functional valve impedance in the MR environment.  This study seeks to design and 

evaluate an MR compatible device which aims to detect and measure ex vivo, frequency, 

direction and magnitude of movements and leaflet function in vitro of nine prosthetic 

heart valves in the static magnetic field (B0) of a 1.5 Tesla (T) and a 3.0 T MR system.  

A valve holder incorporating strain gauges connected to a strain gauge recorder and 

laptop computer were used to detect and record displacement and rotational valve 

movements and, a hydro-pneumatic system recorded pressure changes across the valve 

indicative of any MR induced alteration in leaflet performance in vitro. 

 

The data confirms the compatibility of the test apparatus in the MR environment and its 

capacity to detect and record valve movement and changes in functional valve 

performance in field strengths ≤3.0 T.  Real-time three-dimensional movements were 

detected in both B0 fields in all valves, differences in entry and return profiles and static 

and dynamic measurements were recorded.  Furthermore, applied magnetic forces 

leading to prosthesis movement were greater than previously reported.  Functional valve 

impedance was detected in three valves but no commonality between valve types or sub-

groups regarding this, type, frequency, magnitude or patterns of valve movements were 

noted.  These data suggests magnetism is induced and retained in valve prostheses 

during exposure to the MR environment and patients with friable valvular tissue are at 

significantly increased risk of prosthetic valve movement and/or dehiscence.  

Furthermore, current uses of static measurements to assess risk are inadequate.  
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INTRODUCTION 

 

What is this thesis about ? 

 

This study assesses a novel device designed specifically to detect and quantitatively 

measure prosthetic heart valve movement ex vivo 1 and functional valve performance in 

vitro during exposure to the static magnetic field (B0) associated with magnetic 

resonance imaging (MRI).   

 

Background to this investigation 

 

My interest in identifying ways in which movement of prosthetic heart valves within the 

B0 field and its associated magnetic gradient field (dB/dx) associated with MRI stems 

from my work managing the United Kingdom (UK) Heart Valve Registry for a number 

of years.  This Registry was a national patient database which prospectively collected 

pre- and post-operative implant data of all patients who underwent heart valve 

replacement and repair with a prosthetic heart valve or annuloplasty ring between 1986 

and 2007.  The data collected included valve and ring specific information such as the 

make, model, site, size, type and serial number as well as patient and centre data.  

Patients were followed up post implantation until their death thus any and all valve-

related reoperations and deaths were captured and data on long-term valve performance 

collected and recorded.  As the Registry’s existence and reputation grew other clinical 

communities outside cardiac surgery, such as the radiological community, began to 

contact the Registry and request specific information with regards to the safe exposure 

of valve implant patients to MRI.  When the Registry received its first request for safety 

information from the hospital’s own MRI unit in 1999 the average monthly number of 

such requests over the next 18 months approximated 1-2 per month.  However, by the 

1 The term ex vivo in this document refers to all non-fluid investigations and measurements of the 
interaction of the B0 field and heart valve prostheses.  In contrast, the term in vitro refers to all fluid 
investigations and measurements of the prostheses’ leaflets with the B0 field. 
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time of its closure in 2007 it received an average of 7 requests per day from centres 

nationally, prosthetic valve manufacturers and other agencies.   

 

As part of the process for gathering information pertaining to MRI safety and heart valve 

prostheses to include in a reference booklet containing information on the different 

makes, models and materials used in each manufacturer’s heart valves and annuloplasty 

rings (Edwards 2000; Edwards 2006), I noted the major concerns expressed by MR 

operators, clinicians and physicists related to the interaction of these passive implants 

with magnetically induced translation and rotational forces, the potential to cause 

harmful prosthesis movement or detachment from the surrounding tissue and, functional 

valve failure as a result of an interaction of the valve’s leaflets with the MR 

environment.  This process also highlighted the paucity of published data and few, if any 

investigations being conducted.  Furthermore, I also noted there was substantial 

confusion amongst many who worked daily in the MR environment about exposing 

patients with bioprostheses to MRI.  From the numerous conversations I had with MR 

operators I found many were advised bioprostheses were not contraindicated for MRI 

because of the use of human and animal tissue neither of which is ferromagnetic.  

However, little or no consideration was given to the valves’ other non-tissue materials 

and their potential to interact with the magnetic environment.  Thus, I had identified a 

genuine need for accurate and reliable information on the interaction of all types of heart 

valve prostheses with MR associated magnetically induced forces and safe exposure of 

these patients to MRI.  Furthermore, as my knowledge of the causes and effects of 

valvular disease leading to valve repair and replacement grew I became interested in the 

possible consequences of the interaction of applied magnetic forces on valvular implants 

in vivo in tissue which had become severely weakened by the aging and disease 

processes. 

 

A review of the literature suggested the aging and disease processes can severely 

compromise tissue strength but, there was a dearth of empirical data about the reduction 

in cardiac valvular tissue strength.  This led me to design and conduct a study to 
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determine the required forces to cause partial or total detachment of cardiac valve 

prostheses in patients with age-related degenerative diseases and those with known 

infective endocarditis exposed to MRI (Edwards 2005).  This investigation examined 18 

tissue samples excised during routine heart valve replacement surgery which were then 

subjected to a suture pull-out test using a tensile materials testing machine.  The 

resultant forces were compared with applied magnetic forces associated with 4.7 T.  

Although tissue samples excised from patients with calcific and stenotic tissue required 

a significantly greater force to yield or rupture than those demonstrated by the applied 

magnetic force, tissue taken from patients with infective endocarditis yielded and fully 

ruptured at significantly lower forces in comparison.  The results of this investigation are 

highly significant because elderly patients, those with multiple valve prostheses and 

intravenous drug users are at increased risk of developing prosthetic valve endocarditis 

and, as Chapters 1 & 4 of this thesis note, the extremely invasive nature of this type of 

infection makes it more destructive than endocarditis of the native valve.  Therefore, 

patients with highly friable tissue resulting from prosthetic valve endocarditis are, for 

example, already at significantly greater risk of tissue rupture than patients with healthy 

valvular tissue, stenotic and calcific tissue.  Thus, if strong magnetic forces such as those 

present in the MR environment interact with an implanted valve prosthesis causing 

prosthesis movement, it may be these forces are strong enough to cause catastrophic 

partial or total detachment of the valve from the surrounding tissue.  Moreover, these 

risks may be further amplified with exposure to higher field strength MR systems which, 

as Chapter 5 describes, are becoming more and more commonplace in clinical practice 

today.   

 

My approach to this investigation 

 

Having proven the potential for prosthetic valvular movement leading to valve 

dehiscence in highly friable tissue a comprehensive assessment of this risk in relation to 

the MR associated B0 field needed to be conducted.  To this end I designed the study 

presented in this thesis to detect and record movement of a number of different heart 
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valves in response to translation and rotational forces associated with the B0 field.  As 

part of the preliminary investigations I evaluated and adapted the current standard 

apparatus and methodology, first introduced by New et al (1983), to assess its capacity 

to accurately detect and record applied displacement and rotational forces on 102 

different prosthetic heart valves exposed to 1.5 T and 4.7 T ex vivo and, to see what 

additional modifications might be required.  This rudimentary apparatus was able to 

detect displacement and rotational movements in more than three-quarters of the heart 

valves tested.  However, a number of limitations in the test apparatus and methodology 

were identified.  Firstly, the apparatus was only capable of measuring single, separate 

and static measurements.  Measurements were one-dimensional, assessment of torque 

force was subjective, the magnitude of applied force had to be calculated later and could 

not be quantitatively measured at the time valve movement occurred, frequency of 

prosthesis movements could not be assessed, nor could the effects of constraint by 

retentive structures or counteractive forces acting on the prosthesis be evaluated.  

Furthermore, each measurement was time consuming and reading the angle of 

displacement was subject to human error.  In addition, the absence of any form of hydro-

pneumatic flow prevented assessment of the valve’s functional performance and hence, 

potential interaction of its leaflets with the B0 field.  Consequently, the in vivo behavior 

of the prosthesis under the normal clinical settings, including movement of the patient 

through the B0 field, could not be properly assessed nor the risk of harmful prosthesis 

movement.  Thus, revision of the test apparatus culminated in a device in which the ex 

vivo component incorporated a specially designed valve holder encompassing strain 

gauges connected to a strain gauge recorder and laptop computer to detect and record: 

three-dimensional valvular movement as the prosthesis continuously advanced through 

the B0 field, frequency, magnitude and location of valvular movement(s) within 

magnetic field environment.  In addition, the in vitro component was fitted with 

manometer lines connected to electro-dynaphramatic pressure transducers to capture any 

changes in the fluid profile indicative of MR induced alteration in leaflet performance so 

that any changes in vitro in the dynamic profile as a measure of functional valve 

performance could be captured.    
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Thus, the focus of this thesis is to describe this apparatus and the methodology adopted 

to detect and record prosthetic valvular movement within the B0 field environment as 

well as functional valve performance and, to determine whether the study’s aims and 

objectives were met and the null hypothesis (H0) which states: “this novel device will 

lack the sensitivity and capacity to detect and record the occurrence, frequency, direction 

and magnitude of prosthetic valve movement and, valve function as the valve moves 

through the dB/dx and B0 field associated with an MR environment” disproved.  In 

addition, this thesis presents a unique set of dynamic results showing the ex vivo valvular 

movements and in vitro leaflet function of prostheses moving through the B0 field. 

 

Chapter 1 examines some of the most common types of valve pathologies which 

impede cardiac function and require surgical intervention with a valve prosthesis and 

discusses how, over the last fifty years classification of cardiovascular disease has 

continued to change to reflect changing aetiology of diseases, clinical comprehension 

and technological advances.  Chapter 2 charts the evolution of cardiac surgery 

following the first successful repair of the human heart in 1896 and outlines the 

innovations which have contributed to the development of surgical techniques and 

procedures for the repair and replacement of diseased native valves.  Chapter 3 presents 

a review of the historical milestones in the development of artificial heart valves from 

the early ‘bottle-stopper’ valve to the mechanical caged-occluder and leaflet valves, 

human and tissue prostheses to the newer percutaneous, polymeric and tissue engineered 

valves of the  21st Century.  Chapter 4 describes the basic principles of magnetic 

resonance imaging and its relevance to this study namely, the potential interaction of 

heart valve prostheses with associated magnetically induced forces.  The chapter looks 

at the relationship between magnetism, materials and biological systems and presents a 

review of the potential physiological effects and the hazards associated with the 

interaction of the magnetic field with an implant.  Chapter 5 primarily describes the test 

apparatus designed and fabricated for this investigation.  The chapter is divided into 

three sections with Part I describing the materials and methods adopted for the 
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preliminary investigations and how the limitations of this methodology contributed to 

the design of the new experimental apparatus and methodology.  Part II presents a 

detailed description of the apparatus and additional components essential to this 

investigation, the problems encountered with the functional design and how these were 

overcome.  Part III describes the methodology employed for calibrating the equipment, 

plotting the magnetic fields of the two MR environments and conducting the baseline 

and experimental measurements.  Chapter 6 reports the results of both the preliminary 

and main investigations with the results from the introductory investigations in which 

magnetic field interactions were recorded by 77% of the valve prostheses in field 

strengths ≤4.7 T presented in Part I.  The greater part of the chapter presents the results 

relating to the test apparatus and the experimental methodology.  Part II focuses on the 

results from the calibration of the ex vivo component of the apparatus including the 

baseline measurements and Part III reports on the magnetic field interactions of the 

individual heart valve prostheses as a measure of the sensitivity and capacity of the test 

apparatus.  Finally, Part IV of the Results chapter presents the results from the in vitro 

dynamic fluid flow investigations.  Chapter 7 reviews the results of this investigation to 

determine whether the study‘s aims and objectives were met and also whether the 

hypothesis was proven.  In addition, the discussion examines the results of the individual 

heart valve prostheses and evaluates their responses to the B0 field in light of current 

knowledge of the implants’ materials and magnetic properties and thus, the potential for 

harmful valvular or leaflet movement.  The chapter also reviews the results in relation to 

others’ methodologies and findings in an effort to determine what if anything, this novel 

device can add to our knowledge of prosthetic valvular behavior during exposure to the 

MR environment and, provide clinicians with a clearer picture of the potential in vivo 

behavior of the prosthesis within B0 fields ≤3.0 T.  Finally, Chapter 8 summarizes the 

study and its findings and discusses the limitations identified during the course of this 

investigation.  Improvements to the test apparatus and methodology are also outlined 

and suggestions for future work presented.  
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CHAPTER 1 

 

 

 

 The human heart and valvular heart disease ♥ 
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1. Introduction 

 

There are many expressions which refer to the heart: “the heart of the matter”, “heart 

and soul....”, “change of heart”, “sweetheart”, “hearthrob”, “take heart”, “lose heart”, 

“braveheart” etc.  For centuries philosophers, poets and scientists have described the 

heart as the dominant force controlling all human feelings ranging from the emotional, 

moral, spiritual and intellectual.  Our romantic images of the heart are thought to derive 

from illustrations based on the seed or fruit of the now extinct silphium plant depicted on 

coins from the ancient city of Cyrene (Figure 1.1).  Later illustrations are thought to 

stem from the anatomy of the cow’s heart although, despite its likeness to the iconic 

heart shape the bovine heart bears only a slight resemblance to the human heart.  21st 

Century symbolism has added the emoticon <3 as a representation of the heart and, for 

the less romantic the heart can now even be represented mathematically by plotting a 

graph of either (x2 + y2 − 1)3 = x2y3 (i.e. the Cartesian equation) or, in polar form, r =a (1 

− cos (φ)) (Figure 1.2).  Despite centuries’ long history romantic depiction the heart is in 

fact shaped more like an upside-down pear.  Moreover, its purpose is more intrinsic to 

human well-being; the maintenance of blood flow and thus life.   
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The heart is essentially a large muscular pump and like any pump is designed and built 

for endurance and longevity.  Its purpose is to maintain a sufficient circulation of blood 

supplying oxygen and other nutrients to, and removing waste products from, every 

organ, cell and tissue within the body.  It functions properly only if it can maintain an 

adequate blood flow and pressure in response to the body’s needs.  However, like any 

pump it may suffer from inherent defects as well as the aging process making it 

susceptible to structural and mechanical failure.  Such failures may involve the heart’s 

valves requiring clinical intervention to either repair or replace them. 

 

This chapter looks at the different types of valve pathology commonly seen by clinicians 

today which impede cardiac function.  The chapter begins with a summary description 

of the basic anatomy of the human heart and regulation of blood flow as a precursor to a 

discussion on types of valvular heart disease ranging from congenital to acquired 

diseases and how changing age and disease profiles have led to increases in the number 

of people undergoing heart valve repair and/or replacement surgery with a cardiac valve 

prosthesis.  The Chapter ends with a brief discussion on the emerging immunological, 

inflammatory and environmental causes of cardiac valve disease. 
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1.1 Basic anatomy and function of the human heart 

 

The heart is essentially a large muscular pump.  It is formed from the primitive vascular 

tube between the second and sixth weeks of gestation and, as Figure 1.3 shows, when 

fully developed has four chambers; the thin walled collecting chambers known as the 

atria and the thick muscular walled ventricles which act as the heart’s pump.  The 

developed human heart typically measures approximately 12.5 cm from base to apex and 

is normally positioned near the anterior chest walls of the thorax directly posterior to the 

sternum and covered on its anterior surface by the overlapping lungs.  The long axis is 

orientated from the hypogastrium towards the right shoulder so the lower border (apex) 

is anchored to the diaphragm.  The upper border (base) sits posterior to the sternum and 

is tethered to adjacent structures by the body’s main blood vessels; the aorta which is 

responsible for carrying nutrient-rich blood away from the heart to the rest of the body 

and, the pulmonary artery which connects the heart with the lungs where blood is re-

oxygenated.  

  

The continuous expansion and contraction of the heart’s chambers and coordinated 

opening and closing of a series of valves (see below) allows blood to enter and exit the 

four chambers.  Each heart beat (i.e. cardiac cycle) is distinguished by alternating 

periods of relaxation (diastole) and contraction (systole) followed by a brief resting 

phase during which time the chambers prepare for the next cycle.  The start of the 

cardiac cycle is marked by atrial systole when all four chambers are relaxed and blood 

flows passively from the atria to the ventricles until they are approximately three-

quarters full (ie. 70%).  As atrial contraction progresses atrial pressure increases and 

forces blood through the open valves connecting the atria and ventricles known as the 

atrio-ventricular (AV) valves (see below), into the ventricles resulting in ventricular 

capacity reaching maximum by the end of this phase.  Atrial systole lasts approximately 

100 msecs and is followed by atrial diastole which begins at the same time and continues 

until the start of the next cardiac cycle and ventricular systole.  In all, this continuous 
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pumping of the heart forces approximately 5 litres of blood around the body via the 

circulatory system.   

 

Figure 1.3 Anatomy of the human heart 

 

 

 

De-oxygenated (venous) blood from the systemic circuit for transport to the lungs and 

subsequent re-oxygenation is received by the right side of the heart which is also 

responsible for initiating the electrical impulses which spread through the atria causing 

atrial contraction.  Blood flows into the right atrium via the superior (upper body) and 

inferior (lower body) vena cavae and into the right ventricle and is regulated by a set of 

rudimentary valves in addition to one of two AV valves (i.e. tricuspid valve).  

Subsequent blood flow from the right ventricle into the pulmonary trunk at the start of 

the pulmonary circuit is controlled by the pulmonary valve, one of two semi-lunar 

valves (see below).  The left side of the heart is responsible for pumping oxygenated 

blood (i.e. arterial) to the rest of the body.  Blood collects in the left atrium from the left 

and right pulmonary veins and flow between these two chambers is regulated by the left 
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AV valve (i.e. mitral valve; Figure 1.3).  Blood flow from the left ventricle into the 

ascending aorta is via the remaining major valve, the aortic valve.  During ventricular 

diastole the aorta swells into three sinuses immediately above this valve and one 

opposite each leaflet.  Subsequent ventricular ejection causes pressure increases in the 

aorta above that of the ventricle as blood flows through the aortic arch and into the 

descending aorta causing closure of the aortic valve and preventing regurgitation or 

backflow.   

 

1.2 Regulation of blood flow 

 

As previously mentioned four main valves regulate blood flow through the heart, the 

mitral and tricuspid valves, known as the atrio-ventricular valves and, the aortic and 

pulmonary valves known as the semi-lunar valves.  These one-way valves prevent blood 

flowing back into the chambers during contraction.   

 

1.2.1 Atrio-ventricular valves 

 

The AV valves consist of leaflets and a fibrous tissue core known as the fibrosa and 

continuous distally with the dense fibrous collagen strands known as chordae tendinae.  

During diastole the chordae tendinae and papillary muscles, which anchor the leaflets of 

the AV valves to the ventricular myocardium, are loose and offer little or no resistance 

to the blood flow from atria to ventricles.  However, during ventricular systole inter-

ventricular pressure and contraction of the papillary muscles causes tension of the 

chordae tendinae forcing the leaflets to coapt.  Moreover, these fibrous strands prevent 

the leaflets from collapsing and entering the atria thus preventing ballooning and 

regurgitation.  The first of the two AV valves, the mitral valve, regulates blood flow 

between the left atrium and left ventricle.  This valve has only two leaflets an anterior 

leaflet and a posterior leaflet which resemble a Bishop’s mitre thus giving the valve its 

name.  Although bicuspid, the leaflets differ in size.  The anterior leaflet is larger and 
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rises higher than the left and protects approximately two-thirds of the valve.  However, 

the posterior leaflet has a larger surface area.  In addition, the valve’s opening is 

surrounded by a fibrous ring known as the mitral valve annulus.  The three leaflet 

tricuspid valve guards the right atrium from the right ventricle.  Each of the valve’s 

leaflets is named according to its position i.e. anterior (in the coronal plane), posterior 

(parallel to the diaphragm) and septal (parallel to the septum) and the base of each leaflet 

is attached to the fibrous ring of the valve.  As previously mentioned, a series of delicate 

fibrous strands (i.e. chordae tendinaea) tether the edges of the leaflets to three conical 

muscular projections (i.e.papillary muscles) of the ventricular wall preventing the 

leaflets from blowing back into the atrium during ventricular systole.   

 

1.2.2 Semi-lunar valves 

 

The positioning of leaflets in the semi-lunar valves coupled with the fact the walls of the 

atria do not contract make these valves more stable than their AV counterparts and as a 

consequence, do not require muscular anchors.  The leaflets are prevented from 

attaching to the wall of the aorta and sticking open by the aortic sinuses and when these 

valves close the symmetrical leaflets support each other like the legs of a tripod.  The 

aortic valve regulates blood flow from the left ventricle to the aorta and a normal aortic 

valve has three leaflets arranged in the posterior, right and left positions.  During 

ventricular systole pressure increases in the left ventricle above aortic pressure causes 

the valve to open and blood to flow from the left ventricle into the aorta.  At the end of 

ventricular systole, left ventricular pressure drops rapidly and aortic pressure forces the 

aortic valve to close.  Blood flow from the right ventricle to the pulmonary trunk is 

regulated by the pulmonary valve.  As Figure 1.4 shows the pulmonary valve, like the 

aortic valve is tri-leaflet.  The leaflets are orientated in a convex direction towards the 

ventricle and concave towards the trunk and each has a fibrous nodule at its centre and is 

named according to the positions it occupies i.e. anterior, right and left.  As with the 

aortic valve, the pulmonary valve opens during ventricular systole as right ventricular 

pressure rises above pressure in the pulmonary artery.  Closure of the valve occurs in 
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response to a rapid decrease in right ventricular pressure and corresponding increase in 

pulmonic pressure. 

 

Figure  1.4 Valves of the heart 

  

The first part of this chapter briefly described the basic anatomy of the human heart and 

how blood flow through the heart is controlled by a series of four main valves.   

However, during its lifetime the heart may experience some mode of failure as a result 

of some form of cardiovascular disease 2.  This may be either congenital or acquired.  

The next section looks at how changing trends in the age profile of the population has 

had an impact on the types of cardiac disease pathology with particular reference to 

cardiac valvular diseases presented in modern clinical practice and, the emergence of 

new immunological, inflammatory and environmental causes of valve disease. 

 

1.3 Changing trends patient profiles and valvular disease pathology 

 

Over the years the classification of cardiovascular disease has continued to change to 

reflect the changing aetiology of diseases, clinical comprehension and technological 

advances.  One of the most noticeable modifications has been the change in the 

2 Cardiovascular disease is an umbrella term for a number of different diseases affecting the heart 
including valvular disease. 
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classification of valvular heart disease because, despite a significant reduction in the 

incidence of rheumatic fever and its sequelae valvular surgery continues to rise in many 

modern industrialized communities.  In the United Kingdom (UK) for example, between 

1986 and 2005 the number of first-time valve replacement operations performed nearly 

doubled from 4,728 to 9,022 (UK Heart Valve Registry 2007).  Thus, such a significant 

increase in the rate of valvular surgery lends support to the suggestion of the influence of 

other mirco-organisms and prevalence of new types of valve disease.   

 

The most significant change in cardiac valvular disease pathology has been the reduction 

in rheumatic fever and increase in age-related degenerative (ie. atherosclerosis) valve 

disease.  Improved and easier access to medical care, better housing and standard of 

living in many modern societies has led to an increased lifespan and consequently, an 

increase in the numbers of elderly (i.e. ≥60 years) within populations.  Worldwide it is 

estimated 10% of the world’s population is now aged ≥60 years (Christ 2008; Office for 

National Statistics (ONS) 2010) and in the UK alone by the end of 2008 16% of the UK 

population were aged ≥60 years.  Furthermore, predictions suggest in the next quarter 

century this sector will have increased nearly threefold to 16.4 million and represent 

nearly one-quarter of the total population (ONS 2010).  In addition, the growth in the 

numbers of very elderly (i.e. ≥85 years) has been significant and between 1983 and 2008 

these numbers more than doubled from 0.6 million to 1.3 million people (ie. 1% to 2%) 

with projected estimates suggesting a doubling again to 3.3 million by 2033 representing 

5% of the total population (ONS 2010).  As a consequence of changing age profiles, 

disease profiles have also changed.   

 

Deaths due to infectious diseases and acute illnesses have declined whilst mortality 

resulting from chronic and degenerative diseases such as cardiovascular disease has 

increased (National Centre for Chronic Diseases and Health Promotion 2002; Allender 

2008; World Health Organization (WHO) 2011).  Morbidity due to progressive diseases 

continues to increase and approximately 20 million people annually worldwide survive 

heart attacks and strokes with many requiring long-term clinical care (WHO 2011).  
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Reflecting these changes, data from the UK Heart Valve Registry (2007) reveals the 

average age of patients undergoing first-time valve replacement increased from 58.6 

years in 1986 to 67.1 years in 2005.  Furthermore, the proportion of ≥70 year olds 

undergoing first-time valve replacement surgery more than quadrupled from 12.4% to 

50.6% for the same period.  In addition, reflecting changes in associated disease profiles 

mitral valve replacements (MVR) accounted for 45% of all valve replacements in 1986 

compared with 55% in the aortic position (AVR).  In contrast, by 2005 MVR had fallen 

to just 18% whilst AVR had increased to more than three-quarters of all replacements 

(ie. 81%).  Tricuspid and pulmonary valve replacement (TVR; PVR) surgery accounted 

for the remainder of adult valve surgeries.  Not all cardiac valvular diseases however, 

are the result of the degenerative process and some diseases are caused by congenital or 

inherited abnormalities. 

 

1.3.1 Congenital valvular disease 

 

Congenital defects can affect any part of the heart and it is estimated between 8 and 14 

babies born per 1,000 have some form of congenital heart defect making this the most 

common type of birth defect (Hoffman 2002; Marelli 2007; Giannoglou 2009).  Progress 

made in the diagnosis and treatment of congenital heart disease has resulted in more than 

95% of children with congenital heart disease surviving into adulthood and, as a 

consequence, there is a substantial growth in adult congenital heart disease (Warnes 

2005). Congenital valvular disease is one form of congenital heart disease and 

commonly affects the aortic or pulmonary valves.  Congenital abnormalities may take 

the form of wrong size valve, malformed leaflets or leaflets not properly attached to the 

annulus.  The aortic valve is more commonly affected by such abnormalities and reports 

suggest it occurs in approximately 1-2% of the population (Warnes 2003; Verheugt 

2008).  Others however, report a higher incidence of pulmonary valve disease and 

suggest a realistic estimate is 11% (Giannoglou 2009).  However, as with the mitral and 

tricuspid valves in which defects occur only rarely, any abnormalities of the pulmonary 

valve are often treated in childhood.   
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Malformation of the aortic valve leaflets tends to present as uni- or bi-cuspid leaflets 

(Figures 1.5a-b) instead of the normal tricuspid valve and research has shown the 

congenitally bicuspid valve is responsible for the majority of older patients suffering 

with isolated aortic stenosis (Figure 1.5c; Rapaport 1975; Hoffman 2002).  Unequal 

leaflet sizes coupled with commissural fusion result in an inability of the valve to open 

fully causing turbulent blood flow and subjecting the leaflets to undergo constant 

trauma.  Consequently, the leaflets become thickened, fibrosed and fused until they 

eventually become rigid predisposing them to calcium deposits which cause stenosis of 

the valve.  Congenital aortic stenosis in younger individuals i.e. aged ≤15 years tends to 

result from uni-cuspid aortic valve formation and tends to be stenotic from birth 

(Roberts 2008).  However, the congenitally bicuspid aortic valve is more commonplace 

in adults and, although these are infrequently stenotic at birth the condition develops 

with increasing age as a result of calcific deposits on the aortic aspects of the cusps 

(Roberts 1970).  As previously mentioned, bicuspid aortic valves have been reported as 

more common than any other congenital cardiac anomaly and in many cases the 

condition does not cause any problems in later life.  However, as the aging process 

progresses a bicuspid aortic valve is more likely than a normal valve to undergo stenosis 

and calcification resulting in the cusps being unable to close fully causing aortic 

regurgitation as well as, making the valve more prone to infective endocarditis.  Studies 

have reported ≥5% incidence of bicuspid aortic valve stenosis in an adult population 

(lung 2003) and between 1.5% and 22% incidence of aortic regurgitation (aR) secondary 

to a bicuspid valve (Yener 2002; Roberts 2006).   

 

Sadee et al (1992) reported three distinct groups of congenital valves associated with aR 

(a) purely bicuspid valves (b), bicuspid valves with a conjoined leaflet containing a 

raphe and (c), valves with a conjoined leaflet and distinct central indentation of the free 

edge.  The authors suggested conjoined leaflets, as described in the latter description 

were more likely to interfere with coaptation of the leaflets, particularly once 

degenerative age related changes occurred making the leaflets less mobile and likely to 
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cause aR.  aR however, does not exclusively occur in bicuspid aortic valves but can 

occur in normal tricuspid valves arising primarily because of the prolapse of one or more 

leaflets, usually with elongation of the free edge.  In addition, aR may also result from 

dilation of the aortic root and annulus which causes the aortic valve leaflets between the 

commissures to stretch leading to central leakage due to inadequate leaflet apposition 

(Sadee 1992; Roberts 2006).  aR can also be caused by the post-inflammatory processes 

of infective endocarditis and rheumatic fever which causes the leaflets to retract thus 

allowing highly invasive organisms in the bloodstream to lodge on a normal valve 

causing leaflet deformation and destruction.  Reports suggest the estimated incidence of 

bicuspid related infective endocarditis ranges from between 10-16% (Lamas 2000; 

Yener 2002).  

 

Congenital abnormalities of the pulmonary valve affects blood flow between the right 

ventricle and pulmonary artery and therefore blood supply from the heart to the lungs.  

Abnormal development of this valve occurs during the first eight weeks of pregnancy 

when the fetal heart is developing and deformation of the valve can lead to difficulty in 

leaflet opening and allowing forward blood flow.  The unicuspid or bicuspid pulmonary 

valve, a general feature of tetralogy of Fallot the most common cyanotic heart defect and 

cause of ‘baby blue syndrome’, can cause partial fusion and/or thickening of the leaflets 

causing valvular stenosis such that the valve is unable to fully open.  Although stenosis 

of the valve occurs in approximately 7-12% of patients with congenital heart disease it 

accounts for 80% of right ventricular outflow tract obstruction (Bashore 2007; 

Giannoglou 2009).  Pulmonary valve stenosis (PVS) increases the workload of the right 

ventricle as it attempts to move blood through the pulmonary valve until eventually the 

ventricle becomes hyperplastic causing peripheral oedema.   
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Figure 1.5 Congenital abnormal aortic valve 

(a) Unicuspid aortic valve with visible stenosis (b) Bicuspid aortic valve 

 

     

 

(c)  Gross image of a stenotic bicuspid aortic valve 

 

 
 

 

Congenital mitral and tricuspid valve diseases are relatively rare in adults.  Stenosis of 

the mitral valve orifice to ≤1 cm2 increases left atrial pressure as it attempts to push 

blood through the valve.  However, this constant pressure overload in the atrium also 

increases its size and makes it prone to developing atrial fibrillation and loss of atrial 

kick which in turn, causes pressure transfer into the pulmonary vasculature and rapid 

decrease in cardiac output causing pulmonary hypertension and sudden congestive heart 

failure.  Abnormalities of the tricuspid valve include Ebstein’s anomaly which, during 

fetal development is displaced downwards towards the apex of the right ventricle 

although the valve annulus develops in the normal position.  Normally, the tricuspid 
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valve has three leaflets.  However, as Figure 1.6 shows in Ebstein’s anomaly one or two 

of the leaflets adhere to the right ventricular wall and septum causing the anterior leaflet 

to become typically enlarged as well as the right atrium to the detriment of the right 

ventricle.  Malformation of this valve causes regurgitation and in extreme cases, because 

the right ventricle is undersized, insufficient blood flow is carried to the lungs causing 

the individual to become cyanotic.  In most adult cases of Ebstein’s anomaly symptoms 

tend to be relative mild.  However, if regurgitation becomes moderate to severe 

individuals may experience arrhythmia, decreased stamina, fluid retention and heart 

failure (Mulder 2003).  Under such circumstances, the individual may require either 

valve repair or valve replacement with a prosthetic valve (see Chapter 2). 

 

 Figure 1.6 Common abnormality of the tricuspid valve - Ebstein’s Anomaly 

Normal heart     Ebstein’s Anomaly 

                                  
 

1.4.2 Acquired valvular disease 

 

Acquired valvular disease develops in valves that were once normal and can change 

them in a number of ways.   The chordae tendinea or papillary muscles for example, 

may become stretched or rupture, the valve annulus can dilate or the valve’s leaflets may 

become fibrotic and calcified.  The mitral and aortic valves are more commonly affected 

and although diseases of the tricuspid and pulmonary valves do occur these tend to be 

relatively rare.  Native heart valves may be subjected to inflammatory diseases, stenotic 
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or regurgitant lesions or, infective or non-infective vegetations and, depending upon 

which of these states is present the valve will have either structural abnormalities or an 

abnormal function.  Stenotic valves almost always have some form of anatomical 

abnormality, usually fibrosis or calcification, which often take years to develop.  In 

contrast, regurgitant valves tend not display any anatomical defect although any defects 

may be valve-related or related to the surrounding supporting structures and, unlike 

stenotic valves the lesions may be chronic or acute.  The next part of the chapter looks at 

the impact of the differently acquired valvular diseases, such as rheumatic fever and 

degenerative valve disease, which can lead to valvular stenosis and 

regurgitation/insufficiency causing pulmonary congestion, oedema, contractile 

dysfunction and heart failure.  In addition, micro-organisms in the bloodstream are 

known to cause infections of the heart’s valves and surrounding tissues and so this next 

section of the chapter looks at the effects of infective endocarditis on the functionality of 

the heart valve as well as the impact of the infection on the structure and strength of the 

valve and surrounding tissues and the potential for abscess formation, thrombo-embolic 

complications and heart failure. 

 

1.4.3 Rheumatic Fever 

 

Rheumatic fever is an important acquired cardiovascular disease in which the initial 

infection occurs in children and adolescents although the associated heart problems may 

not be seen until 20-40 years later.  Despite the dramatic decline of acute rheumatic 

fever in developed countries its prevalence is still significant in some indigenous 

populations and countries with low socioeconomic status, malnutrition, poor hygiene 

and poor access to health care (Cilliers 2006; Madden 2009).  Carapetis (2005) reported 

16-20 million people worldwide are affected by rheumatic fever of which 79% come 

from less developed countries.  Overall, it is estimated the prevalence rates in less 

developed countries ranges from 2.5 to 3.2 cases per 100,000 compared with ≤1 per 

100,000 population in higher income populations (Carapetis 2005; Cilliers 2006).  

However, due to changes in the world’s migratory system some of the more developed 
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countries such as Spain for example, are witnessing increases in cases of rheumatic fever 

because of an influx of immigrants from countries where rheumatic fever is still 

prevalent (Bernal 2008).  Furthermore it is estimated 10-35% of all cardiac admissions 

are for patients with rheumatic fever or chronic rheumatic heart disease (Soler-Soler 

2000). 

 

Rheumatic fever is a multi-system inflammatory disease characterized by involvement 

of the heart, joints, central nervous system, subcutaneous tissues and skin.  It is an 

inflammatory non-supprative complication of phyaryngitis caused by Group A beta-

haemolytic Streptococcus and can be sub-acute or chronic, self-limiting or be slowly 

progressive.  The acute phase causes inflammation of all three layers of the heart, the 

myocardium, pericardium and endocardium (ie. pancarditis) and approximately 53% of 

patients suffering an attack of rheumatic fever will suffer from carditis which may result 

in valvular heart disease, heart failure and death (Tubridy-Clark 2007).  All four valves 

may be affected but the most commonly affected is the mitral valve (75-80% cases) 

followed by the aortic (30% cases) and tricuspid and pulmonary (≤5% respectively) 

(Cheitlin 1993).  The most common chronic valvular abnormality resulting from 

rheumatic fever is mitral stenosis (mS) followed by aortic valve insufficiency, also 

known as aR (Roberts 2008).  At an acute level small thrombi develop along the lines of 

closure of the valve on the atrial sides of the atrioventricular valves (mitral and tricuspid 

valves) and ventricular side of the semilunar valves (aortic and pulmonary valves) 

although they are not complicit in the destruction of the valve.  In addition, there may be 

associated oedema and cellular infiltration of the leaflets.  Chronic rheumatic fever can 

cause inflammation of the valvular tissue and thickening of the leaflet due to fibroses 

and deposition of calcium causing valvular stenosis, obstruction of blood flow, 

incomplete closure and regurgitation (Leong 2006; Roberts 2008).  The chordae often 

become thickened and shortened and the presence of short thick chords attached almost 

directly to the papillary muscles give the appearance the sub-valvular chordal space has 

disappeared.  In addition, commissural fusion and erosion of the surface endothelium in 
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the mitral position can often occur in addition to overlying of thrombus material giving 

the typical ‘fish mouth’ appearance of the rheumatic stenotic mitral valve.   

 

Mitral regurgitation (mR) 3 may also result from the long-term effects of rheumatic fever 

or post-inflammatory diseases in which, as described above, the leaflets become opaque 

and thickened and the chordae tendineae become thinned and stretched.  Although, in 

some cases these can appear slightly thickened by fibrous tissue or even mildly fused 

causing elongation of the ostium which in turn becomes funnel shaped.  As consequence 

of the leaflets being unable to fully coapt when the valve is closed it prolapses into the 

left atrium causing mR and rapid volume overload in the left-side of the heart.  Left 

atrial volume and pressure overload restricts drainage from the lungs via the pulmonary 

veins and in acute mR causes pulmonary congestion and oedema.  Patients suffering 

from chronic mR may be asymptomatic for many years during which time the gradual 

increase in size of the left atrium allows it to compensate such that there is no noticeable 

increase in atrial and pulmonary venous pressures until late in the course of the disease 

when progressive left ventricular dilation leads to eventual increase in afterload, 

contractile dysfunction, and heart failure.  mR is, in fact, the second most common 

valvular disease and it is estimated it occurs in as many as 57% of patient populations 

(lung 2003; Leong 2006; Roberts 2008).   

 

1.4.4 Degenerative valve disease 

 

Aortic stenosis (aS) is now the most common valve abnormality and is associated 

primarily with degenerative calcification in the majority of patients compared with post-

inflammatory involvement and congenital lesions (Stewart 1997; Otto 1999; lung 2003; 

Faggiano 2006; Roberts 2008).  Despite a significant reduction in rheumatic fever and 

thus, rheumatic valve disease in most modern industrialized countries this has not been 

matched by a reduction in the numbers of valvular surgeries performed.  lung (2003) 

reported 47% of patients in the Euro Heart Survey surgical sub-group had a diagnosis of 

3 Mitral regurgitation is also known as mitral insufficiency or mitral incompetence. 
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aS and, as previously mentioned data from the UK show mitral valve replacement 

(MVR) fell from 54% to just 18% of all valve replacements performed between 1986 

and 2005 compared with an increase from 54% to 81% in aortic valve replacement 

(AVR) (UK Heart Valve Registry 2007).  Although data was not collected in the UK on 

valve pathology for the whole period it was suggested shifts in trends in valve 

replacement surgery reflect both changes in the age profile and associated disease 

pathology.   

 

Degenerative aortic valve disease is characterized by increased leaflet thickness, 

stiffening and calcification without commissural fusion and results in aortic valve 

stenosis.  As a result the volume of blood able to flow through the valve is severely 

restricted and a reservoir accumulates in the chamber.  By age ≥65 years the tricuspid 

aortic valve displays a grossly deformed rigid structure with dense nodular calcifications 

causing some degree of immobility.  As age progresses the diameter of the aortic root 

and valve annulus increases and by aged 80 years the aortic valve annulus is similar to 

that of the mitral valve.  Furthermore, there may be calcification of the aortic valve ring 

which spreads to the anterior (aortic) leaflet of the mitral valve and the membranous part 

of the inter-ventricular septum where it interferes with the atrio-ventricular conduction 

system causing ventricular arrhythmias.  Heavily stenosed valves can cause haemolytic 

anaemia and left ventricular hypertrophy may result due to the difficulty in pumping 

blood through the stenosed valve.  Moreover, approximately 10% of patients with aS 

develop infective endocarditis (Vahanian 2007; see below).  Calcification of the mitral 

valve and ensuing stenosis causes rigidity of the left atrium and restricted atrial dilation 

resulting in increased pulmonary venous pressure and vascular resistance (Cheitlin 

1993).  It has however been suggested the aging process is not the only contributory 

factor in the development of valvular disease.  Soler-Soler (2000) for example reported 

25-45% of octogenarians do not have aortic calcification thereby suggesting valve 

disease is not universally present in the elderly. Although it is accepted there is a 

positive relationship between degenerative valve disease and increasing age studies 

suggest this is an active yet reversible process, similar to atherosclerosis, including lipid 
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deposition, macrophage infiltration and the production of osteopontin and other proteins 

which play an increasingly significant role in the development of degenerative valve 

disease (Stewart 1997; Faggiano 2006; Veinot 2006; Roberts 2008; Rajamannan 2009).   

 

Degenerative diseases of the mitral valve are more commonly seen as regurgitant.  

Although degenerative mitral regurgitation is the most common aetiology in Europe 

ischaemic and functional mitral regurgitation are gaining prominence (lung 2003).  mR 

may result from degenerative diseases such as myxomatous degeneration which is a 

primary cause of mitral valve prolapse (MVP), now identified as the most common 

cause of mR and occurring in approximately 5% of the population overall (Cheitlin 

1993).  mR caused by myxomatous degeneration is characterized by atrophy of 

connective and valve tissue such that the valve becomes thickened though soft and 

pliable.  Chordal rupture is uncommon but if it occurs the ruptured chords may fuse in a 

random and irregular fashion on the underside of the valve leaflets yet leaving the 

commissures unfused.   

 

1.4.5 Native valve infective endocarditis  

 

Infective endocarditis (IE) of the native valve is an infection of the endocardium which 

arises as micro-organisms in the bloodstream become enmeshed in fibrin and platelet 

deposits on the valvular endothelium of damaged, roughened valve leaflets with 

congenital or acquired lesions (e.g. bicuspid aortic valve, rheumatic valvular disease, 

MVP, tissue surrounding a prosthetic valve) and form irregular vegetations.  These 

micro-organisms multiply within the fibrin-platelet matrix and products from their 

metabolism cause disruption to the connective tissue of the valve causing constant 

haemodynamic stresses acting on the valve to weaken the collagen structure and tear, the 

result being valvular incompetence.  These vegetations vary in size and can also become 

friable making them susceptible to small fragments breaking off and increasing the risk 

of systemic or pulmonary thrombo-embolic potential (McConnell 1967; Mylonakis 

2001; Vilacosta 2002; Habib 2006).  In addition, other complications such as heart 
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failure and valvular or myocardial abscesses may occur.  IE of the aortic valve can 

spread to the ventricular septum or, it may cause abscesses to develop which may 

rupture into the right heart or, interfere with conduction of the cardiac impulse and cause 

atrioventricular block.  Septic abscesses of the mitral valve can affect the papillary 

muscles or cause destruction of the valve annulus resulting in flail mitral valves that 

require prompt surgical correction (Weale 1992).   

 

IE can also arise on functionally normal valves particularly in cases of intravenous drug 

misuse.  Current estimates suggest the incidence of IE amongst this sector ranges from 

1-5% a year and appears to be increasing steadily in part because treatment of this group 

is made more difficult by their drug behaviour and poor compliance with treatment 

(McConnell 1967; Benyon 2006).  Moreover, research has shown the use of intra-

cardiac and intravascular devices, especially those left in place for long periods, are also 

promoters of infective endocarditis (Perlman 1971; Mylonakis 2001; Johnston 2004; 

Cabell 2004; Anguera 2004; Fong 2009).  Also at risk are immuno-suppressed patients 

with intravenous catheters and those undergoing haemodialysis (MacGregor 1989).  The 

incidence of IE has remained relatively unchanged over the past two decades at 

approximately 1.7-6.2 cases/100,000 years (Hoen 2002; Prendergast 2006) and is low in 

the young, excluding intravenous drug users, but increases with age.  Mylonakis (2001) 

for example, reports an increase in median age from 30-40 years during the pre-

antibiotic era to 47-69 years post introduction of antibiotics whilst Hoen (2002) 

reporting on the results of two studies conducted in France identified a peak incidence of 

14.5 episodes per 100,000 patients years in patients aged 70-80 years.  The bicuspid 

aortic valve, which is the most common congenital valvular abnormality (see above) and 

already predisposed to aS, is also highly susceptible to developing IE and evidence 

suggests it occurs in 7-25% of autopsy cases and between 12% and 45% of surgical 

cases (Lamas 2000; Yener 2002).  IE is thought to predominate in the mitral valve and 

reports suggest an incidence of between 24% and 86% of autopsied patients (MacGregor 

1989; Weale 1992; Boudoulas 2002) compared with 5-36% for aortic valves alone and 

between 5% and 42% for combined aortic and mitral valves (Weale 1992; Boudoulas 
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2002).  However, contrary to these findings, others have reported a predominance of IE 

in the aortic valve (Schulz 1996).  Tricuspid and pulmonic valve IE is less prevalent 

although is more common amongst intravenous drug abusers (MacGregor 1989).   

 

Historically IE has been clinically divided into acute and sub-acute presentations which 

classify the rate of progression and severity of the disease.  Acute infection tends to be 

culminant, developing over a period of days or weeks rather than weeks or months as 

seen in the sub-acute phase. The acute disease, which is more commonly found in 

normal hearts of intravenous drug abusers, may cause destruction of valves or 

dislodgment of valve cusps, rupture or aneurysms and abscesses of the myocardium 

which infiltrate into other cardiac chambers with fistula formation (Leong 2006).  

Although cured of the infection patients may continue to be at risk from the acute phase 

of the disease long after completion of the antibiotic therapy because the weakened 

valve and surrounding tissue is highly susceptible to tearing and rupture which may not 

occur until later, and is certainly so with prosthetic valves (Weale 1992; Saxena 2009; 

see below).  Sub-acute endocarditis presents as a low virulence and mild to moderate 

illness in patients with an underlying cardiac abnormality.  The disease progresses 

slowly over weeks and months and has a less traumatic clinical course than the acute 

disease.   

 

1.5 Common complications of replacement heart valves 

 

The majority of heart valve replacements function without problem.  However, some 

replacement valves develop complications as a result of changes in normal physiological 

processes (eg. immunology, inflammation, blood coagulation) or, because of mechanical 

valve failure and require replacement.  Estimates from the UK suggest on average ≤3% 

of replacement heart valves are explanted and re-replaced annually with another type of 

heart valve, half of which are due to valve-related causes (Weerasinghe 1999; UK Heart 

Valve Registry 2007).  The next section of this chapter therefore looks at some of the 
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complications associated with prosthetic heart valves starting with infections of the 

valve prosthesis.  

 

1.5.1 Prosthetic valve endocarditis 

 

Prosthetic valve endocarditis (PVE) remains an infrequent but serious complication 

following native valve replacement.  Research suggests an overall incidence ranging 

from between 0.3% to 6% of the population (Sett 1993; Edwards 1998; Mylonakis 2001; 

Habib 2005; Relic 2009) with an annual incidence in the first year post-operative of 3% 

reducing to 1% per year thereafter (Lytle 1996; Prendergast 2006).  PVE is classified 

according to time of onset after valve implantation with early onset of the disease 

occurring ≤60 days post-operative and late onset occurring anytime thereafter, the 

spectrum of which mirroring that of native valve IE.  Despite a relatively broad range of 

potential candidates responsible for the development of PVE most cases result from a 

small number of organisms with a distinction between early and late onset PVE.  

Research has identified staphylococcus aureus as the primary culprit of early-onset PVE 

originating from intra-operative contamination and post-operative wound infection.  

Furthermore, the majority of cases occur within the first year post-operative (Fong 

2009).  In contrast, late-onset PVE results from streptococci infection, the course of 

which is similar to native valve IE (MacGregor 1989; Schulz 1996; Habib 2005; Fong 

2009).  Complications associated with PVE are common and include heart failure, 

ventricular obstructive outflow, stroke, intra-cardiac abscesses and abnormalities of 

cardiac conduction and high risk of in-hospital mortality (Cavarocchi 1983; Habib 2005; 

Hassoulas 2009; Fong 2009).  Antibiotic therapy can effectively treat PVE particularly 

when the infection is limited to the prosthetic valve leaflets.  However, in patients with 

infection of the valve annulus a combination of prosthetic valve replacement and 

antibiotic therapy is required.  Moreover, in patients with ‘cured’ prosthetic valve 

endocarditis re-operation is often eventually required (Lytle 1996).    
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Reports on the prominence of aortic versus mitral valve in the development of PVE are 

conflicting and although Weale (1992) and Rekik (2009) in their respective studies 

identified the mitral valve as being more susceptible to PVE many others have found to 

the contrary (Sett 1993; David 1995; Schulz 1996; Edwards 1998; Hassoulas 2009).  

Aortic PVE is considered the most destructive because the infection usually spreads to 

the aortic root causing abscess formation often necessitating major reconstructive 

procedures for the repair of the root or repair of the mitral valve annulus.  In addition, 

the infection often spreads through the aortic wall to other structures and cavities 

(Cavarocchi 1983; Saxena 2009).  Bioprosthetic valves have been reported as being 

more susceptible to PVE than mechanical valves (Schulz 1996; Lytle 1996; Habib 2005; 

UK Heart Valve Registry 2007).  However, Habib et al (2005) noted when onset of PVE 

is considered mechanical prostheses demonstrate a greater susceptibility to developing 

early onset PVE than either bioprostheses or homografts but, the reverse is true with late 

onset PVE.   

 

Early onset PVE in bioprosthetic and homograft valves is very destructive and occurs 

mainly in the fibrin layer covering the valve leaflets and is liable to cause obstruction or 

perforation of the leaflets and subsequent valvular insufficiency.  Progression of the 

infection into the annulus and surrounding host tissue promotes paravalvular abscess 

formation and as David (1995) reported this ranges from between 16% and 42% of 

cases.  Paravalvular abscess formation may however, also occasionally form without 

leaflet involvement if the loci of infection begin at the site of the valve annulus.  

Vegetation growth may also occur on the leaflet surface causing leaflet destruction, 

stenosis or valvular insufficiency particularly in bioprostheses.  In contrast, mechanical 

valve PVE often begins at the sewing ring as a result of the synthetic materials in the 

valves acting as a barrier against the growth of micro-organisms.  Abscess formation at 

the ring site is a common feature (Lytle 1996) and annular inflammation and extreme 

tissue friability make it difficult to seat and anchor the prosthesis thereby increasing the 

risk of prosthetic valve dehiscence, severe paravalvular and post-operative valve 

regurgitation and paravalvular leak (PVL) (Cavarocchi 1983; Masri 1990; van der Vorm 
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2000; Hassoulas 2009; Saxena 2009).  The incidence of PVL has been reported as being 

as high as 48% in the aortic site early post-implantation in the absence of infection 

(Rallidis 1999).  Others however, such as Jindani et al (1991) and Gudbajartsson and 

colleagues (2008) have reported considerably lower incidences of 2.5% and 1-1.5% per 

patient year respectively suggestive of improved surgical techniques and valve design 

over the last thirty years.  It should be noted however, PVL may occasionally result from 

improper implantation of the valve.  PVE of the composite aortic valve and ascending 

aorta is often localized in the junction between the sewing ring of the valve and the 

aortic annulus.  Development of large post-operative pseudo-aneurysms resulting from 

this infection is a recognized complication and the potential additional stresses exerted at 

the suture line and aortic wall may increase the risks of rupture, thrombo-embolic 

complications (thrombotic and/or septic), metastatic abscesses, and cerebrovascular 

events (Kouchoukos 1991; Oechslin 1995). 

 

1.5.2 Thrombo-embolism 

 

One of the most common complications associated with prosthetic heart valves, and in 

particular mechanical valves is the formation of thrombi and associated emboli causing 

transient or fatal events.  Blood exposed to an artificial surface may induce thrombo-

embolization and according to Virchow’s triad, thrombus formation is largely dependent 

on three predisposing factors.  Firstly, endothelial factors which include the surface 

characteristics (ie. material and design) of the prosthesis and therefore represent the 

valve’s biocompatibility and its interaction with the suture zone.  Secondly, 

haemodynamic factors which involve haemodynamic characteristics which may induce 

variations in local rheology leading to turbulence, reduced blood flow velocity and 

subsequently, reduction in cardiac output and a stagnation of blood.  Finally, 

haemostatic factors (ie hypercoagulability) which, during the early post-operative period 

are particularly challenging due to the need to balance the risks of over anticoagulation 

and associated haemorrhagic complications with those of under anticoagulation and 

thrombus formation.   
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Prosthetic valve thrombosis (PVT), as defined by Edmunds et al (1996), is a thrombus 

which in the absence of infection is attached to or near an operated valve and occludes 

blood flow or interferes with valvular function.  Mechanical valves are more susceptible 

to PVT than bioprostheses and reports suggest an incidence of 0.7-10% per patient years 

(Vongpatanasin 1996; Crawley 2000; Dűrrleman 2004; Laplace 2004; Roudaut 2007).  

Moreover, mitral valve prostheses show a greater susceptibility to developing PVT and 

estimates suggest they may be as much as four times more likely to do so (Dűrrleman 

2004).  Vongpatanasin and colleagues (1996) on the other hand, suggest there is a 

similar incidence of PVT in patients with mechanical prostheses who receive adequate 

anticoagulant therapy compared with those with bioprosthetic valves (Bettadapur 2002).  

PVT may manifest clinically as pulmonary congestion, poor peripheral perfusion or 

systemic embolization the latter usually involving the central nervous system and often 

causing transient or fatal events.  The incidence of prosthetic valve embolization (PVe) 

has been reported as 2% per year in patients on warfarin although this increases fourfold 

in patients not anticoagulated (Cannegieter 1994).  Mitral valve prostheses and 

mechanical valves carry a greater risk of PVe than aortic valve prostheses and 

bioprostheses (Vongpatanasin 1996; Bettadapur 2002) and researchers have suggested 

the risk of PVe in patients with mechanical prostheses without any antithrombotic 

therapy is 4% per patient-year, decreasing to 2% for those on antiplatelet therapy and 

1% for those on warfarin (Vongpatanasin 1996; Crawley 2000; Bettadapur 2002).  In 

comparison, the prevalence of embolization of bioprosthetic valves is estimated at ≤1% 

per year (Bonow 1998), similar to mechanical valves which are adequately 

anticoagulated.  Type of prosthesis, older age (ie. ≥70 years), atrial fibrillation and poor 

left ventricular function have also been identified as significant contributory risk factors 

leading to embolization (Vongpatanasin 1996; Bettadapur 2002).   

 

 

 

 

48 
 



1.5.3 Haemorrhagic complications 

Anticoagulant therapy is not without risk and by attempting to reduce the risk of 

thrombo-embolic events the risk of bleeding complications is increased (Crawley 2000; 

Oxenham 2003).  A review of the literature by Vongpatanasin et al (1996) of thrombo-

embolic complications in prosthetic heart valve patients receiving anticoagulant therapy 

reported a reduced incidence of thrombo-embolic and haemorrhagic events when INR 

(international normalized ratio) is maintained between 2.5 and 4.9 overall.  When 

individual valve types are considered the authors found patients with caged-ball valves 

or those with multiple mechanical valves benefitted when their INR was maintained 

between 4.0 and 4.9.  However, patients with bileaflet valves suffered fewer adverse 

events when their INR was maintained at half this level (ie. 2.0-2.9) with those with 

single-tilting disk valves suffering fewer events with an INR level mid-way between the 

other two (ie. 3.0-3.9).  Although the authors suggest age is not a pre-determining factor 

and that the overall risk for any bleeding event is no higher in elderly patients compared 

with younger ones, a review by Fihn (1996) found younger aged patients are generally 

more tolerant of anticoagulant therapy.  Efforts to reduce the incidence of thrombo-

embolic events without increasing the risk of bleeding using anti-platelet therapy with 

warfarin found the annual rate of major thrombo-embolic events was significantly 

reduced but was matched by a rise in the incidence of bleeding complications (Turpie 

1993).  Criticism of Turpie’s study however, relates to the inclusion of all minor 

bleeding events such as bruising, epistaxes and haematuria which may have contributed 

to the reported higher incidence rates not found by others.  When only the risk of major 

haemorrhagic events was assessed no significant differences between groups (ie. aspirin 

versus placebo) were found.  Furthermore, a meta-analysis conducted by Massel and 

colleagues (2001) found the net beneficial effect gave a favourable risk-to-benefit 

profile.  
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1.5.4 Intrinsic valve failure  

 

Intrinsic valve failure (IVF), also referred to as structural valve failure, is a relatively 

rare complication of heart valve replacement with a replacement valve accounting for 

approximately 2% of all valve replacements in the UK between 1986 and 2007 (UK 

Heart Valve Registry 2007).   IVF  affects all types of prosthetic heart valves and 

presents as material degeneration leading to premature failure of the mechanical 

components and may present as tearing of the leaflet(s), strut or leaflet fracture and 

leaflet escape.  In addition, valve failure may occur as the result of non-structural 

dysfunction associated with abnormal tissue-prosthesis reactions leading to calcification 

of the leaflets, suture line disruption leading to paravalvular leakage, suture failure and 

suture line (Masri 1990; Hammermeister 2000; Bloomfield 2002; UK Heart Valve 

Registry 2007).  Malfunction of mechanical valves is often abrupt and catastrophic and 

can result from degeneration of the occluder (Peterman 2006), strut fracture (Ringel 

1983; Omar 2001) and impaired mechanical failure due to thrombus and pannus 

formation (Cleland 1973; Shiono 2005) or, infection (see above for PVE).  The most 

well documented failure of a mechanical heart valve is the Björk Shiley 60º convexo-

concave tilting disc valve which was withdrawn from the market in 1986.  Research 

found the risk of strut fracture in this valve was 0.5% to 2% per patient year and was 

likely to cause disc embolization, acute valvular regurgitation and/or sudden fatality 

particularly in young patients (ie. ≤50 years at implantation), those with an opening 

angle of 70º and those with a diameter of ≥29mm (van der Graaf 1992; see below).   

 

Bioprosthetic valves have a higher freedom from thrombus formation usually without 

the need for anticoagulation therapy but nonetheless, because of their altered biological 

materials still undergo the degenerative process. Structural valve deterioration of 

bioprosthetic valves has been shown to begin at 3 years post-implantation (Bloch 1984) 

though average estimates suggest 8 years post-implantation reaching ≥60% at 15 years 

(Gudbjartsson 2008).  Furthermore, structural valve deterioration has been reported to be 

inversely related to a patient’s age at implantation.  Hoffman et al (2008) reported a rate 
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of degeneration exceeding 40% in younger patients (ie. ≤40 years) with porcine 

bioprostheses at 10 years post-implantation compared with 15% in the 60 – 70 year old 

age group and 10% in the ≥70 year olds.  At 15 years post-implantation, pericardial 

valve degeneration was similar to porcine valves and fewer than 10% of patients aged 

≥65 years required a re-replacement of their prosthetic valve.  Calcification has also 

been shown to be a primary contributor to valve failure of bioprosthetic valves which, 

like native valves, can restrict leaflet motion and produce leaflet tears.  In a study by 

Farivar (2003) which investigated the causes of valve failure at one institution the 

authors found sterile degeneration accounted for 74% of all bioprosthetic valve failures 

and it was frequently associated with calcification of the leaflets and leaflet tears.  

   

1.5.5 Prosthetic patient mismatch 

 

Valve dysfunction can also result from inappropriate sizing of the prosthesis which may 

sometimes be misdiagnosed as IVF. The reported prevalence of prosthetic patient-

mismatch (PPM) varies and reports suggest it may range from between 20-70% in 

moderate cases and 2-11% in severe cases (Pibarot 2006).  PPM occurs when the 

effective orifice area of the prosthetic valve is less than the patient’s normal native valve 

orifice area and associated body size (Rahimtoola 2003).  As a consequence of the 

discrepancy between native and prosthetic effective orifice area, transvalvular gradient 

increases.  Research has shown patients with PPM do not generally improve clinically 

post valve implantation and may even worsen irrespective of implant site.  In a study by 

Pibarot et al (2006) the authors found PPM in the aortic site caused deteriorating 

haemodynamic function, reduced regression of LV hypertrophy, congestive heart failure 

as well as other additional cardiac events.  Li et al (2005) reported no change post 

implantation of PPM in the mitral position (ie. 69% versus 68%) and a persistence of 

arterial hypertension compared with a significant reduction in the prevalence of 

pulmonary hypertension (ie. 69% pre-operative to 19%) post-operative in patients with 

no PPM.  Furthermore, patients with PPM of both the aortic and mitral sites have also 

been shown to demonstrate a lower survival rate than those without PPM unless the 
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mismatched valve is not replaced with a larger one or one of a different type and 

enlarging the annulus (Pibarot 2006; Li 2005). 

 

1.6 Emerging valve disease 

 

This chapter has so far discussed the traditional causes of valvular heart disease.  

However, over recent decades a number of emerging causes of heart valve disease have 

become more prevalent such as inflammatory-immunological diseases associated with 

acquired immune deficiency syndrome (ie. HIV/AIDS) and the antiphospholipid 

syndrome, drug-related diseases caused by agents with a common chemical structure as 

the neuro-hormone serotonin 4 for example, anorexogenic and ergotamine products for 

the treatment of migraines, Parkinson’s Disease and restless legs syndrome (Wilke 1997; 

Schade 2007; Connolly 1997).  The final part of this chapter takes a brief look at some 

of these emerging causes of valvular heart disease starting with non-bacterial thrombotic 

endocarditis, a complication of HIV/AIDS and other inflammatory-immunological 

causes. 

 

1.6.1 Non-bacterial thrombotic endocarditis (NBTE) 

 

The most common valvular involvement associated with HIV/AIDS is marantic 

endocarditis, also referred to as non-bacterial thrombotic endocarditis (NBTE), which 

causes friable, fibrinous clumps of platelets and red cells similar to sterile verrucae 

attached to coaptation points of the valves.  Reviews by Currie (1995) and Soler-Soler 

(2000) reported an incidence of NBTE of 3-7% in necropsy series although, both 

reviewers suggested, based on their experiences, these figures may be an overestimation.  

Although any valve can be involved NBTE usually involves the low pressure side of the 

mitral and aortic valve in HIV negative patients (ie. 92%; (Moss 2003)).  An estimated 

8-14% of NTBE occurs in tricuspid valves and occurs more commonly in AIDS-positive 

patients who are intravenous drug users (Currie 1995; Moss 2003).  Pulmonary valve 

4 Serotinin is a neuro-hormone and plays a significant role in the development of cardiac valve disease. 
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involvement is rare (Moss 2003).  Complications associated with right-sided NBTE are 

either cardiac or pulmonary with both resulting in tricuspid regurgitation with volume 

overload, right-sided chamber dilatation and heart failure.  

 

1.6.2 Auto-immune diseases and valvular heart disease 

 

Antiphospholipid syndrome (APS) is a recognised systemic auto-immune disease 

associated with a hypercoagulable state, vascular thrombosis and fetal loss (Cervera 

1991).  Cardiac valvular involvement has however, also been gaining recognition as a 

serious complication of the disease and heart valve lesions are the most common cardiac 

manifestation described in patients with  primary 5 and secondary 6APS.  Doppler 

echocardiography of patients with APS has shown chordal fusion and retraction as well 

as valves deformed by vegetations, fibroses, scarring and calcification causing stenosis 

and regurgitation (Cervera 1991; Nesher 1997).  Although in many cases individuals 

may be asymptomatic severe valvular dysfunction may result in cardiac failure requiring 

heart valve replacement (Nesher 1997).  The prevalence of valvular involvement in 

patients with primary APS ranges from between 18% and 38% and is predominant in 

patients aged ≥40 years (Cervera 1991; Nesher 1997; Krause 2005).  Mitral and aortic 

valve regurgitation are the most common haemodynamic dysfunctions and reports 

suggest the occurrence ranges from between 4% and 31% of patients half of whom it has 

been suggested, will require valve replacement surgery (Bulckaen 2003; Krause 2005).  

Twenty-two percent of individuals with primary APS develop mR which occurs more 

commonly than aR (ie. 6-10%) (Nesher 1997).  In addition, studies have reported 

patients with APS, antiphospholipid antibodies and severe valvular heart diseases are at 

increased risk of developing thrombosis (Cervera 1991; Bulckaen 2003).  Moreover, this 

is dramatically increased if there is a history of thrombo-embolic events.  Cervera (1991) 

reported that 52% of APS patients with valvulopathy suffered a stroke or transient 

55  Primary antiphospholipid syndrome (APS) is used when APS occurs in the absence of any other related 
illness. 

6    Secondary APS is referred to when seen in conjunction with other auto-immune diseases such as 
systemic lupus erthymatosus (SLE). 
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ischaemic attack compared with only 15% of patients without valvuloplathy (p<0.01) 

and in a study by Bulckaen et al (2003) 50% of patients who had a history of thrombo-

embolic events experienced a new thrombo-embolic event during the follow-up period.  

However, the research also noted that in patients receiving anticoagulation therapy this 

risk appeared to be reduced.   

 

1.6.3 Medication-related valvular disease 

 

Medications used for the treatment of migraines (eg. ergotamine and methysergide), 

Parkinson’s Disease and restless legs syndrome (eg. pergolide mesylate) as well as 

appetite suppressants (eg. fenfluramine-phentermine) have been linked to the 

development of valvular heart disease (Connolly 1997; Loke 2002; Hopkins 2003; 

Schade 2007).  Ergotamine and methysergide are ergot alkaloid derivatives which share 

a common chemical structure to the neuro-hormone serotonin, an agent responsible for 

valve disease involving endocardial fibrosis.  Soler-Soler’s (2000) reports ergot alkaloid 

cardiac valve lesions can only occur after prolonged use and in a review of research 

investigating the effects of these two drugs noted that patients in one study by Redfield 

(1992) had received treatment for a minimum of six years and more usually 20 years.  

However, in a study which looked at the dopamine antagonists, pergolide and 

cabergoline used in the treatment for Parkinson’s disease, shorter exposure times were 

found to be significant in the development of valvular disease.  Schade (2007) reported 

daily doses of pergolide or cabergoline ≥3 mg for a period of ≥6 months produced 

endocardial thickening resulting from a fibrotic reaction that coats valves, chordae, 

papillary muscles and the endomycoardial surface.  Valve and chordae retraction caused 

by this fibrosis lead to valvular stenosis or regurgitation.  

  

Two appetite suppressants, fenfluaramine and phentermine, popular and successful 

treatments in the 1990s for obesity have, when given in combination, been found to be 

high risk for the development of cardiac valvular regurgitation (Connolly (1997).  Like 
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ergot alkaloid drugs, these appetite suppressants cause valvular thickening with plaque 

development, chordal thickening and retraction.  The original study by Connolly (1997) 

highlighted the high risk of valvulopathy associated fenfluaramine-phentermine 

combination which has subsequently been confirmed by others (Loke 2002; Hopkins 

2003; Dahl 2008).  However, strong debate relating to the incidence of valvulopathy 

associated with these anorexogenic drugs persists with some reporting incidences of 

20% whilst other report it is as high as 33% (Loke 2002; Hopkins 2003).  Appetite 

suppressants have demonstrated an increasing prevalence of progressive valvular 

regurgitation with increasing exposure to the drugs (Dahl 2008) and continue long after 

cessation.  Indeed, Prasad (1999) reported a case of valvulopathy requiring surgery 

seven years after cessation of the drug.  However, unlike ergot alkaloid drugs (see 

above), appetite suppressants cause damage after only a few months of treatment. 

 

1.7 Chapter summary 

 

In summary, cardiac valvular disease is a corollary of congenital, inherited or acquired 

abnormalities.  This chapter focuses on some of the most common valve pathologies 

which affect valve function and compromise the heart’s ability to pump blood through 

the circulatory system, ultimately causing cardiac and/or systemic failure.  The heart is 

designed to last a life-time however, during its lifespan it is subjected to intrinsic defects 

and the aging process making it susceptible to structural and mechanical failure.  Over 

the last few decades we have seen a reduction in communicable diseases that affect the 

heart and in particular, the heart’s valves and an increase in age-related degenerative 

diseases and environmental factors.  Furthermore, diagnostic and treatment advances 

have given rise to an increase in the proportion of individuals born with congenital 

abnormalities surviving into adulthood.  Complications associated with cardiac valvular 

diseases are not only confined to native heart valves but also affect replacement valves 

and, although the majority function without problems complications can prove highly 

destructive and in some cases, fatal.  The last few decades have also witnessed an 

emergence of some new causes of heart valve disease associated with the inflammatory 
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and auto-immune response as well as those associated with IV drug use and reactions to 

medications used in the treatment of some common conditions.  All these complications 

can require some form of surgical intervention, whether it is valve repair and/or valve 

replacement with a prosthesis or homograft.  However, before looking at the types of 

prostheses used in these procedures the thesis presents a glimpse of the evolution of 

valvular surgery from the first successful closed valve repair in the late 1800s to open 

heart surgery in the 20th Century and a reversal of preferences towards closed procedures 

in the 21st Century.  
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2. Introduction 

 

Valvular heart disease (VHD), as noted in Chapter 1, is an important cause of 

cardiovascular morbidity and mortality worldwide.  Changing age and disease profiles 

of populations, improved standards of living, better access to vaccinations, antibiotics 

and healthcare as well as medical and surgical advances have led to increased longevity 

for many individuals suffering from VHD who may not otherwise have survived.  One 

of the primary aims of any treatment for VHD is to lessen symptoms and protect the 

valve from further damage.  However, although medical treatments such as angiotensin-

converting enzymes (ACE) inhibitors, anti-arrhythmic drugs, anticoagulants, antibiotics, 

anti-hypertensives, calcium channel blockers and diuretics can effectively alleviate 

complications they do not correct the mechanical problems resulting from fusion of the 

leaflets or stenosis of the valve.  Failure of these medical treatments, worsening 

symptoms and/or continued valve deterioration often results in the need for valve(s) 

repair or replacement.  Valve repair is, in many cases, seen as preferable because of the 

significantly lower risk of post-operative infective endocarditis developing, low rates of 

thrombo-embolism, no requirement for life-long anticoagulation and good late durability 

(de Oliviera 2006).  The UK for example has witnessed a steady decline in the numbers 

of mitral valve replacements over the last two decades from 45% of all valve 

replacements in 1986 to just under 18% in 2005 (UK Heart Valve Registry 2007) and in 

Germany, one in two operations on the mitral valve is a reconstruction (Hoffman 2008).  

Whilst these figures reflect changes in patient demographics and disease pathologies 

they also reflect changes in approaches to the treatments for VHD and the desire to 

retain whenever possible, the patient’s native valve.   

 

William Harvey, a 17th Century English physician, was the first person to 

comprehensively describe the systematic circulation and properties of blood being 

pumped to the body by the heart.  As Figure 2.1 shows modern cardiac surgery is 

relative new beginning with early attempts to repair stab wounds in the late 19th Century 

before antibiotics, blood transfusions, specifically designed instrumentation, in-depth 
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knowledge of anatomy and physiology and the ability to visualize the heart were 

available.  Not until the 1950s were surgeons able to visualize the heart during open 

heart surgery through thoracotomy and median sternotomy.  Prior to this cardiac surgery 

was performed ‘blind’ during closed procedures and surgeons strived to find ways to 

operate with the chest open, the heart stopped and exposed and within a bloodless 

environment.  However, just 60 years later surgeons desire to perform cardiac surgery 

under closed conditions has come full circle as they strive to perform minimally invasive 

procedures through partial sternotomy, parasternal incision, mini- thoracotomy or 

sternotomy but this time with the advantage of being able to visualize the heart using 

video-assist or video-directed devices which transmit real time images of the heart.  

Chapter 2 charts the evolution of cardiac surgery following the first successful repair of 

the human heart by Rehn in 1896 and outlines the innovations which have contributed to 

the development of surgical techniques and procedures for the repair of diseased native 

valves. 
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Figure 2.1 Evolution of cardiac reparative valve surgery  
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2.1 Operating ‘blind’.  The development of early surgical techniques 

 

Modern cardiac surgery is considered to have been launched by Ludwig Rehn in 1896 

who performed the first successful repair of a stab wound to a human heart although, 

experimental work had started a decade or so earlier when, in 1882 Block had 

successfully closed heart wounds in rabbits.  However, despite these successes which 

encouraged others to consider the possibility the heart could be surgically repaired for 

any number of conditions, progress in developing procedures for relieving the symptoms 

of cardiac disease was initially very slow.  Furthermore, opposition to performing surgery 

on the human heart from the surgical establishment itself was very strong and Brunton’s 

article daring to suggest others might be encouraged to hope such results could soon be 

applied to cases of mitral stenosis evoked fierce condemnation from the Lancet which 

helped to retard the development of cardiac surgery for many years (Brunton 1902; 

Lancet 1902; Weisse 2009).  It wasn’t until 1913 the first operations on cardiac valves 

were preformed.  The first of two operations performd by French surgeon Eugène Doyen 

attempted to relieve symptoms of congenital pulmonary stenosis using a tenotome knife 
7.  In the second operation he used the different technique of digital compression to 

relieve calcific stenosis in a patient.  Although the procedures were successful both 

patients died post-operatively.  In that same year Tuffier performed the first successful 

operation to relieve aortic stenosis using a technique to artificially inflate and deflate the 

lungs with a tracheal catheter.  However, a further decade passed before the first 

successful surgical procedure to alleviate the symptoms of mitral stenosis was performed 

by Elliot Cutler (1923).  Cutler carried out a valvotomy, also referred to as 

commissurotomy 8, on a severely symptomatic patient who suffered frequent attacks of 

7 A tenotome is a knife used in tenotomy which refers to the cutting of a tendon.  The blade, which is 
curved slightly forward, has a blunt rounded tip.  The shape of the knife means it can be inserted under 
the tendon without damage to local nerves and blood vessels and can cut outwards without the tendon 
slipping off the knife.   

8 Commissurotomy is the surgical or digital division of the commissures and is often performed for stenosis 
of the mitral valve in which the thickened adherent leaflets are separated in order to increase the valve 
orifice. 
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haemoptysis.  The valve was accessed via the left ventricle using a valvulotome 9 and the 

patient survived for four and a half years with improved health.  Two years later Henry 

Souttar operated on a teenage patient suffering from combined mitral stenosis and mitral 

regurgitation by accessing the valve via the left atrium and, after palpating the opening 

digitally enlarged the valve rather than using a valvulotome.  Although the patient 

suffered a tear to the atrial appendage it was easily repaired and the patient lived for 

several years.  Despite Souttar’s success he never performed the procedure again bowing 

instead to the establishment’s opinion it could not be justified (Khan 1996).  Years later 

however, Souttar’s procedure became the standard procedure for closed repair of mitral 

stenosis (see below).    

 

During the next two decades cardiac surgery remained in the doldrums although other 

significant advances in medicine were made such as, the appearance of antibiotics, 

maturation of blood-banking methods and advances in surgical techniques and 

anaesthesia (Keown 1982; Moore 1999; Ramsey 2009).  Interest in treating cardiac 

valvular disease was revived by Dwight Harken who, during the 2nd World War 

successfully removed shell fragments from within the hearts of wounded soldiers without 

leaving any permanent damage thus demonstrating the heart’s recuperative powers 

(Harken 1946).  In the late 1940s attempts to relieve symptoms of stenosis changed from 

an atrial to a transventricular approach which made finding the leaflets and commissures 

easier and also prevented entanglement with chordae tendineae.  T Holmes Sellors was 

one of the first to successfully perform a closed valvotomy for pulmonic valvular stenosis 

via the right ventricle using a tenotomy knife in 1946 however, unaware of Sellor’s work 

Russell Brock also reported three successful transventricular pulmonary valvotomies for 

pulmonary stenosis.  This method was eventually adopted as the standard procedure for 

pulmonic stenosis until the development of open heart surgery after which the valve was 

approached directly through the pulmonary artery.  In 1948 Harken and Bailey, also 

working independently of each other, reported on their successes in relieving mitral 

9 A valvulotome is an instrument used in valvulotomy. 
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stenosis.  However, the reliance of touch in digital fracture of the fused commissures with 

the index finger still remained a less than perfect technique.  Lack of surgeon experience, 

variable anatomy of the rheumatic valve which was resistant to digital fracture led to the 

development of a variety of instruments (ie. valvulotomes, valve dilator 10) to assist in the 

procedure.  The instruments were introduced alongside the finger and used to dilate the 

valve up to a measured diameter so the commissures were under tension and could then 

be fractured digitally or, the tough fibrous tissue of the commissures could be incised.  

Consequently, the success rate of valvotomy 11 significantly improved and reported 

operative mortality ranged from 1-7% of elective cases (Ellis 1959; Merendino 1959; 

Boyle 1961).  The technique is still widely used in less developed countries because it is 

both safe and quick and, considerably cheaper then alternative procedures (see below) 

(Iyer 1998; Attman 1999).    

 

2.2 The move to a bloodless operation and the development of direct vision 
techniques 

 

The 1950s heralded the beginning of experimentation into the possibilities of 

hypothermia and extracorporeal circulation.  Research had shown a reduction in body 

temprature to 20ºC could render the brain anoxic for up to ten minutes thus providing 

sufficient time for a rapid intracardiac procedure to be performed (Bigelow 1950).  

However, surgeons aknowledged intracardiac repairs required an extended window than 

that offered by hypothermic methods furthermore, the body and in particular the brain 

still needed oxygen to be delivered via blood flow.  In other words, cardiac and 

respiratory function would need to be provided by artificial methods (ie. cardiopulmonary 

bypass).  In 1953 Gibbon reported the first open heart surgical procedures using 

extracorporeal circulation by means of an oxygenator (ie. stationary vertical screen 

oxygenator).  Although oxygenator-related problems resulted in a high patient mortality 

rate (Fou 1997) Gibbon’s techniques proved mechanical oxygenation was possible and 

10 The valve dilator is a two-bladed instrument which is introduced into the stenotic valve with the aid of 
the examining finger in the left atrium via a small stab-ventriculotomy in the apex of the left ventricle. 

11 Valvotomy (valvulotomy) is also referred to as commissurotomy.  
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provided the stimulus for others to modify his designs to incorporate a greater uptake of 

oxygen as blood flowed (Kirklin 1956; Mulder 1957).  In 1954 Lillehei performed the 

first open heart surgery under direct vision to repair a ventricular septal defect in a young 

patient using a technique known as cross-circulation in which the patient’s father was 

used as an oxygenator 12 (Lillehei 1955).  The success of this procedure led Lillehei to 

conduct a further 45 open heart surgical procedures on patients with otherwise irreparable 

complex intra-ventricular defects using controlled cross circulation thus making 

corrective surgery possible.  However, despite being a major advancement and 

demonstrable success proving biological oxygenation provided a bloodless field it was 

not widely adopted because it was considered too high risk for both patient and donor 

carrying a 200% risk of mortality (Lillehei 1955) and was only suitable for children with 

a parent with a compatible blood group.  As a result of these risks together with the 

technical challenges it presented controlled cross circulation became redundant but it 

nevertheless paved the way for open heart surgery and in the following year Lillehei and 

his colleagues introduced the first clinically successful bubble oxygenator which 

remained the standard for extracorporeal circulation until the late 1970s (Lillehei 1956).  

After cardiopulmonary bypass became available in the 1950s and hypothermia and 

extracorporeal techniques continued to be refined during the remainder of the 1950s, 

1960s surgeons were given the opportunity to visualize and to safely stop and restart the 

heart raising the possibility defective parts, such as heart valves, could be replaced rather 

than repaired.  As a result surgeons began to shift their focus from repair techniques to 

developing artificial heart valves made from artificial materials that would mimick the 

function of native heart valves (see Chapter 3).   

 

 

 

 

12  Blood flow was routed from the patient's caval system to the father's femoral vein and lungs for 
oxygenation before it was returned to the patient via the carotid artery.  Thus, the donor acted as a 
‘heart-lung’ machine. 

64 
 

                                                             



2.3 Development of repair techniques 

 

Development of repair techniques to preserve the native valve apparatus continued 

despite a new interest in developing techniques to replace rather than repair diseased or 

defective valves using direct vision and artificial oxygenation.  Procedures to treat mR 

resulting from ‘billowing’ and/or prolapsing leaflets focused on reducing the size of the 

valve by folding, tucking and shortening parts of the valve structure such as the 

commissures, annulus (ie. plication/suture annuloplasty/valuloplasty) and papillary 

muscles in an effort to force the leaflets to contact with each other (Lillehei 1958; Kay 

1962; Belcher 1964; Gillinov 1998; David 2005; Tuladhar 2006).  Of the various 

techniques for shortening chordae for example, neo-chordae repair using a synthetic 

material, polytetrafluoethylene (PTFE) has fast gained popularity because of its similar 

viscoelastic and biological properties as well as its long-term durability (Kobayashi 

2000).  This repair procedure replaces unnaturally elongated native chordae and by 

creating new chordae between the coapting edge of the leaflet and the associated 

papillary muscle sucessfully resuspends the leaflets (David 1995; Tesler 2009; Bizzarri 

2010).  Redundant and/or loose segments of the leaflets were removed in a procedure 

known as quandrangle resection often in conjunction with a sliding plasty, to reduce the 

height of the posterior leaflet and avoid left ventricular outflow obstruction (Gillinov 

1998; Gatti 2003; David 2005).  More recently the edge-to-edge repair or Alfieri 

procedure to improve leaflet coaptation by suturing or clipping the anterior and posterior 

leaflets together at a single point mid-way between the circumference of the leaflets to 

create a double orifice valve with reduced leaflet excursion and therefore less 

regurgitation has been gaining prominence (Alfieri 2001; St Goet 2003; Fann 2004; 

Fedak 2008; Feldman 2009; Maisano 2009).   

 

In addition, methods of supporting the valve annulus using a synthetic implant were 

developed and in the early/mid 1970s the first synthetic annuloplasty ring was introduced.  

Designed by Alain Carpentier this rigid ring was intended to reduce and reshape the valve 
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annulus whilst maintaining its formation and avoiding further dilation (Carpentier 1995).  

However, critics argued the design was too restrictive and impeded the annulus’ natural 

movement during the cardiac cycle and suggested a flexible ring would be more likely to 

provide greater freedom of movement and preserve left ventricular function (Duran 

1976).  In light of such criticism Carpentier introduced a modified version of his classic 

rigid ring, the Carpentier Physio Annuloplasty Ring, (Figure 2.2) which demonstrated 

selective flexibility in its anterior portion with a slight three-dimensional shape which 

conformed better to the normal annulus movement and shape (Carpentier 1995).  

Subsequent designs of annuloplasty rings and annuloplasty bands 13 have sought to 

address the non-uniform nature of deformation of the mitral valve annulus during the 

cardiac cycle and, accommodate the underlying valve pathology rather than replicate the 

‘normal’ mitral annulus.  As Figure 2.2 shows there is a large variety of geometrically 

shaped rings available today  which coupled with their good long-term results has led to a 

significant increase in repair with an annuloplasty ring at the expense of suture 

annuloplasty (Braunberger 2001; Fundarò 2007).   

  

13 An annuloplasty band is a full or partial annuloplasty ring.  The band can be sutured around the mitral 
valve annulus in order to provide stability to the annulus and minimise stress on the valve. 
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Figure 2.2:  Examples of annuloplasty rings and bands for repair of mitral and/or  
  tricuspid valves 

  
 

 

 

 

 

 

 

 

 

Key: N – 3-D memory Sovering Annuloplasty Band 
(Sorin Biomedica Cardio SrL).  O – fully flexible Tailor 
™ Annuloplasty Band (St Jude Medical).  P – partial 
flexible Duran Flexible Annuloplasty Band (Medtronic 
Ltd). Q – low profile semi-rigid partial Colville-
Galloway Future Annuloplasty System (Medtronic Ltd).   

Key: Annuloplasty Rings 
A - semi-flexible adjustable annular Sculptor Annuloplasty Ring  (Medtronic Ltd).  B – flexible 3-D memory Sovering 
Annuloplasty Ring (Sorin Biomedica Cardio SrL).   C – flexible Seguin Annulplasty Ring (St Jude Medical Ltd).   D – 
asymmetrical Carpentier-McCarthy-Adams IMR ETtlogix Ring (Edwards Lifesciences Ltd).  E (mitral) & F (tricuspid) – 
kidney-shaped Carpentier Edwards Rigid Ring – (mitral) and oval-shape Carpentier Edwards Rigid Ring (tricuspid)  (Edwards 
Lifesciences Ltd).  G – Duran Flexible Annuloplasty Ring (Medtronic Ltd).  H – flexible 3-D AnnuloFlex Ring for partial or 
complete annuloplasty (Sorin Biomedica Cardio SrL).  I –  geometrically designed GeoForm Annuloplasty Ring (Edwards 
Lifesciences Ltd).  J – 3-D flexible Edwards MC3 Annuloplasty Ring (Edwards Lifesciences Ltd).   K – 3-D saddle-shaped St 
Jude Rigid Saddle Annuloplasty Ring (St Jude Medical Inc.).  L - 3-D C-shape flexible Cosgrove-Edwards Annuloplasty Ring  
(Edwards Lifesciences Ltd).  M – kidney-shaped Carpentier Edwards Physio Annuloplasty Ring  (Edwards Lifesciences Ltd.  
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2.4 Percutaneous approaches 

 

Despite development of open heart procedures for valvular repair interest in less invasive 

approaches continued and in the early 1950s the first attempts to repair a stenotic valve 

employing balloon valvotomy via percutaneous transcatheter delivery was performed 

using a wire to cut open the stenotic valve (Kan 1982).  Use of percutaneous balloon 

intervention continued to develop throughout the 1970s and 1980s spawing techniques 

which used over the wire single and multi-cylindrical balloon catheters as well as the 

very popular Inoue percutaneous balloon catheter to enlarge the aortic valve orifice (i.e. 

balloon aortic valuloplasty (BAV)).  The Inoue balloon catheter was unique because the 

degree of inflation could be varied according to individual patient’s pathophysiology and, 

unlike other balloon catheters it demonstrated greater positioning and stability as a result 

of its use of curved stylet rather than a guide wire (Inoue 1991; Shaw 1994).  However, 

reports suggest these techniques met with only limited success and demonstrated a high 

complication rate of between ≥5% and 10% of all patients with an incidence of restenosis 

≤6 – 12 months (Kuntz  1991).  Furthermore, medium and long-term results were similar 

to closed valvotomy and medical therapy (Ray 1993; Lieberman 1995; Iyer 1998, 

Palacios 1998).   

 
During the last 15-20 years new techniques aimed at minimizing exposure of the heart 

during cardiac surgery have been developed and have, despite early scepticism (Baldwin 

1998; Cooley 2000) rapidly gained popularity (Mohr 1998; Loulmet 1998; 

Reichenspurner 2000).  Traditional open cardiac surgical procedures require sizeable 

median sternotomy and are associated with post-operative bleeding, wound infection, 

back pain, sternal dehiscence and visible scaring.  Minimally invasive procedures 

however, are appealing to clinicians because they need only small incision thoracotomy 

or sternotomy through which the heart can be accessed, cannulated, given myocardial 

protection and visualized using thorascopes and stereoscopes.  Furthermore, they are 

considered a way of reducing open procedure complications and reducing recovery time 
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and cost (Cosgrove 1996; Arom 1999).  However, valve repair performed via minimally 

invasive procedures is not without difficulties.  Loulmet (1998) noted variability in the 

quality of exposure of the mitral valve following mini-incisions as well as patient 

variability in the spatial relationship between different structures of the heart and chest 

wall.  Reduced illumination of the operative field restricted visualisation of the heart.  

Furthermore, as a result of the direct contact between the ventricle and surrounding 

structures which had a tendency to re-warm faster after cooling, it was found myocardial 

protection could potentially be jeopardized and de-airing and defibrillation were also 

made difficult because of limited access to the ventricles.  However, improvements in 

procedural techniques and in particular, instrumentation such as endovascular 

cardiopulmonary bypass assisted by three-dimensional thorascope attached to a robotic 

arm, have significantly increased the level of visualisation as well as the ability to operate 

via a very small and confined incision (Reichenspurner 2000).   Surgical assisted robotic 

procedures have demonstrated a distinct advantage over surgeon only procedures which 

require incisions large enough to allow the surgeons hands plus instrumentation.  

Incisions made by the robotic arm in comparison are considerably smaller and may only 

be millimetres thick.  In addition, a three-dimensional camera can project the whole valve 

apparatus onto a screen whilst the robotic arm holds the camera in a stable position or, 

both surgeon and assistant helmets project a three-dimensional display of the endoscopic 

image of the operative site into their eyes or on the endoscopic picture inside the helmet 

without them having to move their heads.  Thus, some parts of the operation can be 

performed using direct vision and others using the endoscope.  Problems of de-airing and 

those associated with cardiopulmonary-bypass (CPB) have also been resolved by 

retrograde de-airing using a venting catheter and by conventional cannulation for mini-

sternotomy or parasternal incisions.  However, as Reichenspurner notes the Port-Access 

System uses transthoracic aortic clamps for femoral cannulation together with 

endovascular balloon occlusion of the ascending aorta in procedures using mini-

sternotomy thereby lengthening total operation time, CPB time and duration of cross 

clamping compared with conventional mitral valve surgery.  Patient recovery time was 
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nonetheless found to be quicker resulting in earlier discharge (Reichenspurner 2000; 

Raanani 2010).   
 
2.5 Chapter summary 

  

Despite its relatively brief history beginning in an era when the very idea of operating on 

the heart was taboo and fierce opposition to violating the sanctity of the human heart 

effectively delayed its development, cardiac surgery and in particular cardiac valvular 

surgery, is now able to treat the majority of cardiac defects and diseases.  The emergence 

of a new generation of post World War II surgeons who were not only prepared to 

operate on the heart but also began to rack up one success after another resulted in 

cardiac surgery becoming more readily and widely adopted.  Although initial procedures 

were performed in a ‘blind’ field surgeons nonetheless, successfully reduced mortality 

rates to single figures.  This was achieved by the use of a different access route to the 

heart, developing specially designed instrumentation and broadening their experience and 

thus confidence. The development of cardiac surgery however owes much of its existence 

to other developments in medicine and life support during surgery.  One of the most 

crucial developments was the discovery of the relationship between body temperature and 

oxygen requirements which paved the way for establishing hypothermia as a prophylactic 

against infarction.  However, despite being able to maintain the body’s temperature at 28-

30ºC for 8-10 minutes surgeons recognized longer procedures would require more time 

than that offered by hypothermia alone.  The answer lay in mechanical oxygenation 

which banished time constraints and afforded surgeons the time, space and ability to 

directly visualize the heart within a bloodless field and therefore treat all manner of 

congenital and acquired cardiac lesions.  Added to this armamentarium more recent 

techniques for repair and reconstruction have rapidly gained prominence as their 

successes have been reported.  The development of the synthetic annuloplasty ring and 

introduction of the balloon-tipped catheter heralded the era of interventional cardiology 
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and led to the first percutaneous balloon mitral valvuloplasty for patients with 

symptomatic mitral stenosis.   

The end of the 20th and beginning of the 21st Centuries have witnessed a change in 

attitudes towards open heart surgery and a move once again towards closed cardiac 

procedures in an effort to reduce morbidity and mortality associated with open cardiac 

procedures and, extend treatment to those currently excluded from surgery.  Much of the 

current excitement is focused on the possibilities offered by minimally invasive 

procedures although these have not been without challenges.  Advances in procedural 

techniques and instrumentation have however, led to significant improvements in the 

level of visualisation of the heart and surrounding structures as well as problems 

associated with CPB and of physically operating via a very small and confined incision.  

Nonetheless, although significant advances in repair techniques have been achieved many 

valves are considered too damaged and are thus required to be totally replaced.  The next 

chapter therefore looks at the development of the replacement heart valve from the early 

valves implanted during open heart procedures to the newer tissue valves implanted via 

percutaneous delivery systems.  
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The development of prosthetic heart valves  
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3. Introduction 

 

The development and introduction of the heart-lung machine in the early 1950s was 

fundamental in changing how cardiac surgery was performed.  For the first time surgeons 

had direct vision of the heart during surgery and were able to safely stop and restart it.  

Consequently, in the following years the notion of replacing diseased and defective heart 

valves went from possibility to reality and since the 1950s ≥100 models of replacement 

heart valves have been developed and implanted.  Current estimates suggest nearly 

300,000 heart valves are implanted annually worldwide and this figure is expected to 

triple to ≥850,000 by 2050 (Dasi 2009).  Initial attempts to replicate the natural heart 

valve using silicone and urethane-coated fabrics (e.g. Bahnson Flexible Cusp Valve 

(1960) proved unsatisfactory.  Fibrin desposition and tissue-ingrowth quickly led to 

leaflet stiffness, tearing, thrombus formation and valve failure.  Thus, it became apparent 

materials would have to be chemically inert, compatible with human tissue, atraumatic to 

blood and non-thrombogenic.  In addition, they had to be durable, susceptible to changes 

in pressure gradients, able to open and close rapidly, maintain flow direction (i.e. 

forward), prevent regurgitation in the closed position and not have areas where blood can 

collect and stagnate.  Finally, they have to be easy to implant and remain securely in 

place.  Chapter 3 presents a review of the historical milestones in the development of 

replacement cardiac valves from the early ‘bottle stopper’ valve to the mechanical caged-

occluder and leaflet valves, human and animal tissue prostheses to the newer 

percutaneous valves and discusses emerging technologies, such as polymeric heart valves 

and tissue engineered valves, which are currently being investigated. 

 

3.1 Types of heart valves 

 

As Figure 3.1 shows there are two distint categories of replacement heart valves, the 

mechanical valve and the biological tissue, referred to as bioprosthetic valves.  Within the 

mechanical group there are four different types, the caged-ball, caged-disc, single 
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disc/leaflet and bileaflet valves, and all are made from synthetic materials such as metal, 

polymers (e.g. Pyrolyte) 14 and ceramics.  Although very durable these valves are highly 

thrombogenic and require life-long anticoagulation.  In contrast, bioprotheses have low 

thrombogenicity, do not require life-long anticoagulation but are less durable and, as 

Chapter 1 mentioned are more susceptible to age-related structural deterioration.  Made 

from either animal or human tissue ± additional synthetic materials these valves are 

classfied as xenografts (also referred to as heterografts) or homografts (also referred to as 

allografts).  Xenografts use porcine or bovine tissue (pericardial or valvular) treated with 

a sterilising solution (ie. glutaraldehye) and are either stented or stentless 15.  Homograft 

valves are preserved human aortic or pulmonary valves harvested from cadavers, patients 

who have suffered brain death and have agreed to organ donation or, explanted from the 

hearts of patients underoing heart transplant.  These valves are treated in antibiotic 

solution before being stored in either fixative or cryopreserved.  In addition, a patient’s 

own valve, usually the pulmonary valve, may be havested and transplanted into another 

site (referred to as an autograft) and a homograft from another donor is then implanted 

into the harvested site.   

  

14  Pyrolyte (ie. pyrolitic carbon) is the most commonly used compound and was originally developed for 
the encapsulation of nuclear fuel rods.  It’s use came about as a result of a chance rading by Jack 
Bokros, a materials engineer, of a paper reporting the biocompatibility of blood with certain materials.  
Experiments found highly polished pyrolitic carbon did not bond with heparin and was highly 
thromboresistant. 

15   Stented valves are reinforced with a cloth-covered polymer scaffolding, known as a stent, attached to a 
sewing ring which secures and supports the valvular material in its natural anatomically-functional 
position and makes implantation easier because it allows the surgeon to attach the valve to the patient’s 
annulus using a single row of sutures.  Stentless valves do not have any supporting structure, are 
technically more difficult to implant and are sewn ‘hand-free’.   
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Figure 3.1  Classification of heart valves 

 

 
 

 

3.1.1   Mechanical Heart Valves 

 

(a) Caged-ball and caged-disc valves  

 

Early designs of the artificial heart valve stem from the Hufnagel design of a chambered 

ball valve based on an 19th Century wine bottle-stopper patented by John Williams in 

1858.  Although this valve was originally designed for use in the proximal descending 

thoracic aorta it demonstrated certain foreign materials could be implanted in the 

bloodstream without causing harm.  The Hufnagel valve, as seen in Figure 3.2, initially 
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used a small hollow plexiglass ball 16 inside a chambered plastic tube (i.e. highly polished 

methyl methacrylate) which allowed free vertical movement of the ball.  The first clinical 

implantations were performed prior to the introduction of the heart-lung machine and 

therefore under closed conditions (1952) assisted by the use of serrated plastic rings (ie. 

multipoint fixations) for quick fixation.  However, because the valve only prevented 

regurgitation from the lower body cardiac output and coronary flow were only marginally 

improved.  Furthermore, the valve was highly thrombogenic, noisy and unsuitable for 

patients with aortic stenosis (French 1961; Kaufman 1982).   Nonetheless, Hufnagel’s 

pioneering efforts marked the beginning of the era of artificial heart valve development.   

 

1960 marked the watershed in the history of artificial heart valves with the introduction 

of the first mechanical valves.  Dwight Harken who, as previously mentioned in Chapter 

2 demonstrated the recuperative powers of the heart (Harken 1946), introduced the first 

clinical caged-ball valve in which the ball, retained within a metal cage was forced 

downstream and held distal to the open orifice during high pressure but occluded the 

orifice passively preventing backflow during systole.  Also introduced in 1960 was the 

Braunwald-Cutter valve which used a flexible polyurethane-Dacron fabric with attached 

Teflon tape chordae tendineae (Figure 3.2).  However, the valve was susceptible to 

infiltration of fibrous connective tissue and subsequent thrombus formation and, despite 

modifications such as covering the housing with fabric to eliminate infiltration, problems 

persisted and in 1979 production of the valve ceased (Blackstone 1977).  In 1962 

Magovern and Cromie developed a closed cage design using a rapid sutureless 

mechanical fixation which initially consisted of a single row of horizontally curved pins 

which emerged from the sewing ring when the valve holder was rotated.  Modifications 

incorporated two plates (upper and lower) of vertically curved pins, perfect for 

implantation in high risk patients where speed of implantation was paramount.  

Nonetheless, the valve which is also shown in Figure 3.2 demonstrated susceptibility to 

streamer clot formation at the junction of the two struts as well as ball variance.   

16 This plexiglass ball was later replaced by a polyethylene ball.  
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In 1964 the Smellof-Cutter open-cage ball valve was clinically introduced.  It was the 

first prosthetic valve to employ the ‘full-flow’ orifice concept achieved by using a double 

cage with open apex and bare orifice machined from a single bar of titanium 17 which 

eliminated the potential for weld fractures.  Free movement of the ball from one cage to 

the other was achieved because the diameter of the valve orifice was larger than the ball.  

As a result minimal backflow occurred and was effective in ‘washing’ away adherent 

formed elements from the ball’s surface.  As Figure 3.2 shows, one of the striking 

features of the Smelloff-Cutter valve was that, unlike other valves the struts were shorter 

and therefore projected less into the left ventricle.  Initially, as with other silicone rubber 

poppet valves ball variance was a problem but was remedied by the change in the curing 

method of the silicone in the mid 1960s.   Nevertheless, concerns about ball variance 

persisted and in 1967 DeBakey and Cromie introduced their closed cage valve, which 

again as Figure 3.2 shows, was similar to the Starr-Edwards valve.  Addressing the 

problems of ball variance the 1969 model of the DeBakey-Cromie valve used a high 

molecular weight polyethylene poppet.  However, this poppet could only be gas-sterilised 

and therefore proved impractical; it was subsequently replaced with pyrolyte which 

limited ball variance but its relative hardness constantly contacting the soft titanium cage 

caused excessive wear on the struts and caused strut fracture and it was therefore 

discontinued. 

 

The Starr-Edwards valves, arguably the most widely known of all the caged ball valves 

and still implanted in the 21st Century (UK Heart Valve Registry 2007) used a single 

rather than double cage and, despite a number of modifications to improve performance 

and reduce thrombo-embolic potential, the overall design of the valve has not changed 

since 1962 only the materials and construction techniques.  Figure 3.2 shows the range of 

models of Starr Edwards caged ball valves with modifications which include: 

 

17  Titanium has favourable qualities for use in biomedical implants.  It is light-weight, has a resistance to 
corrosion, is durable and biocompatible and is easily machinability producing intricate, weldless 
designs. 
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• substituting the original Lucite cage (Models pre-1000) with Stellite metal 

(Model 1200),  

 

• replacing the silicone rubber occluder, which was prone to lipid absorption 

leading to ball variance and deterioration, with Stellite-21 (Model 1250) which 

however, proved noisy and distressing for patients, 

  

• re-substituting the Stellite-21 poppet with a silicone rubber post modifications to 

the heat curing process of silicone 18 which served to eliminate ball variance and 

deterioration (Model 1260; equivalent mitral valve Model 6120 19),   

 
• increasing the clearance and seating the occluder on raised studs rather than the 

orifice cloth (Model 2320), 

 
• limiting the amount of exposed metal by covering the struts with cloth (Models 

2300) to prevent wear and, 

 
• covering the orifice with siliconized and multi-filament Dacron knitted in a lock 

stitch to prevent runs and promote neo-intimal growth (Model 2400).   

 

  

18  Ball variance and deterioration was eliminated by heating the silicone occluder post moulding at 
relatively high temperatures for several hours (1966). 

19  The mitral version (Model 6000) Starr Edwards valves evolved in a similar manner to the aortic valves 
and in 1966 the Model 6120 was introduced. 
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Figure 3.2 Caged-ball valves 

  
 

 

 

 
 
(b) Caged-disc (non-tilting) valves 

 

The large profile design of the caged-ball valve gave rise to a potential for interference of 

the valve with anatomical structures after implantation.  Furthermore, the large pressure 

drops across the valve and higher turbulent stresses distal to the valve as a result of the 

central occluder led to the development of low-profile caged-disc valves in the mid-1960s 

which used a flat lens-like disc in place of the ball.  As Figure 3.3 shows the caged disc 

Braunwald-Cutter, Magovern-Cromie valves (Gott 2003) permission granted July 2012 by 
RightsLink/Elsevier transaction to reproduce these images.  Smelloff-Cutter, Starr Edwards valves 
(Edwards 2007).   
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valve 20 was designed like the caged-ball valve so that the occluder moved vertically.  

However, this design had a number of advantages over its caged-ball competitor.  Firstly, 

the lens allowed a larger orifice size than was possible with a ball valve and this was 

critical for patients with a small left ventricle who required mitral valve replacement.  

Secondly, the lighter-weight disc meant less force was required to overcome the valve’s 

inertia and as a result, the regurgitive potential was reduced.  Lastly, valve function was 

quieter.  However, non-tilting disc valves demonstrated a tendency for excessive wear 

because, unlike the spherical ball which turned randomly in the stream of blood the 

uneven closure of disc subjected it to constant notching by the struts.  In fact, poppet 

wear became an all too common problem with both caged-ball and caged-disc valves and 

getting the right combination of materials for the poppet and housing proved difficult.  

Too soft a poppet led to erosion resulting from constant contact with the harder strut 

material and too hard a poppet often lead to erosion of the softer struts.  Although the 

lower profile caged-disc valves had definite advantages over their bulkier caged-ball 

associates the occluder nonetheless remained relatively obstuctive in the open position.  

Thus, the idea of a free-floating disc which could tilt within the valve ring and not 

obstruct blood flow in the open position was an exciting concept and led to the 

development of the tilting disc valve. 

 

Figure 3.3 Caged-disc valves 

 

 

20   This valve was is also referred to as the non-tilting disc valve. 

Kay-Shiley, Beall-Surgitool, Cooley-Cutter valves: Gott (2003) permission granted July 2012 by 
RightsLink/Elsevier transaction to reproduce these images.   
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(c) Tilting disc valves 

 

The next significant development in the evolution of heart valves was the introduction of 

the tilting disc which acted like an aerofoil when the valve was open allowing the blood 

to flow over and around it minimising flow disturbance and improving haemodynamics.  

As Figure 3.4 shows early models of the valves, such as the Lillehei-Kaster disc valve, 

had a hinged disc along a straight segment of ring,  similar to the way a toilet seat is 

attached.  Blood flowed along the inflow surface of the disc but areas between the open 

disc and aortic wall allowed blood to collect and stasis to occur leading to thrombus 

formation and obstuction of the disc.  This problem was addressed by both Bjork and 

Shiley (1969) and Lillehei and Kaster (1970) the latter of whom moved the pivot point 

forward and replaced the cage with lateral guides (1965; Figure 3.4).  Later modifications 

to the valve gave rise to the Ominscience (1978) and Ominicarbon (1984) valves which 

used abbreviated earlike guards in place of the retaining rails and replaced the flat disc 

with a slightly curvilinear disc in order to minimize turbulence, provide low flow 

resistance and minimize closing volume (energy) loss (Omniscience valve; Figure 3.4).  

Both the Lillehei-Kaster and Björk-Shiley valves were remarkable because, the discs 

totally occluded the valve orifice in the closed position and tilted to a given angle in the 

open position allowing nearly complete laminar flow with only minimal obstruction to 

the outflow but also reduced turbulence and produced a larger stroke volume.  In 

addition, the occluder of the Lillehei-Kaster valve rotated within the housing during 

normal function evenly distributing potential wear around the circumference as well as 

during implantation to prevent interference with sub-annular abnormalities.  Despite these 

improved haemodynamics both valves experienced problems such as absorbtion of 

moisture in the Delrin disc causing deformation post implant and valve obstruction and 

strut fracture at the weld joint leading to leaflet escape (Nair 2003).  Furthermore, the 

Björk-Shiley valve also demonstrated thrombus formation on the outflow side of the 

valve.  These problems were overcome by (a), replacing the Delrin disc with Pyrolyte (b), 

using a monostrut machined as an integral part of the orifice ring involving no weld joint 

81 
 



for the outflow retainer (c), increasesing the orifice area by changing the shape of the disc 

from flat (ie. plano) to a concave and (d), modifying the inlet and outlet struts to allow 

forward and downward movement of the disc thereby improving flow whilst decreasing 

turbulence around the minor orifice.  However, reports of catastrophic valve failure of the 

Björk-Shiley Convexo-Concave (BSCC) valve soon began to appear.  Early studies 

identified failure of the C-shaped outflow strut at the weld site caused by faulty welding, 

particularly in the larger sizes (ie. 29, 31 and 33 mm) and especially in younger patients 

as the cause (van der Graaf 1992).  However, later studies have suggested the larger 

diameter valves placed an inappropriate ‘leverage loading’ on the centre of the small 

outflow strut as the leaflet closed causing the strut to fracture (Omar 2001).  In the 

meantime and, in an effort to address these problems the valve was machined from a 

single solid piece of metal and the housing was reconfigured to include only one outlet 

strut and to increase the disc opening angle to 70º.  The new Björk-Shiley Monostrut 

valve (Figure 3.4), which is still implanted today, was clinically introduced in 1983 and 

has a larger orifice area and reduced pressure gradients than its predecessor.  This valve 

has proved to be durable with few valve-related complications in comparison (UKHVR 

2007). 

 

Despite the superior haemodynamics of the Björk-Shiley and Lillehei-Kaster valves 

compared with the caged-ball and disc valves, a study by Hall (1992) reported persistent 

problems with stasis and thrombus formation behind the disc and in the area of contact 

between the disc and valve ring in the open position.  As a result help was sought to 

develop a tilting disc valve with a gap between the disc edge and valve ring which would 

increase flow volume and eliminate stasis and platelet aggregation and thus thrombus 

potential.  The resulting valve, known as the Hall-Kaster valve (1977; Figure 3.4) later 

modified and renamed as the Medtronic-Hall valve (1987), used a centred perforation 

through which a guiding strut guided the disc during opening.  This mechanism allowed 

the disc to move downstream eliminating areas of stasis during systole and inhibiting 

platelet aggregation by controlled washing during the closing cycle, the result of the non-
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contact between the perforation and central strut.  The ability to rotate the disc and 

housing within the sewing ring was also an important aspect of this valve because it 

allowed the surgeon to properly seat the valve to ensure a wide opening angle (ie. 80º) of 

the disc could be achieved.  Follow-up studies of the Medtronic-Hall valve suggests it has 

achieved better haemodynamics with reduced level of thromboembolic complications, 

valve-related complications and good durability (Akins 1992; Svennevig 2007; UKHVR 

2007).  

 

Figure 3.4 Single-leaflet, tilting-disc valves 

 
Björk-Shiley convexo-concave, Björk-Shiley flat disc valves: Gott (2003), permission granted July 2012 by 
RightsLink/Elsevier transaction to reproduce these images.   

 

(d) Bileaflet valves 

 

Investigations into the biocompatibility of materials conducted in the early 1960s led to 

the development of the first bileaflet prosthesis (Gott-Daggert Butterfly valve 1963; 

Figure 3.5) which was lower in profile than the cage designed valves.  The valve also 

differed from existing mechanical valves because it used a hinge mechanism to secure 

two leaflets within the ring in place of the single free floating ball or disc.  The leaflets, 

which protruded only slightly from the ring and therefore did not obstruct any other 

cardiac structures, were supported by open-ended struts projecting from the inside edge 

of the ring together with a bar located across the diameter of the disc and fused to the 

retaining ring giving it an appearance of a butterfly.  The leaflet design and large 

effective orifice area were such that they allowed nearly normal flow, reduced turbulence 
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and washed the hinges during the closed phase thus preventing flow stasis and inhibiting 

mircro-thrombus formation.  However, although coated with a thrombo-resistant material 
21 (Gott 1972) the design was nonetheless susceptible to thrombus formation resulting 

from stasis distally between the superstrut used to capture the leaflets and the valve was 

subsequently withdrawn from the market in 1966.    

 

In 1982 the Duromedics bileaflet valve was first clinially introduced.  This valve was 

characterised by central flow and had a self regulating hinge mechanism to avoid stasis 

and thrombus formation in the critical circulation area.  However, after only six years the 

valve was dramatically suspended following reports of leaflet escape (Radlick 1988).  

Subsequent investigations identified a number of contributory factors, the primary one 

being cavitation which caused pitting and micro-cracking of the pyrolitic carbon causing 

leaflet fracture (Baumgartner 1997).  Furthermore, it was noted the Duromedics valve 

was more susceptible to cavitation compared with other valves, such as the Carbomedics 

or St Jude bileaflet valves (see below), because of its design for seating the lip which 

halted leaflet movement and subsequently caused high velocity microjets to form which 

eventually caused surface pitting, erosion and finally fracture (Richard 1994).  Extensive 

modifications were made to the valve including modifying the radius of the seating lip, 

integrating a shock absorber into the sewing ring to reduce the impact of leaflet closure as 

well as, changes to the pivoting joints and porosity of the material.  The valve was 

subsequently relaunched in 1990 as the Edwards Tekna valve.    

 

Two of the most popular and enduring bileaflet valves, the St Jude Mechanical valve and 

the Carbomedics valve were first clinically implanted in 1977 and 1979 respectively.  

Originally designed with the help of Jack Bokros, known for his development of pyrolitic 

carbon and fabrication of monoleaflet valves, the St Jude mechanical valve has changed 

very little over the last 30 years.  Manufactured from one piece of machined graphite and 

21 Vincent Gott and Ronald Daggert (1972) discovered colloid graphite sterilised in benzalkonium chloride 
and rinsed in heparin was resistant to thrombus formation. 
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coated with pyrolitical carbon without seams or welds the hinge mechanism has two 

leaflets restrained by two lateral protrusions at the leaflet edges fitting into two 

corresponding butterfly pivot recesses on the inner aspect of the valve ring.  Coaptation 

occurs at an angle of 30º within the housing and the valve opens to an angle of 85º.  Clot 

formation is inhibited by the washing effect of the blood as it flows across the space 

between the leaflets.  As Figure 3.5 shows the Carbomedics valve differs from the St Jude 

valve in that it does not have pivot guards, struts or orifice projections and is therefore 

less likely to obstruct blood flow or reduce turbulence through the valve.  In addition, the 

leaflets have a smaller opening angle (ie. 78º versus 85° (St Jude Mechanical valve)) but 

protrude further and, the rotatable sewing ring is carbon coated to reduce tissue ingrowth 

and valve obstruction potential.  Follow-up studies nonetheless, report little difference in 

performance between the two valves although, there is a suggestion the Carbomedics 

valve has an increased rate of thrombo-embolism in comparison (Rosengart 1998; 

Kandemir 2006).   

 

As previously mentioned the basic structure and leaflet design of the St Jude valve has 

remained unchanged since it was first clinically introduced.  Modifications to the sewing 

ring to reduce its bulk and expanding the effective orifice area by 1.5 times that of the 

standard valve have been made resulting in the Haemodynamic Plus (HP) and Regent 

series of St Jude mechanical valves.  In addition, although not a design modification per 

se, St Jude introduced a silver coating (ie.Silzone) to the sewing ring of its standard 

mechanical valve in the late 1990s in an attempt to inibit the development of prosthetic 

valve endocarditis. However, the AVERT clinical trial which aimed to evaluate the 

efficacy of Silzone in preventing prosthetic infection found valves treated with the silver 

coating performed poorly and demonstrated a higher incidence of reoperation compared 

with the control valves (Schaff 2002).  In addition, the valve was reported as having 

increased risk of paravalular leak and thrombo-embolism early post-operatively (ie. ≤3 

months) particularly in the mitral position and the manufacturer subsequently voluntarily 

withdrew the valve in January 2000 (Ionescu 2003; Grunkemeier 2004).   
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Despite our greater understanding of fluid mechanics of heart valves and heart valve 

design recent research suggests, bileaflet valves continue to demonstrate thrombus 

formation in the area around the hinges as a result of retrograde flow in these areas and, 

leakage through the b-datum (ie. the line where the two leaflets touch each other) which 

compromises blood cells and can lead to severe clot formation  (Dasi 2009).  The 

continuing problem of thrombogenicity of mechanical valves together with reservations 

about the potential harmful effects of implanting totally foreign material into the heart led 

to the development of alternative heart valves which would not require life-long 

anticoagulation and demonstrate fewer bleeding related complications.  The next section 

of the chapter therefore focuses on the development of these biological tissue valves. 

 

Figure 3.5 Bileaflet valves 

 

 

 

 

 

 

 

Gott-Daggert valve: Gott (2003); permission granted July 2012 by RightsLink/Elsevier transaction to 
reproduce these images.   
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3.1.2 Bioprostheses 

 

(a) First generation bioprostheses 

 

Early experimentation into the possibility of using natural heart valves taken from 

cadavers resulted in the first successful implant of an aortic homograft valve into the sub-

coronary in 1962 (Ross Homograft flexible support).  Following this and other successive 

procedures, Ross suggested using a patient’s own healthy valve to replace one of their 

diseased valves (ie. autograft) arguing this type of replacement was a more viable option 

for children because of the ability of the translocated pulmonary trunk to continue 

growing with the child.  In 1967 Ross performed the first autograft valve replacement 

(subsequently called the Ross procedure) by placing the pulmonary ‘autograft’ valve into 

the subcoronary position although in later procedures it was used for complete aortic root 

replacement.  Although the haemodynamic and biological advantages of cadeveric heart 

valves were evident problems of maintaining an adquate blood supply as well as 

procuring a ready supply of homografts proved problematic.  Consequently clinicians and 

engineers sought to identify other biological substitutes, experimenting with transplanted 

valves from other species such as sheep, calves, goats and pigs (ie.heterografts) as well as 

autologous fascia lata and dura mata (Ionescu 1970; Reid 1970).  The first aortic valve 

replacements using heterografts preserved in mercurochrome-and-formalin and later 

formalin were performed by Binet and Carpentier in 1965 and 1966 respectively and 

although patients displayed a low thrombo-embolic risk and survived without 

anticoagulation durability was poor.   

 

In these early days implantation was tedious and often difficult and prompted changes to 

the valve design.  Structural supports were added to aid handling during the implantation 

procedure and one of the first designs, the Ionescu-Wooler heterograft support (1967) 22, 

22 Initially porcine valves were used but later fascia lata and heterologous pericardium valves also used in 
these valves. 
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used a rigid Dacron covered titanium stent with three legs and a sewing ring with cotton 

soaked in formaldehyde packed into the sinuses to ensure coaptation and maintain shape.  

Others opted for a slightly less rigid Teflon-coated stainless steel stent with two rings of 

Teflon cloth on which two suture lines could be used for implantation.  This was later 

referred to as a stented bioprosthsis 23.  However, despite these enhancements initial 

results indicated free hand sewn homografts were more durable and less likely to 

demonstrate premature tissue failure than their new stented tissue valve counterparts.  

Subsequent research identified inadequate preservation methods combined with excessive 

stress forces on the tissues as the likely cause (Valente 1992).  Carpentier attempted to 

address the problem by washing the tissue in a sterialising solution (e.g. Hanks’ solution) 

with an oxidising agent and treating with glutaraldehyde, chosen because of its known 

resistence to enzymatic and chemical degradation and resulting denaturation of collagen 

and ability to reduce immunogenicity.  First generation xenografts i.e. Carpentier 

Edwards standard porcine (1970), Ionescu-Shiley pericardial (1971) and Hancock 

Standard (1972) valves (Figure 3.6) initially demonstrated good mid-term results and 

increased durability.  However, gluteraldehyde was found to cause calcification leading 

to tissue stiffness and stress relaxation (Duncan 1996) as well as tensile extensibility 

associated with shrinkage (Trowbridge 1986; Lee 1989; Schmidt 2000) at a faster rate 

than in fresh tissue.  As a result these first generation bioprostheses began to fail five 

years post-implant (Oyer 1984; Wheatley 1994; Masters 1995).  Furthermore, high 

pressure fixation techniques (i.e. 60-80 mgHH) were also found to cause tissue stiffening 

and non-compliance and kinks in the leaflets during opening (Broom 1979; Vesely 1988).  

Consequently, low-pressure fixation was introduced in the 1980s spawning a new 

generation of bioprostheses with an expected greater durability (see below).  

 

First generation pericardial valves fabricated from flat sheets of pericardium (usually 

bovine) offered greater flexibility in design (ie. could be fabricated into uni- or bicuspid 

23  Carpentier referred to a bioprosthesis as a hybrid biological and mechanical structure whose durability 
was based on the stability of the tissue not on the regeneration of host cells.  The term ‘bioprosthesis 
was established for stented xenograft valves at the Bioprosthetic Cardiac Symposium (Munich) 1979. 
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valves) as well as improved hemodynamics over porcine valves.  However, they were 

plagued by early structural failures associated with the mode of attachment to the stent 

and puncture sites within the tissue.  Wheatley for example (1987; 1994) noted the origin 

of valve failure of the Inoescu-Shiley valve occurred close to the points where the sutures 

passed through the leaflets and, despite modifications to the fixation process the problem 

of cusp tearing persisted (Masters 1995).  Thiene (1989), Hilbert (1992) and Butany 

(1992) for example, reported failure occurring at or near the alignment stitch, an area 

already weakened by increased membrane stresses resulting from the progressive loss of 

commissural tissue apposition and a significant reduction in mechanical properties (ie. 

22%-59%) resulting from puncture holes created by the surgeon’s needle.  Furthermore, 

the size of hole was also found to be directly proportional to degree of compromise (Lim 

1994).  The impact on surgeon confidence in bioprostheses following these failures was 

significant, particularly in pericardial valves, and resulted in a marked decline in 

bioprosthetic implantation rates.  In the UK for example, 46% of all heart valve 

replacements in 1986 were bioprostheses compared with 53% mechanical valves.  

Moreover, one-quarter of all bioprostheses were made from pericardial tissue (605/2399).  

By 1993 however, bioprosthetic implants had fallen to 27% (1491/5486) with a marked 

decline in pericardial valve implants to a low of ≤4% (50/1491) (UK Heart Valve 

Registry 2007).  Demonstrable improvements in the long-term durability and freedom 

from structural valve deterioration demonstrated by second generation bioprostheses, 

such as the  Hancock Modified Orifice valve, Carpentier Edwards Supra-annular valve, 

Carpentier Edwards pericardial valves, Medtronic-Hall Intact valve etc. have however, 

reversed this lack of confidence in bioprosthetic implants and data now shows a 

significant increase in the numbers of bioprostheses implanted annually (Gao 2004; UK 

Heart Valve Registry 2007).   

 

As previously mentioned very few modifications to the design of xenografts have been 

made since the valves were first attached to stents.  However, stents increase the valve’s 

bulk effectively reducing its effective orifice area.  In an effort to address this problem 
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and increase the valve’s durability the geometry was modified by sewing the valve 

annulus into the supporting stent under slight longitudinal compression.  The resulting 

low-profile valves (e.g. Liotta valve (formerly known as the BioImplant valve), 

Carpentier Edwards Supra-annular and Perimount valves, Mitroflow valve etc.)) had, as 

Figure 3.6 shows, a reduced height-to-diameter ratio which lessened the potential for 

impingement on the contracting myocardium.  However, geometry-related stress 

problems compromised durability resulting in a number of early valve failures and led to 

the use of flexible stents in bioprostheses (e.g. Hancock II and Mosaic valve (Figure 3.6); 

Hamid 1986).  A higher incidence of stent-creep and deformation during implantation or 

during the cardiac contraction as a result of long-term cyclical loading of certain 

polymers was also reported in these valves (Vesely 2003).  As a consequence, 

manufacturers became more selective in the type of stent material used and also 

developed valves without the support structure which became known as stentless valves.   

Figure 3.6 1st & 2nd generation bioprostheses 

  ** The Carpentier Edwards Supra-annular and Carpentier Edwards Pericardial (Perimount) valves are 
also low-profile bioprostheses.  
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(b) Stentless bioprostheses 

 

Stentless valves are similar to cryopreserved allografts except the tissue is usually fixed 

in gluteraldehyde.  The whole porcine aortic tissue with its attached root is most 

commonly used and the lack of stent and associated sewing cuff gives a larger effective 

orifice area in the magnitude of approximately one to two sizes larger than the stented 

xenografts.  As Figure 3.7 shows some designs of stentless valves are untrimmed giving 

the surgeon the option to trim the valve to fit the patient.  However, implantation requires 

scalloping out the sinuses or, careful re-attachment of the coronary arteries as well as 

inflow and outflow suture lines making this technically very challenging and time 

consuming and requiring longer cross-clamps times.  Consequently, initially surgeons 

have shown restraint in implanting stentless valves although, significant increases have 

been reported in the UK where numbers of valves implanted increased by 200% from 

1,865 to 5,595 between 1987 and 2005 suggesting, increasing confidence associated with 

increasing experience in implantation skills (UK Heart Valve Registry 2007).  However, 

the concept of the stentless valve has, as some such as Butany (2006) suggested, failed to 

live up to the biomechanical advantages and expectations. 

 

Figure 3.7 Stentless bioprostheses 
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(c) Tricomposite bioprostheses 

 

Concerns about the potential patient mismatch and calcification of the aortic annulus (see 

Chapter 1) led to the development of a tricomposite valve constructed from three cusps, a 

non-coronary cusp from three different valves sewn together to create a single 

bioprosthesis (Figure 3.8).  Theorectically, the risk of failure resulting from matching a 

non native single cusp from one valve with two existing cusps from another is high and, 

although initial results indicated good early and mid-term haemodynamic performance 

and durability later reports suggest long-term durability is a problem.  Pavoni and 

colleagues’ study evaluating the Cryolife O’Brien composite valve reported satisfactory 

results up until 8 years post implant after which, durability began to wane and the risk of 

structural valve deterioration (SVD) and reoperation increased significantly (Pavoni 

2007).  The authors noted freedom from SVD at five years was 91% but fell dramatically 

to 44% at 10 years with 18% (21/115) of patients suffering SVD within the first eight 

years compared with 36% (12/33) after eight years.  Furthermore, out of the 17 patients 

who underwent reoperation for SVD the majority were found to have leaflet tears with 

the right coronary cusp the most common culprit.  Pavoni also noted, from studies by 

Desai and Bach published in 2004 and 2005 respectively, the durability of the Freestyle 

and St Jude Toronto Stentless valves compared with the Cryolife O’Brien valve reported 

freedom from SVD at 10 years was far higher at 90% and 78% respectively than the 

Cryolife O’Brien valve.  However, in contrast to these findings a study by O’Brien et al 

(2005) recorded only 1 failure as a result of SVD out of a total of 402 implants.  Thus, 

uncertainty remains with regards to the durability of tricomposite valves and in particular 

the Cryolife O’Brien composite valve. 
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Figure 3.8 Tricomposite valves 

 
 

(d) Autologous bioprostheses 

 

Valves fabricated from autologous tissues were expected to be superior to heterografts 

because of the atraumtic, non-thrombogenic and relative non-vascular nature of the 

tissue, its no-requirement for anticoagulation and because the tissue is nourished by 

penetration if transplanted as a heart valve replacement.  Furthermore, because 

crosslinking of autologous tissue with gluteraldehye was not necessary it was assumed 

unfixed autologous tissue valves would be unlikely to calcify and should therefore 

demonstrate greater durability.  However, despite encouraging initial results (Ionescu 

1970; Talavilkar 1973) autologous pericardial tissue was found to show signs of 

shrinkage in response to haemodynamic forces, calcification and thrombo-emoblic 

potential (Welch 1971; Talavilkar 1973; Olson 1975; Cleland 1983).  Scarring and tissue 

shrinkage was resolved by briefly immersing the tissue in gluteraldehyde which also 

made the tissue easier to handle since it became much stiffer although this negated any 

theoretical advantage it had with regards to calcification stimulating gluteraldehyde.  

Despite attempts to resolve the mechanical problems of autologous tissue valves their 

clinical performance was variable and there were many early failures.  As a consequence, 

implantation using autologous valves ceased although, in more recent times newer 

designs have been clinically introduced (Edwards 2006; UK Heart Valve Registry 2007) 

and are being investigated further as part of the concept of tissue engineering.   
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3.2 Current developments for heart valve replacement 

 

(a) Polymeric heart valves 

 

Persistent concerns about the high risks of thrombo-embolic complications and associated 

life-time antigoculation requirements for mechanical valves together with, uncertain 

durability and increased risk of SVD in bioprostheses has shifted the focus of current 

research towards the possible use of different polymeric materials for heart valves.  A 

number of polyurethanes are reknown for their good blood biocompatibility and also 

because of their potential to be moulded, rather than sutured, into a naturally 

geometrically similar trileaflet heart valve which could demonstrate central, less 

disturbed blood flow, good functionality and durability (Mackay 1996; Wheatley 2000).  

Wheatley (2000) for example, noted trileaflet polyurethane valves in animal studies 

demonstrated relatively low thrombogenicity and good haemodynamic function 

comparable with mechanical valves and although three valves became severely stenotic 

polyurethane valves were generally less stenotic after six months compared with 

bioprostheses. 

 

(b) Tissue engineered valves 

 

The lack of growth, repair and remodelling capabilities of current heart valve prostheses 

limit their use in certain patient populations, namely children with congenital defects.  

Thus, a replacement heart valve which incorporates these elements is something of a holy 

grail.  To this end research has been conducted into engineering new ‘tissue’ from 

individual cellular components in vitro using a scaffold 24 for cells to attach to.  However, 

decellurization is thought to compromise the mechanical properties of tissue, increase 

platelet activation and blood coagulation whilst cross-linking and gluteraldehyde toxicity 

24 This type of scaffolding is usually made from either biological (ie. donor human heart valves and 
decellularized animal derived valves) or syntehtic materials (such as polyglycolic acid (PGA) and 
polylactic acid (PLA)) fixed with guteraldehyde. 
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prevents celullar infiltration post implantation.  The first tissue engineered decellularized 

porcine heart valve, the Synergraft ™ xenograft valve, was first clinically implanted in 

2003.  However, aggressive decellularization used in the technology led to catastrophic 

early valve failure (i.e. ≤1 year) as a result of structural failure and rapid degeneration 

associated with strong inflammatory response which occurred as early as two days post 

implantation with formation of a dense fibrous sheath around the graft, calcific deposition 

and zero host cell re-population on the valve matrix (Simon 2003).  Despite this early 

failure and continuing problems with the mechanical strength required for functional 

performance, patients for whom conventional treatment is not an option will continue to 

act as the impetus for ongoing research into the field of tissue engineered heart valves 

(Vesely 2005).    

 

(c) Percutaneous heart valves (PHV) 

 

As previously mentioned some patients are deemed too high risk to undergo open heart 

surgery but the development of percutaneous technology presents a new sense of hope.  

Percutaneous valve replacement uses an expandable stent to percutaneously deliver a 

foldable heart valve.  The procedure was first demonstrated by Anderson (1992) who 

successfully implanted a porcine bioprosthesis into the aortic site and a decade later 

Cribier performed the first successful human percutaneous implantation of an aortic valve 

(PAVR) (Cribier 2002).   Although development of the percutaneous valve continues two 

distinct types are currently being used in clinical practice, the balloon-expandable 

trileaflet valve made from either equine (Cribier-Edwards) or bovine tissue (Edwards-

Sapien) and the self-expandable porcine pericardium trileaflet valve (CoreValve; Figure 

3.9).  The balloon-expandable valves mounted within a tubular slotted stainless steel stent 

were initially delivered via the antegrade transseptal approach using large sheaths through 

the femoral vein under local anaesthetic.  This approach eliminated the risk of arterial 

injury but appeared to increase the risk of anterior mitral valve leaflet injury likely to 

cause severe mR with haemodynamic collapse and death.  Thus, attempts at retrograde 
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delivery using a steerable delivery catheter rather than a guide wire/catheter was 

attempted even though this required surgical cutdown and repair of the vascular site, as 

well as rapid right ventricular pacing (~200 beats/min) using a temporary pacemaker to 

arrest left ventricular flow so the valve could be accurately deployed.  In addition, its use 

is unsuitable for patients with small and/or diseased iliofemoral arteries because of its 

large profile.  As a result of these complications there has been a shift towards a 

transapical approach because it offers a more direct access to the aortic valve, eliminates 

the risk of arterial injury, reduces concerns about sheath size and has proved ideal for 

high risk surgical patients ± significant peripheral arterial disease (Chiam 2009).  Unlike 

balloon-expandable PHV the self-expandable valve is mounted and sutured in a self-

expandable nitinol stent with a length of 50 mm compared with 14-16 mm.  The long 

sheath length is such that the lower (inlet) portion has a high radial force which expands 

and excludes the calcified aortic leaflets; the middle section houses the valve whilst the 

upper portion (outlet) is flared so the stent can be oriented and fixated in the ascending 

aorta.  Moreover, haemodynamic support, rapid pacing, surgical ‘cut-down’ or access site 

vascular repair is not required.  However, despite their differences a number of common 

complications and/or limitations have been reported for both types of PHV such as; 

accuracy in positioning the valve in the left ventricular outflow tract, the need to interrupt 

coronary flow during implantation, removal of the native diseased valve, risk of valve 

migration, the size and dimensions of the PHV and delivery route, severity of disease 

pathology and tissue friability, patient selection and operator skills (Coats 2007; Kidane 

2009; Chiam 2009).  In addition, there is also the question about their application to 

diseases other than calcific stenosis.  Thus, there still appears to be a considerable amount 

of work to be done on developing these types of valves and their application. 
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Figure 3.9 Percutaneous heart valves 

  

 

3.3 Chapter summary 

In conclusion, Chapter 3 provides a brief history and description of the development of 

replacement heart valves following the introduction of the heart-lung machine in the 

1950s.  Early attempts to replicate the heart’s natural valves identified the need for 

biocompatible, durable and chemically inert materials and a design which was responsive 

to pressure gradients, function rapidly, maintain directional flow, prevent regurgitation 

and stasis, be easily implantable and remain fixed in place.  However, in spite of the 

different designs and the use of different materials all replacement valves without 

exception, have demonstrated some form of complication or failure.  Persistent thrombo-

embolic complications and life-long requirements for anticoagulation have tempered the 

enthusiasm for mechanical valves and although bioprosthetic valves were seen as the 

answer to the bleeding complications associated with mechanical valves and the lifelong 

anticoagulation requirements, problems of long-term durability as well as structural valve 

failures have persisted.  Early replacement with homograft valves proved biologically and 

haemodynamically advantageous without the requirement for life-long anticoagulation 

but supply proved problematic.  Autologous tissue failed because it proved unable to 

withstand the strong haemodynamic forces generated by the heart and resulted in tissue 

shrinkage, calcification and increased thrombo-embolic potential.  Although animal tissue 

valves proved more compatible with human implantation poor durability of first 
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generation bioprostheses resulted in number of early valve failures.  However, improved 

preservation and fabrication methods as well as, modifications to valve geometry has 

given rise to low-profile valves and the use of flexible stents which have significantly 

increased durability and valve performance. 

The 21st Century has heralded new methods of implantation and the possibility of 

growing new biological valves from cells.  Self- and balloon-expandable valves delivered 

percutaneously via a catheter is a simple concept but this is a technically difficult 

procedure and requires a robust yet flexible valve capable of withstanding strong 

compressive forces yet flexible and precise enough to unfold into the precise geometries 

required for function and durability.  Despite complications associated with valve 

delivery, maintaining continuous haemodynamic function during implantation, patient 

selection, disease pathology and tissue friability etc. percutaneous transcatheter valve 

replacement continues to promise hope for a minority of otherwise surgically inoperable 

patients.  Continuing concerns about bleeding complications, lifelong anticoagulation 

requirements, structural valve failure, durability and the inability of any current cardiac 

valve prostheses for growth, self-repair or remodeling has led to experimentation into 

tissue engineering a heart valve from living cells which offer the promise of being able to 

grow in vitro and in vivo 25 from transplanted autologous cells.  However, attempts to 

translate the theory into a functionally engineered tissue valve has so far been retarded by 

problems associated with gluteraldehyde toxicity and inflammatory responses to 

decellurization.  The use of different polymeric materials are also being investigated and 

early results using animal models suggest certain polymeric valves have shown good 

blood and biocompatibility, good haemodynamics and functionality in comparison to 

mechanical valve performance and are generally less stenotic than bioprostheses.   

Improvements in the performance and durability of cardiac valve prostheses together with 

increases in the longevity of patients has resulted in an increased probability prosthetic 

25   The term in vivo in this document refers to studies which reference heart valves within the living heart 
and body. 
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cardiac valve patients will be referred for radiological diagnostic investigations such as 

magnetic resonance imaging (MRI).  The next chapter therefore looks at the basic 

principles of MRI with particular reference to the interaction of MR associated 

magnetically induced forces with biological systems and heart valve prostheses. 
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4.  Introduction to MRI 

The previous chapters introduced one of two main components to this thesis, the artificial 

heart valve, and discussed some of the common diseases affecting the cardiac valves 

which lead to heart valve replacement surgery with a prosthetic heart valve.  In addition, 

these preliminary chapters also charted the development of the artificial heart valve and 

mentioned the types of materials used in their design and construction.  Chapter 4 now 

introduces the second of the two major components to this thesis, magnetic resonance 

imaging and discusses its relevance to this study and the assessment of the interaction of 

MR induced magnetic forces on heart valve prostheses.  The chapter begins with a 

description of the basic theory of MRI so the reader may gain a fundamental 

understanding of how strong magnetic forces influence the behaviour of nuclei and thus, 

why and how magnetic forces induced during MRI may interact with certain materials in 

artificial heart valves.  The chapter then discusses the relationship between magnetism, 

materials and biological systems and presents a review of the potential hazards associated 

with MRI with particular reference to the three types of magnetic resonance (MR) 

associated magnetic fields.  This aim of this review is to provide the reader with an 

insight into why anxieties about exposure of patients with biomedical implants to MRI 

persist amongst clinicians.  

 

4.1 Basic MR Theory 

 

MRI has its roots in nuclear magnetic resonance imaging (NMR) which was first 

discovered in the 1930s.  Two independent investigators looking at the direction, rate and 

frequency of nucleic spin in a magnet noted precessing nuclei produce a detectable 

oscillating signal and electromagnetic energy produced during this precession is absorbed 

by a material at this resonant frequency 26.  However, it was not until the 1970s before it 

26 Felix Bloch, a Swiss born American physicist was jointly awarded the 1952 Nobel Prize for Physics with 
the American physicist Edwards Mills Purcell for their work on the development of nuclear magnetic 
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was suggested NMR could also be used to produce images of the body and a further 

decade before the first commercial clinical imagers were built and NMR became known 

simply as MRI.  MRI is now regarded as one of the most important developments in 

medical diagnosis since X-rays were first discovered over 100 years ago 27.  However, 

unlike X-ray it does not employ ionizing radiation and other advantages are: it is non-

invasive, has a unique ability to produce images in numerous planes without 

repositioning the patient, produces 3-dimensional images of the body’s anatomical and 

functional internal organs with high quality spatial resolution and, can discriminate 

between types of tissue in an image simply by varying the way the image is formed.  

Thus, MRI can be tailored to specific clinical applications and as a result its popularity 

has soared rapidly.  Between 1995 and 2006 for example figures for the UK show the 

percentage annual increase in MRI procedures was 26% compared with a 5% increase in 

ultrasound and 14% rise in computer tomography (CT) (Smith-Bindman 2008; Baker 

2008).  Furthermore, during this period the number of MRI procedures performed tripled 

compared with 40% increase in the ultrasound procedures and a doubling of CT scans 

(Smith-Bindman 2008).  Current estimates indicate approximately 60-80 million MRI 

examinations are performed annually worldwide (Moser 2009). 

 

4.1.1 Magnetism caused by atomic motion 

 

MRI can be described as a combination of classic and quantum physics and is reliant on 

the spinning motion of specific nuclei, known as MR active nuclei which are present in 

all biological tissue.  Hydrogen is the most important example of MR active nuclei 

because of its abundance in the human body and because of its ability to produce a 

significant magnetic vector.  As we know, every atom consists of a central spinning 

nucleus and negatively charged electrons spinning on their own axis and orbiting the 

resonance method of measuring the magnetic fields of the nuclei of atoms and the discoveries that 
resulted from these investigations. 

27The first MR image was published in 1973, the first cross-sectional image of a living mouse was 
published in January 1974 and the first studies performed on humans in 1977.  In comparison, the first 
human X-ray was take in 1895. 

102 
 

                                                                                                                                                                                      



nucleus.  It has been suggested the relevance of this, in terms of MRI is, when a charged 

particle spins it generates a small magnetic field that has both direction and magnitude 

and causes the nucleus to act as a small bar magnet as depicted in Figure 4.1.  The 

direction and magnitude of the field can be represented by a vector known as the nuclear 

magnetization vector (NMV) 28. 

 

 

 

 

 

4.1.2 Precession and the Larmor equation 

 

When hydrogen nuclei are exposed to a strong uniform magnetic field an interaction 

occurs between the field and the nuclei producing an additional nucleic spin and causing 

a ‘wobble’ of the NMV around the field.  As Figure 4.2 shows the NMV traces out a cone 

shape as the nuclei ‘wobble’ and this secondary spin or precession, causes the magnetic 

moments to follow a circular path around the magnetic field (i.e. precessional path) at a 

28 The nuclear magnetization vector (NMV) is also known as the magnetic moment of the nucleus. 

N 

S 

Figure 4.1 Bar magnet with associated magnetic field 
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frequency measured in megahertz (MHz) 29.  Each type of MR specific nucleus has its 

own specific angle of precession and precessional frequency, often referred to as the 

Larmor frequency, which is determined by the Larmor equation (see Equation 1 below) 

as well as its own specific gyro-magnetic ratio, which is a constant of proportionality 30.  

Thus, the B0 field is proportional to the Larmor frequency and if B0 increases, so too does 

the Lamor frequency and vice versa. 

 

Equation [1]:  

 
the precessional frequency (ω0) = B0  x  γ 
 

where: 
 

B0   is the magnetic field strength of the magnet, and 

γ     is the gyro-magnetic ratio.   

 

 

 

 

 

 

 

29   1 Hertz (Hz) is the equivalent of one cycle per second and 1 MHz is therefore 1 million cycles per 
second. 

30  The relationship between the angular momentum and the magnetic moment of each MR active nucleus is 
known as the gyro-magnetic ratio and is expressed as the precessional frequency of a specific MR 
active nucleus at 1.0 T.  The unit of gyro-magnetic ratio is MHzT.  The gyro-magnetic ratio of hydrogen 
for example is 42.57 MHzT and because the precessional frequency changes depending on the field 
strength it is exposed to, the precessional frequency of hydrogen at 1.5 T and 4.7 T respectively is 63.86 
MHz (ie. 42.57 MHz x 1.5 T) and 200.08 MHz (ie. 42.57 MHz x 4.7 T). 
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4.1.3. Alignment to the magnetic field  

 

MR active nuclei align their axis of rotation to an applied magnetic field but are 

otherwise randomly orientated if the magnetic field is absent (Figure 4.3a).  The laws of 

electromagnetic induction however, dictate that when nuclei spin and have a net charge 31 

they acquire magnetic moments which allow them to align with the external magnetic 

field 32.  Alignment of hydrogen nuclei in the magnetic field is dependent also on its 

thermal properties (i.e. energy levels) as well as its strength.  MR active nuclei possess 

two energy states, low and high energy known as spin-up and spin-down nuclei 

respectively.  As Figure 4.3b shows low energy nuclei, which are more abundant than 

high energy nuclei, lack sufficient energy to oppose the magnetic field and therefore align 

their magnetic moments parallel to the magnetic field.   In contrast high energy nuclei 

31 A net charge occurs when there is either an even number of neutrons and an odd number of protons or 
vice versa. 

32 The external magnetic field is denoted by B0 and in MRI B0 is equivalent to 1 Tesla (T) or 10,000 Gauss.  
The earth’s magnetic field is approximately to 0.5 Gauss and is therefore 30,000 times weaker than a 1.5 
T MR system. 

(b)  Nucleus demonstrating precession (a) Nucleus with net spin 

Figure 4.2  Nuclear spin and precession 
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have sufficient energy to oppose the magnetic field and consequently their magnetic 

moments align in an anti-parallel direction.   

 

Figure 4.3 Alignment of the external magnetic field 

 

 
 

4.1.4.  Resonance, net magnetization vector and the MR signal 

 

As previously mentioned the magnetic field surrounding each nucleus has both direction 

and magnitude and is represented by NMV.  When a large number of these individual 

NMVs interact however, they create a larger vector known as the net magnetization 

vector (M) which has two components: one parallel to the applied magnetic field (Mz) 

and the other perpendicular to the field (Mxy).  When, as Figure 4.4a shows more nuclei 

are parallel to the applied field than anti-parallel Mz is positive.  However, when 

precessing nuclei are excited by radiofrequency (RF) and absorb energy a decrease in the 

proportion of parallel low energy nuclei occurs as they gain sufficient energy to ‘flip’ 

over into the high energy anti-parallel state.  As a result M moves away from B0 and 

when the proportion of nuclei in the parallel and anti-parallel states is equal Mz is zero 

(Figure 4.4b).  If the proportion of nuclei in the anti-parallel state exceeds that of the 

parallel state, Mz becomes negative (Figure 4.4c). 

 

(a) (b) 
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Equilibrium 

(a) 

 

 

 

 

The angle of displacement of M away from B0 can be controlled by the application of an 

RF pulse of an appropriate amplitude and duration.  Two angles commonly used to 

produce these effects are 90º and 180º (Figure 4.4c) and are known as the 90º and 180º 

pulses 33,34.  As field strength and energy absorption increase the magnetic moments of 

nuclei in the transverse plane move into phase with each other and precess around B0 

(Figure 4.5) and as M precesses in phase a voltage is induced in the receiver coil and a 

signal with a frequency equivalent to the Larmor frequency is produced.  When the pulse 

is withdrawn however, the nuclei in the surrounding area gradually lose energy 

(relaxation) and Mxy realigns itself one again to equilibrium parallel to B0.  As the level 

of magnetization in the longitudinal plane gradually increases exponentially with time 

(T1 recovery 35,36) the amount of magnetization in the transverse plane gradually 

33  When the net magnetization vector moves outs of alignment away from B0 the resultant angle is called 
the flip angle and B0 is now referred to as the longitudinal axis/plane.  When the plane is perpendicular 
to B0  (ie. 90° to B0) it is called the transverse plane. 

34    The larger the flip angle the greater the RF energy deposition required to generate excitation. 
35   Recovery is also referred to as spin lattice relaxation. 
36  The rate of recovery is an exponential process with a time constant (T1) which corresponds to the time it 

takes 63% of the longitudinal magnetization to recover in the tissue. 

Figure 4.4 Orientation of a net magnetization vector 

The flip angle 

(b) (c) 
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decreases, also exponentially with time (T2 decay) so too, the magnitude of the voltage 

induced in the receiver coil.  This reducing signal is known as free induction decay (FID) 

signal and the FID collected during and after the application of RF pulses and magnetic 

field gradients (i.e. pulse sequences) is responsible for producing magnetic resonance 

images.  T1 recovery is always longer than T2 decay of the transverse magnetization and 

it is these differences in the relaxation parameters of the varying types of biological tissue 

which means MRI can produce clear images which distinguish and emphasize the natural 

contrast between them.   

 

Figure 4.5 Phase of magnetic moments around their precessional path 

 

 

 

Magnetism is a fundamental property of all matter and the amount of magnetism 

demonstrated by any substance depends on its magnetic susceptibility (χ) 37.  There is of 

course, a spectrum of magnetism the most well known being ferromagnetism which has a 

high positive susceptibility and demonstrates a constant magnetic field, strong attraction 

and alignment to the magnetic field and retains its own magnetism.  Paramagnetic 

substances on the other hand have a low positive susceptibility, are only weakly attracted 

to an external magnetic field and are only temporary.  Once the external magnetic field is 

37 Magnetic susceptibility refers to how easily a substance can be influenced by the magnetic field. 
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removed and the field drops to zero a paramagnetic material loses it magnetism.  At the 

far end of the spectrum are diamagnetic substances which have a low negative 

susceptibility and are repelled by the applied magnetic field.  Although the focus of this 

research relates primarily to the interaction of MRI associated magnetic field interactions 

with prosthetic heart valves the next section of Chapter 4 includes broader issues with 

regards to patient safety. 

 

4.2   Potential hazards of MRI 

 

Despite an estimated 60-80 million MR procedures performed annually worldwide 

relatively few major incidents are reported and the vast majority of patients who undergo 

an MRI investigation do not appear to suffer any injury or long-term side-effects.  It may 

therefore be reasonable to suppose MRI is inherently safe.  Guidelines outlining the 

maximum acceptable limits for safe exposure to the magnetic fields induced during MRI 

have been defined (MHRA Device Bulletin DB2007(3).  However, these are regarded as 

arbitrary and, anxieties about the hazards intrinsic to MRI including the potential bio-

effects associated with exposure to the static magnetic field (B0), time-varying magnetic 

field gradients (dB/dt), radiofrequency fields ((RF coils), B1)) and, the interaction of 

certain biomedical implants with MR associated magnetically induced forces persist.   

 

4.2.1 Static magnetic field (B0) 

 

Every individual is exposed to the Earth’s magnetic field and is therefore continuously 

exposed to the naturally occurring static magnetic fields.  However, some individuals are 

also exposed to additional, man-made static magnetic fields as a result of their 

involvement in and/or exposure to certain industries (e.g. welding), power-generating 

processes (e.g. rail transport (magnetic levitation known as MAGLEV trains)) and 

medical procedures (e.g. MRI).  Unlike man-made magnetic fields the magnetic field 

within the MR environment is always present even when the scanner is not imaging.  
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However, a stray field, which extends to the surrounding space and results from a 

decrease in field strength with increasing distance from the bore’s iso-centre exists and 

creates a large spatial gradient field (dB/dx).  Particular concerns associated with 

exposure to B0 field relate to the: potential physiological effects on human tissue, 

possibility an external object may become a dangerous projectile within the dB/dx field, 

potential for any magnetisable object in vivo to move, become dislodged or oppose the 

original magnetic field thereby impeding function and exposing the patient to a serious 

risk of harm or death (see below).  

 

(a) Biological effects 

 

All living tissues are known to be weakly magnetic or diamagnetic with a low χ which 

determines their interactions with B0 field.  The influence of strong magnetic forces 

associated with the B0 field upon biological systems has stimulated considerable interest 

since clinical MRI was first used and it has been suggested for example, certain iron rich 

tissues such as haemoglobin and ferritin, possess a greater χ and may therefore be 

attracted to the applied magnetic field (Melville 1975; Brook 1998; Kinouchi 1988, 

Schenck 2000, Schenck 2005).  Schenck (2000) for example, suggested erythrocytes, 

which are rich in haemoglobin,38 are attracted towards regions with a stronger magnetic 

field although, the attractive force exerted on these cells is less than 4% of the 

gravitational force and therefore poses no risk to patients undergoing MRI even in the 

highest-field whole-body magnets.  Critics of Schenck’s calculations on χ of erythrocytes 

have however, criticized his emphasis on the use of calculations to determine specific 

behavior of biological systems and argue, biological systems do not always behave in an 

expected linear fashion therefore, it is unsafe to apply mathematical calculations to active 

systems in order to determine their interaction with the B0 field (Hore 2005).   Schenck 

also suggested certain macromolecules and organelles possess different anisotropic 

magnetic χ which result in a torque that attempts to minimize the magnetic energy and 

38 Each haemoglobin molecule contains four iron atoms. 
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align the molecules in the direction of the magnetic field (Schenck 2005).  The torque 

effect for single in vivo molecules exposed to an applied magnetic field is negligible.  If 

however, anisotropic macromolecules or cells cluster together their volume increases 

thereby increasing the magnitude of χ.  These effects have been demonstrated in vitro 

with erythrocytes in sickle cell anaemia where the abnormal haemoglobin molecules 

aggregate and polymerize to form fibres and gel-like structures which bind together and 

orientate themselves in the same direction.  However, the shear forces present in blood 

flow are greater than those demonstrated by magnetic orientation and as a result this 

effect can only be observed in vitro (Brody 1985; Schenck 1992).   

 

Plasma membrane is innately diamagnetic and is therefore likely to interact with the B0 

field.  Indeed, research has shown this interaction can lead to re-orientation of the 

molecular domains and rotation of the phospholipid membrane (Rosen 2003) which in 

turn, affects Ca2+ flux, cell shape, cytoskeleton arrangement, ion flux, receptor 

distribution etc. (Rink 1990; Teodori 2002, Chionna 2003; Teodori 2005, Silva 2006).  

Investigators have found exposure to B0 field can result in a cell becoming less flat and 

more rounded and elongated with many irregular lamellar microvilli and membrane 

roughness and blebbing (Chionna 2003; Teodori 2005; Dini 2005).  Cell death is thought 

to be strongly influenced by Ca2+ which acts either as a trigger for or, defense against 

apoptosis (Galli 1995; Dini 2005).  Thus, any changes in Ca2+ flux resulting from 

exposure to the B0 field will strongly influence the rate of apoptosis.  Tavascoli et al 

(2009) suggest an increase in Ca2+ flux promotes the rate of apoptosis.  However, others 

argue this is not the case and any increase in Ca2+ reduces the rate of cell death by 

apoptosis (Fanelli 1999).  Despite the effects mentioned research has shown cell growth 

and survival, under normal culture conditions, is not compromised in the long-term when 

exposed to B0 field regardless of magnetic density (Miyakoshi 2005). 

 

The B0 field is also thought to influence certain chemical reactions, namely the 

dissociation of the binary (AB) molecule in a solvent when joined by a non-magnetic 
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electron pair bond.  When the electrons A and B are bound together they have opposite 

spins and form a single state with a total spin equaling zero.  However, if AB attempts to 

spontaneously dissociate into separate radicals (A* and B*), this process is inhibited by 

the surrounding solvent molecules which act like a cage stopping each radical from 

completely separating from one another.  If A* and B*, still in their singlet state, then 

recombine before separation is complete the ‘caged’ product AB is formed.  However, if 

diffusion is successful an escaped product, A* and B* is formed.  Should the magnetic 

moments of the two radicals in an applied field however not be the same, the spins of the 

two separating radicals precess at different rates and are unlikely to successfully re-bond 

although the yield of escape products will be increased (Brocklehurst 2002).  The use of 

radical pair magnetic field effects to measure chemical and biochemical reactions is well 

recognized (Boga 1990; Brocklehurst 2002) although certain conditions must be met in 

order to detect magnetic field effects on any enzymatic reaction.  However, the difficult 

and exacting requirements suggest many enzymes lack all the necessary criteria and 

therefore fail to produce magnetic field-induced reactions (Grissom 1995). 

 

(b) Sensory effects 

 

Several common transient sensory sensations including nausea, vertigo, metallic taste and 

magnetophosphenes39 have also been reported during exposure to B0 field (Formica 2004; 

de Vocht 2006; Weintraub 2007; Glover 2007).  Studies suggest nausea and vertigo may 

be the result of a conflict between position sensing apparatus in the inner ear and visual 

systems resulting from the magnetic interaction with the inner ear’s vestibular apparatus 

such that, when the head moves the inertia of the fluid in the ear (i.e. endolymp) causes 

the cupula to deflect and initiates a signal in the sensory epithelium.  Excitation of the 

epithelium by B0 field is perceived as an extraneous head rotation which does not 

correspond to visual inputs and therefore produces a sensation of nausea or vertigo 

39 Magnetophosphenes are visual flashes/sparks caused by excitation of the optic nerve and are sometimes 
reported by patients undergoing MRI. 
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(Schenck 1992).  An alternative theory suggests these effects may result from field-

induced direct depolarisation of sensory cells or, from diamagnetic anisotropy in the 

cupula which, when the head moves produces a torque and deflection of this structure (de 

Vocht 2006; Glover 2007).  One suggestion offered as a solution to this problem is to 

reduce the speed of movement within the MR environment.  De Vocht (2006) for 

example noted employees from an MR manufacturing environment who moved more 

rapidly, thereby generating a stronger dynamic field, reported more complaints of sensory 

effects than individuals who moved more slowly.   

 

A metallic taste in the mouth during exposure to B0 field was originally thought to result 

from electrolysis of the mercury in the amalgam fillings in the teeth (Chakeres 2005).  

However, this has been largely discounted and current theory suggests the likely cause is 

the generation of small electrical currents on the surface of the tongue when it is moved 

within a magnetic field (Winther 1999; de Vocht 2006).  Visual disturbances in the form 

of phosphenes have been noted from movement through the B0 field and are thought to 

result from the interaction of the magnetic field with the diamagnetic retinal rods in the 

eye which, when rotated cause a slight torque resulting in the illusory stimulation known 

as magnetophosenes (Kanal 1990).  Although these sensory effects may be disturbing for 

the patient, vary between person to person and be potentially more significant during 

exposure to higher field strengths they have nonetheless, been found to be short-term 

with no long-term bio-effects with exposures up to and including <4 T (Beischer 1964; 

Schenck 1992).   

 

Although a number of bio-effects at molecular and cellular level as well as sensory 

effects have been reported much of the research and results obtained have been conducted 

on cell cultures and/or animal investigations over significantly longer exposure times than 

we would expect to see during patient procedures and therefore such methodologies are 

difficult to extrapolate to human subjects.  Thus, caution should be practiced when 

interpreting these results. 
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(c) Projectile risk 

 

As mentioned previously, increasing distance from the magnet’s iso-centre extends the B0 

field outward, decreasing its strength and producing a large spatial gradient (i.e. dB/dx) 

of magnetic force with accelerating potential.  Thus, any ferromagnetic object within the 

B0 field could potentially be accelerated towards the iso-centre becoming a projectile 

with sufficient velocity to cause injury to a patient or any person in its path.  Serious 

incidents involving the “projectile effect” have been documented and include objects 

such as: gas cylinders, chairs, respirators, intravenous (IV) poles (Malott 1987; Chaljub 

2001; Colletti 2004; Ulaner 2006) and researchers in the US have estimated there are 17 

incidents per year and one serious incident every three years in every MRI facility in the 

US (i.e. approximately one incident in every 100 to 1000 scans (Chaljub 2001)).  

Furthermore, more than half of the institutions participating in the study reported serious 

incidents of this nature.  Thus, despite an assumed understanding of these potential 

hazards reports of incidents involving ferromagnetic projectiles continue. 

 

(d) Implants 

 

Safety concerns pertaining to the attractive forces exerted by the B0 field not only include 

collision hazards, as described by the “projectile effect” above, but also the risk of 

movement, dislodgement and/or altered or negated functioning of a biomedical implant 

or device as a result of translation forces, the tendency of the object to attempt to align 

with the magnetic field (i.e. torque effect) (Shellock 1988; Boutin 1994; US Food & Drug 

Administration 1997; Kangarlu 2000; Shellock 2002, 2004) and the induction of currents 

on metal components moving through the B0 field which oppose the change in flux (i.e. 

Lenz Effect) 40.  The relative strength of translation and rotational forces depends on the 

40  Lenz Law which states “an induced current is always in such a direction as to oppose the motion or 
change causing it” 
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amplitude of the B0 field, its spatial gradient 41 as well as the implant’s degree of 

ferromagnetism, its dimensions, mass, orientation, χ and amount of fibrosing tissue 

securing it in place.  Of these two effects torque is considered the greater hazard.  The 

torque produced by the B0 field acts to align the long-axis of long slender needle-like 

implants parallel to the magnetic field.  In contrast, thin flat plate-like implants will 

attempt to turn their flat surfaces parallel to the field lines.  Research conducted by 

Schenck (2000) suggests a substantially greater force is required by the body’s tissue to 

prevent a non-spherical implant from aligning with the B0 field than it does to prevent it 

from undergoing translational movement.  Thus, a patient with a needle-like implant (e.g. 

aneurysm clip) which is longer than its width is at greater risk of injury because the 

implant is more likely to attempt to rotate than deflect.  

  

However, as previously mentioned fibrosing tissue serves to anchor the implant in place 

and in addition, other counteractive forces such as the constant haemodynamic forces 

from the beating heart, resultant blood flow and the use of sutures also play a major role 

in securing the implant and protecting it from any form of unwanted movement.  On the 

other hand, little is known about what happens if these counteractive forces are 

compromised.  The aging process is known to decrease bone mass, muscle strength and 

immune responses to infections and as a result tissue strength and flexibility is reduced.  

Estimates suggest the body reaches peak efficiency at aged 30 after which it begins to 

decline.  It is therefore estimated the average rate of tensile strength of muscle in the 

cardiovascular system for example, decreases by 7% in the 30-39 year olds and 21% in 

the 60-70 year olds (i.e. standard is 0.11 MPa 42 (Duck 1990; Yamada 1970).  Therefore, 

by the time an individual reaches age 80 years their heart muscle will be expected to be 

functioning at only two-thirds its peak strength.  Furthermore, a study by Edwards et al 

(2005) which assessed the force required to cause partial or total cardiac valve dehiscence 

41  Translational forces are greater at the opening of the bore and decrease with increasing proximity to the 
region of imaging inside the magnet.  In contrast, rotational forces are greatest nearer the magnet’s iso-
centre and the axis of the implant at 45º to the z-axis. 

42  MPa (i.e. mega pascal) is a unit of measurement commonly used to measure stiffness or tensile strength 
of materials and is equal to perpendicular force per unit area (i.e. 1 Newton per square metre or N/mm2). 
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reported, tissue samples known to have had a recent episode of infective endocarditis 

yielded at significantly lower forces than other samples which had not been recently 

exposed to infection.  These results suggest the risk of partial or total valve dehiscence is 

very high in patients with, or at increased risk of, developing prosthetic valve 

endocarditis such as the elderly and those with multiple valve prostheses.  However, there 

were a number of limitations to the study such as the small number of samples used and 

the heterogeneity of the sample, a factor which could not be controlled for.  Nonetheless, 

these limitations should not minimize the suggestion of a relationship between weakened 

tissue and valve dehiscence and the potential for strong magnetically induced forces 

associated with MRI to cause movement/dislodgement of an implant and pose a serious 

risk to patient safety. 

 

The interaction between the B0 field and implants containing metal components has not 

been widely investigated and, to date is still only theory.  Research conducted by Condon 

(2000) and Robertson (2000) suggests implants containing metal create their own 

magnetic field when moving through the B0 field (the Lenz Effect) and can, in the case of 

heart valves containing metal within the occluding disc for example, potentially slow 

down the opening and closing of the occluders thereby increasing the risk of regurgitation 

and reducing cardiac output.  The initial investigation by Condon (2000) suggests this 

resistive effect can, in the mitral position, be activated at low field strengths (i.e. ≤1.5 T) 

and increases linearly with field strength.  Although Robertson (2000), in a follow-up 

study agreed the Lenz Effect can potentially cause a torque of the moving metallic 

components of a heart valve and subsequently impede function, this does not pose a 

significant risk to patients undergoing MRI in field strengths ≤1.5 T for which the 

magnetic effect is ≤1% of the pressure effect for both the mitral and aortic valves.  

However, patients exposed to higher field strength MR systems (e.g. ≥3 T) may be 

subjected to greater risk of valve impedance because the magnetic effect is nearly 10% 

for mitral and aortic valves.   
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4.2.2  Time-varying magnetic field gradients (dB/dt) 

 

Another component of MRI are rapidly changing (ie. pulsed) gradient fields or time-

varying fields.  Time-varying fields are spatial variations in the B0 field whereby the 

gradient magnetic field (B), which typically varies with time (t) at some rate (dB/dt), 

align with the B0 field to produce resonant frequencies corresponding with spatial 

position.  dB/dt is an essential element of spatial localization of the signal within the body 

which is achieved by performing selective excitation of protons in the patient.  The 

highest additional magnetic field strength provided by the gradients is several times 

(usually at least 20 times) weaker than the B0 field and is thought to exert no additional 

risk in terms of field strength.  However, the sudden rapid switching of the field gradients 

up and down can, according to Faraday’s law of induction, induce voltages and a current 

with sufficient intensity to heat body tissue and metallic implants, even when motionless 

and, stimulate nerves.  This next section looks at the effects of time-varying magnetic 

field gradients on biological tissue and biomedical implants and the potential risks these 

present to patient wellbeing. 

 

(a) Thermal effects 

 

Induced ccurrents generated during the “ramp up” and “ramp down” of the gradient times 

are dependent on the time rate of change of the magnetic field, the cross-sectional area of 

the conducting tissue loop and, the conductivity of the tissue.  Thus, heating of tissue may 

occur if either the tips of the conductor are close enough and the induced voltage is great 

enough to cause arcing and/or, if the conductor is a closed loop allowing a current to flow 

through it.  However, these thermal effects are assumed to be negligible (Kanal 1990). 
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(b) Stimulation of sensory tissue 

 

Non-thermal bioeffects, resulting from interference of the normal function of nerve cells 

and muscle fibres, include peripheral nerve and muscle stimulation and these are 

considered to be potentially more serious.  Less serious of the non-thermal bioeffects is 

visual stimulation of the retina causing ‘flashes of light’ (ie. magnetophosphenes) caused 

by stimulation of the retina by the electrical currents.  Like the B0 field however (see 

above), magnetophosphenes reported in these fields have also been shown to be non-

hazardous.  The more serious and potentially more injurious to the patient is 

magnetostimulation of the nerve and muscle tissues.  Tissues in the human body are 

known to act as conductors.  Thus, induction of a high enough current in the body 

directed along a nerve fibre initiates an action potential which propagates along the fibre 

and, depending upon the type of fibre (ie. afferent or efferent)43 results in a perception of 

a sensation and/or a mechanical movement of that muscle.  Stimulation of the nerve and 

muscle tissue during exposure to dB/dt fields not only depends on nerve type 44 but also 

on the pulse shape and its repetition rate.   

 

Research has shown that at sufficient exposure levels, peripheral nerve (PNS) and muscle 

stimulation is perceptible as ‘tingling’ or ‘tapping’ sensations (Bushong 1993; Hoffman 

2000; Wahab 2008) but at higher exposure levels (i.e. 50% - 100% above perception 

threshold (frequencies ≥5 kHz)) this may be sufficient to cause pain and discomfort and 

43 Afferent or sensory nerves lead from receptor cells (eg. pressure, temperature) to the central nervous 
system (CNS) and stimulation of these nerves results in an action potential propagating to the CNS 
where it is perceived as a sensation.  Efferent or motor nerves lead from the CNS to the muscles and an 
action protential resulting from stimulation of these nerves results in a single contraction of the muscle 
ie. a twitch.  A muscle twitch can also result from direct induction of a muscle contraction through local 
activation at the level of the muscle endplate or membrane.   

44  Stimulation thresholds differ according to the type of fibre involved, peripheral nerves, for example have 
the lowest sensitivity, respiratory nerves have a greater sensitivity in comparison and those found in the 
cardiac conduction system the highest sensitivity (Reilly 1992).  Furthermore, motor nerves generally 
exhibit a lower stimulation threshold than sensory nerves and are therefore more sensitive to stimulation 
through magnetic induction.  
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in some cases, may result in limb movement (Schaefer 2000; Hoffman 2000).  At 

extremely high levels (i.e. 10 Hz and 100 Hz) cardiac stimulation may occur although, it 

is thought this is very unlikely because the magnitude of the gradient fields required to 

achieve this are greater than those currently available (Reilly 1991).  Thresholds for PNS 

have been found to vary according to the gradient fields being applied on different axes 

and orientation with the field and either singularly (i.e. x-, y- or, z-gradient 45) or in 

combination (Ham 1997; Bourland 1999; Hebrank 2000; Zhang 2003).  As Table 1 

shows stimulation of PNS in the transverse gradients (x and y axes) appear more common 

than in the longitudinal gradient (z-axis) and excitation along the y-axis causes the most 

stimulation for the body coil (Chronik 2001; Zhang 2003).  Although it has been 

established dB/dx fields can induce sufficient current in body tissue to cause stimulation 

of the PNS the use of different terms of reference, for defining “ramp duration”, and 

sinusoidal “ramp duration” have made direct comparisons difficult.  Furthermore, 

gradient coils with different dimensions as well as shielded and non-shielded gradient 

coils have been used by the different researchers adding to the difficulties of equating 

research findings to one another. 

  

45 The x-axes refers to the vertical (ie. left/right) magnetic axis; y-axes refers to the parallel (ie. 
superior/inferior) magnetic axis and the z-axes refers to the perpendicular (ie. anterior/posterior) 
magnetic axis 
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Table 1 PNS stimulation sites of gradient fields 

 

x-axes y-axes z-axes 

   

Nose Scapula Scapula 

Left thorax Right thorax Thorax 

Iliac crest Iliac crest Iliac crest 

Left thigh Upper arms Xyphoid 

Buttocks Shoulder Abdomen 

Lower back Hip Upper & lower back 

 Hands  

 Upper back  

 

 

(c) Thermal effects on implants 

 

Although dB/dt fields have a greater potential to result in bioeffects it has been noted they 

can also interact with biomedical implants and devices.  Research has shown induced 

gradient currents tend to be concentrated on the conducting component of the 

implant/device and this appears to be further influenced by the shape and size of the 

implant.  An implant/device containing a long wire or forming a closed loop of sufficient 

size, such as a lead used for a neurostimulation system, cardiac pacemaker or guidewire 

could, for example, potentially generate a significant concentration of the gradient 

currents and result in nerve stimulation (Smith 2001).  Functional ability of active 

medical devices may also be compromised within these fields as induction of a current in 
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the device induces a magnetic moment and a resultant torque induced by the B0 field.  

The implant then becomes subject to a high-frequency vibration (Hartwell 1997). 

 

4.2.3 Radiofrequency field (B1) 

 

The third component of the MR environment is the RF magnetic field (B1) which is a 

non-ionising electromagnetic radiation in the frequency of 0 to 3,000 GHz.  When B1 is 

applied perpendicular to the B0 field hydrogen nuclei gain energy and precess at the 

Larmour frequency.  As previously mentioned (see above) cessation of this pulse results 

in the hydrogen protons gradually returning to their natural alignment within the 

magnetic field and releasing their excess stored energy causing the signal emitted to be 

detected by the coil and sent to the computer system for conversion into an image.  

Deposition of RF energy as heat in the body is a by-product of this process and results 

primarily from the magnetic rather than the electric field.  Bio-effects associated with 

exposure to the B1 field relate to the thermogenic qualities of the field (see below).   

 

(a) Specific Absorption Rate (SAR) 

 

An RF pulse applied during MRI causes an oscillating magnetic field and the induced 

electric currents generated within the body are capable of generating heat within 

biological tissue (Kanal 1990; Shellock 2000a).  The dosimetric term used (measured in 

units of watts per kilogram (W/kg)) to quantify energy absorption resulting from 

exposure to RF radiation during MRI is the specific absorption rate (SAR) and refers to 

the accumulation or storage of heat together with an elevation in local and/or overall 

tissue temperatures.  Calculation of SAR is complex and is influenced by a number of 

factors such as strength of the MR magnetic field, type of RF pulse used (e.g. 90º or 

180º), repetition time, type of RF coil used, volume of tissue contained within the coil, 

configuration of the anatomical region exposed, orientation of the body in the field, 

duration of exposure, rate or energy deposition etc.  Current UK guidelines suggest 
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values below those listed (Table 2) should be adhered to in order to minimise the risks to 

patients undergoing an MR examination (MHRA 2007).  

 

Table 2 Patient & volunteer SAR limits (W/kg) for B1 field exposure  

National Radiological 
Protection Board 

(NRPB) 

Uncontrolled 46 Upper47 Uncontrolled Peak SAR 

Body part 

 

Exposure time (t) 

Whole body 
(i) 

Whole 
body (i) 
 

Head/ 
Fetus 

(ii) 

Torso (ii) Limbs (ii) 

     

≤15 mins 2 4 4 8 12 

≥15 t ≤30 mins 30t 60/t 60/t 120/t 180/t 

≥30 mins 1 2 2 4 6 

 
Note:   (i)  Averaged over any 15 minute period 
   (ii) Averaged over any   6 minute period 
 

 

The rate of RF energy absorption and dispersion within the body is non-uniform and 

depends on the dimensions and configuration of the tissue in relation to the incident 

wavelength as well as blood flow.  A tissue size of approximately 50% of the incident 

wavelength is known to result in the most efficient RF energy absorption but, if the tissue 

size is large relative to incident wavelength energy is absorbed at the surface whilst small 

tissue sizes result in little RF power absorption (Shellock 2000a).  Surface and peripheral 

tissue demonstrates greater heat dissipation than central body tissue (Shellock 1986, 

46 Uncontrolled level – for periods of exposure ≥30 minutes and under moderate environmental conditions 
(relative humidity (RH) ≤50%, ambient temperature ≤22°C) restricting the whole-body SAR to an 
average of 1 W/kg will avoid a rise of more than 0.5°C in the whole body temperature of patients.  The 
SAR limit depends on time limit. 

47  If the patient or volunteer is monitored the SAR limit can be relaxed according to body part and 
exposure time referenced in this table. 

122 
 

                                                             



2000a) and avascular tissue takes longer to dissipate heat.  Certain organs, such as the 

eyes, scrotum and testes are less capable of regulating and dispersing heat and are 

therefore more susceptible to harmful effects of RF exposure during MRI (Shellock 

1987).  Research conducted on the effects of energy induced heating on testicular 

function (eg. reduction or cessation of spermatogenesis, impaired sperm motility, 

degeneration of seminiferous tubules etc.) for example, suggest temperature increases 

which raise the temperature of the tissue between 38ºC to 42 ºC may be detrimental 

(Adair 1989).  However, research measuring scrotal skin temperature in human 

volunteers exposed to MRI recorded a maximum temperature of 34.2 ºC, well within the 

threshold known to impair testicular function (Shellock 1990).   

 

The majority of studies evaluating thermoregulatory reactions to tissue heating associated 

with exposure to RF radiation during MRI are however, based on animal models which 

are unable to mimic or simulate human factors, such as anatomy, tissue volume including 

subcutaneous fat, physical condition, age etc. (Adair 1986; Adair 1989; Shellock 2000a).  

Furthermore, the body responds to thermal challenges and the need to maintain thermal 

homeostasis by attempting to lose heat by means of convection, conduction, radiation and 

evaporation.  Failure of any one of these thermoregulators because of an underlying 

health condition, use of medications (Rowell 1983; Drinkwater 1979; Fennel 1969; 

Barany 1955; Buskirk 1965; Jauchem 1985) and/or environmental factors (Formica 2004) 

to dissipate heat load results in an accumulation or storage of heat and an elevation in 

local and/or overall tissue temperature (Gordon 1987). 

 

(b)  Thermal effects on implants  

 

Biomedical implants and devices are also known to undergo heating when subjected to 

B1. (Davis 1981; Shellock 1994, 1995, 1996, 1998, 1999, 2001; Sawyer-Glover 2000; 

Sommer 2000; Levine 2007)  However, certain implants and devices, such as electrodes, 

leads, guide-wires and certain types of catheters which have an elongated structure, are 
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more prone to act as receiving and re-transmitting “antenna” especially if they are the 

right length (Nitz 2001; Pictet 2002; Dempsey 2001).  Laboratory studies using phantoms 

to assess heating-induced temperature increases in implants and devices associated with 

B1 have suggested in addition to lead length the resultant heating is dependent on a 

number of other factors such as the presence of loops, the position, structure and 

geometry of the implant inside the phantom, thickness of the external lead insulation, 

shape and size of the phantom and position of phantom inside the coil (Dempsey 2001; 

Nyenhuis 2005; Mattei 2008; Pictet 2002; Sommer 2000; Muranaka 2007).  A review of 

the literature by Nyenhuis (2005) of temperature rises in vitro in deep brain stimulator 

leads (DBS) noted the presence of loops could be used as a practical method for reducing 

temperature increases.  Moreover, Mattei (2008) demonstrated maximum heating is 

produced when leads are sited close to the edge of the phantom, regardless of whether 

they are unipolar or bipolar, and towards the edge of the coil because of the greater 

electric field intensity at the periphery of the phantom adjacent to the inner wall of the RF 

coil.  Although Luechinger (in Nyenhuis 2005) found temperature rises in unipolar leads 

were greater than bipolar leads, Mattei (2008) noted that if placed in close proximity to 

the edge of the phantom temperature increases were lower.  However, if unipolar leads 

were centrally placed in the phantom heating was greater than in bipolar leads.  Mattei 

however, cautions against making any general assumptions because these results were 

based on a limited number of positions and lead paths.  The degree of heating in internal 

leads is also influenced by the presence and thickness of the insulation sheath.  Un-

insulated short (i.e. <15 cm) straight wires have been shown to demonstrate higher 

induced temperatures compared with insulated wires of the same shape and length.  

Furthermore, as the thickness of insulation increases the degree of heating decreases 

(Mattei 2008). 
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(c) Thermal effects on external device leads 

 

B1 has been shown to be responsible for focal heating of external medical devices such as 

physiological monitoring devices (e.g. electrocardiographic leads and electrodes, 

fingertip attachments, Swan-Ganz catheters, halo pins, transdermal patches etc.) during 

MRI.  In the worst cases this has caused thermal injuries to patients, especially if direct 

contact between the patient’s limbs or other body parts and the RF body coils, transmit 

coils or, if skin-to-skin contact occurred (Shellock 1996; Knopp 1996; Keens 1996; Hall 

1992; Brown 1993, Dempsey 2001; Dempsey 2001; Kim 2003; Karch 2004; Haik 2009).  

RF used in MRI induces voltages in conductive media such that electric currents are 

produced and power loss is by ohmic or induction heating.  Assessment of the heating 

effects of conductive media during MRI on implants and devices have worked on the 

theory loops or circuits created by monitoring cables and the patient’s skin amplify the 

circuit’s inductance as well as, the current’s intensity causing increases in the temperature 

of the cable which in turn, causes thermal injury.  However, results suggest evidence to 

the contrary.  Studies have found heating resulting from electromagnetic induction alone 

is insufficient to cause significant temperature increases and therefore thermal injury 

(Buchli 1988; Davis 1981; Chou 1997; Dempsey 2001).  An alternative theory suggested 

by Demsey (2001) is, if a large enough loop is sited in or near resonance it can induce 

sufficient electrical energy to break down the capacitive component of the circuit 

resulting in burns.  Furthermore, and as mentioned earlier in this section, a cable of the 

right length (i.e. resonant length) can act as an antennae and as such, is sensitive to the 

electric rather than the magnetic component of B1 and may therefore cause thermal injury 

(Pictet 2002; Dempsey 2001).  However, as with internal implants and devices this effect 

depends on a number of variables such as, orientation of the loop not just cable length.  

Under normal imaging conditions currents are induced in the human body but, if loops 

are created a concentrated conduction of current creating a high current density in the 

tissue under the electrode can occur causing thermal injury at the site.   

 

125 
 



4.3 Chapter summary 

 

Despite its many advantages and overall paucity of accounts reporting harmful effects of 

MRI anxiety persists about the intrinsic hazards associated with human exposure to 

strong magnetic fields as well as the interactions between certain biomedical implants 

and magnetically induced forces generated during MRI.  Particular concerns about the B0 

field and its large spatial gradient relate to latent physiological effects on human tissue, 

the potential for objects to become projectiles, the attractive/repulsive possibility of 

implants to the field causing movement, dislodgement or functional impedance in vivo 

and, the potential for thermal injuries to occur.  Although the dB/dt fields are several 

times weaker than the B0 field and are therefore unlikely to pose any significant risks to 

patients the sudden ‘ramping up and down’ of the field gradients may induce voltages 

and currents with sufficient intensity to heat body tissue and metallic implants and cause 

nerve and muscle stimulation.   Research however, indicates these bio- and sensory 

effects appear to be transient and are more disconcerting for the patient rather than 

harmful.  More serious are the thermal injuries caused by exposure to the B1 field either 

as a result of induced currents and subsequent heat generation within tissue or, heating of 

implants and devices particularly those with the right resonant length and structure 

causing them to act as re-transmitting ‘antenna’.    

 

Although the potential collision hazard risks have been evaluated and are more readily 

understood little if anything is known about the in vivo movement of implants exposed to 

magnetically induced forces associated with MRI.  Results from ex vivo assessment of the 

translation and rotational responses to the B0 field have been applied and assumptions 

made about the possible behaviour of implants in vivo and the associated risk to the 

patient of injury or death.  Research however suggests the retentive forces which preserve 

an implant may be weakened by the aging process and/or disease thus increasing the risk 

of unwanted implant movement or dislodgement.  Moreover, these risks may be further 

increased as increasing numbers of higher field strength MR systems are used for clinical 
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diagnosis.  In addition, the interaction between the B0 field and metallic components in 

implants and the potential for implant malfunction as a consequence has not been 

investigated but only surmised.  It is therefore essential we investigate more fully the 

interaction of biomedical implants with the B0 field at both low and high field strengths to 

identify: movement of a retained implant, the direction and degree of displacement as 

well as the applied force and, assess whether functional valve performance is impeded by 

the change in flux as the implant moves through the B0 field.  The focus of this study 

aims to address the lack of information pertaining to the interaction between the B0 field 

with prosthetic heart valves in an effort to evaluate the potential for movement or 

functional valve impedance resulting from induced translation and rotational forces.  The 

next chapter describes the methods used to assess magnetic field interactions associated 

with the 1.5 T and the 3.0 T MR environments with restrained heart valve prostheses ex 

vivo and in vitro.  
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Materials and Methods  
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5. Introduction 

 

As previously mentioned increased longevity and advances in medical technology has led 

to a significant rise in both heart valve replacement surgery with a prosthetic valve and, 

the demand for ultra-fast MR techniques (see Chapters 2 & 4).  Consequently, there is an 

increasing probability patients with prosthetic heart valves will become candidates for 

MRI procedures.  However, despite existing research on the safe exposure of heart valve 

replacement patients to the MR environment there is a lack of empirical evidence relating 

to the impact of MR associated magnetically induced forces acting on the prosthesis as it 

moves through the B0 field and its associated gradient magnetic field (ie. dB/dx).  

Researchers have for example, theorised magnetic fields induced by certain components 

within the valves themselves may cause retardation of the valve’s leaflets/occluder and 

thus increase the risk of regurgitation and reduction in cardiac output.  This chapter 

therefore describes a novel method for detecting and recording ex vivo, movement of 9 

different heart valve prostheses exposed to the B0 field and the functional valve 

performance in vitro.  The chapter is divided into three sections.  Part I discusses the 

Materials and Methodology of the preliminary investigations which provided the basis to 

the research described in the main body of this thesis.  In addition, the section also 

discusses the limitations identified with regards to the preliminary research apparatus and 

methodology and what attempts were made to improve these.   

 

Parts II and III describe the Materials and Methods used to address the question posed by 

this thesis and test the hypothesis.  Part II describes the specially designed test apparatus 

fabricated to detect and record (a), the movement of a prosthetic heart valve placed 

statically within and, as it was continuously advanced through the B0 field (b), the 

direction and magnitude of detected movements and (c), any changes in the dynamic 

profile of a valve prosthesis indicating an interaction of the valve’s leaflet(s)/occluder 

with the induced magnetic field.  Part III describes the methodology employed for 

mapping the magnetic gradient fields of the two MR environments, calibrating the 
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experimental test equipment for both the ex vivo and in vitro experiments and, conducting 

the baseline and experimental test measurements. 

  

130 
 



Part I 

Preliminary investigations to measure the interaction between MR associated 

magnetically-induced forces and prosthetic heart valves 

 

5.1. Study I 

 

(a) Measurement of translational (displacement/deflection) force 

 

As part of the process for evaluating the interaction of heart valve prostheses with MR 

associated magnetically induced forces, I conducted a number of preliminary 

investigations ex vivo at 1.5 T and 4.7 T using an adaption of the methodology first 

presented by New et al in 1983 and subsequently adopted as an international standard 

(ASTM FF1542-94; ASTM 2052-06 48).  In each of the studies a prosthetic heart valve 

was attached to a piece of lightweight thread (0.3 m in length) and suspended from the 

centre of an MR compatible test rig (Figure 5.1).  The rig was placed at the position 

within the MR system(s) where the spatial gradient of the magnetic field was determined 

to be at its maximum based on measurements recorded at intervals along the z-axis using 

a gauss meter and axial probe.  The angle at which the heart valve prosthesis deflected 

from the vertical was determined by taking multiple measurements which were then 

averaged.  

 

In the first of these three investigations, 32 different heart valves were tested at 1.5 T 

(Table 3).  As Figure 5.1 shows the prosthetic heart valve was suspended from the 0º 

indicator of a 180º non-ferromagnetic protractor positioned on the right-hand side of a 

Perspex stand.  The 0º indicator was orientated vertically.  The test rig was positioned 35 

cm inside the bore of a magnet (General Electric Medical Systems, Milwaukee, WI) and 

at an off-axis position where the highest spatial gradient of the magnetic field had been 

48 American Society of Materials Testing (ASTM) is the recognized body for developing standard test 
methods for assessing the safety of medical devices and implants in the MR environment.  
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determined.  However, although the accuracy of the measuring device was calculated as 

±0.5º, the confined space of the bore of the magnet made precise reading of the protractor 

difficult.  Furthermore, during testing it was noted some valves were repulsed by the B0 

field and therefore deflected away from the protractor.  Thus, because the protractor was 

not fully 360° full circle any measurement of deflection away from the iso-centre 

required the test rig to be partially dismantled, the protractor re-positioned and the valve 

remounted so measurements could be recorded.  Since there was no indication, prior to 

exposing the valves to the magnetic field, which ones would be repulsed from B0 field 

this interfered with the order of testing the valves and proved time very consuming.  As a 

result of these shortcomings modifications were made to the test apparatus to improve the 

accuracy and ease of taking measurements and reduce the margin of error (Figure 5.2). 

 

Figure 5.1 Diagram of test rig used to measure displacement forces @ 1.5 T 

 

 

 

 

(b) Measurement of rotational (torque) force 

Assessments of magnetic field interactions for rotational forces were conducted in 

conjunction with the evaluation of displacement forces.  Although attempts to 

quantitatively measure torque by suspending an implant by a silk thread held in tension 
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by a lead weight and measuring the angle of deflection from the vertical had previously 

been reported (New 1983; Schueler 1999), the accuracy of these measurements was 

relatively low.  Schueler (1999) for example, calculated the error rate to be approximately 

20%.  Furthermore, he argued only forces or torques acting perpendicular to gravity could 

be measured particularly if the implant did not have a well-defined axis of alignment.  

Thus, given the recognised problems associated with the accuracy of this test method as 

well as the lack of recognised published standard methods for measuring magnetically 

induced torque it was decided to assess torque force by applying a qualitative scale of 

measurement to un-weighted heart valve prostheses.  In the first of the series of studies 

each prosthetic heart valve was suspended from a thin piece of thread held between the 

investigator’s two fingers whilst positioned inside the bore of the magnet.  The valve was 

rotated in 45º increments through 360º rotation to observe the effects of torque.  A five 

point qualitative scale of torque previously described by Shellock was used to define the 

result (Shellock 1998; Table 4).  However, during the execution of these measurements I 

identified a number of limitations of the method and scale of measurement which 

increased the potential for error.  Firstly, the cramped conditions inside the bore of the 

magnet and the way in which the investigator was positioned made it difficult for the 

heart valve prosthesis to be held in a steady position for sufficient time to record any 

movement resulting from rotational forces.  Moreover, use of the investigator to hold the 

heart valve meant it was very difficult to ensure movement of the valve resulted from 

interaction with magnetic forces and not accidental movement by the investigator.  

Thirdly, because all measurements were carried out and recorded by only one investigator 

there was an increased risk of possible human error.  Furthermore, determining the speed 

at which any alignment towards the magnetic field was highly subjective and was thus 

open to future inter-investigator variation.  In order to reduce this margin of error and 

improve the accuracy of the test equipment and methodology modifications to both the 

test apparatus and investigator methods were therefore made.  The subsequent study is 

now described.  
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Table 3:  List of heart valve prostheses evaluated for MR safety @ 1.5 T & 4.7 T 

No Prosthesis name Group Type Site Model Size  

(cm) 

Mass 

(g) 

Materials Field 
strength 

1.5 T 

Field 
strength 

4.7 T 

1 AorTech Mechanical Single leaflet Aortic 3800 23 3.28 Pyrolitic carbon, Grade A-
70 titanium, knitted Teflon 

   

2 AorTech Mechanical Single leaflet Mitral 4800 25 4.05 Pyrolitic carbon, Grade A-
70 titanium, knitted Teflon 

   

3 Aspire Bioprosthesis Animal tissue Mitral M55 27 4.94 Porcine tissue, Dacron, 
PTFE 

   

4 ATS Medical  Mechanical Bileaflet Mitral 500DM 29 5.30 Pyrolitic carbon, Teflon    

5 ATS Medical  Mechanical Bileaflet Aortic 501DA 18 3.68 Pyrolitic carbon, Teflon    

6 ATS Medical  Mechanical Bileaflet Aortic 500 FA 25 4.39 Pyrolitic carbon, titanium, 
Dacron, Teflon 

   

7 Beall Mechanical Caged disc Mitral Unknown 29 15.41 Pyrolitic carbon, pyrolitic 
carbon with Dacron 

    

8 Biocor Bioprosthesis Animal tissue Aortic H3636 23 3.35 Porcine tissue, Celon, 
Dacron 

   

9 Björk Shiley  
conical disc 

Mechanical Single leaflet Mitral MBUP 21 4.46 Pyrolitic carbon, chromium 
cobalt alloy, Teflon 

    
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10 Björk Shiley  
conical disc 

Mechanical Single leaflet Mitral MBRP 21 4.07 Pyrolitic carbon, chromium 
cobalt alloy with Teflon 

    

11 Björk Shiley 
monostrut 

Mechanical Single leaflet Mitral MBUM 25 4.43 Pyrolitic carbon, chromium 
cobalt alloy, Teflon 

    

12 Björk Shiley 
monostrut 

Mechanical Single leaflet Aortic ABMS 17 3.57 Pyrolitic carbon, chromium 
cobalt alloy with Teflon 

    

13 Björk Shiley 
monostrut 

Mechanical Single leaflet Mitral MBRMS 23 5.75 Pyrolitic carbon, chromium 
cobalt alloy with Teflon 

    

14 Björk Shiley 
monostrut 

Mechanical Single leaflet Mitral Unknown 33 7.54 Pyrolitic carbon, chromium 
cobalt alloy with Teflon 

   

15 Björk Shiley 
spherical disc 

Mechanical Single leaflet Mitral MBP 31 7.29 Pyrolitic carbon, chromium 
cobalt alloy with Teflon 

   

16 Björk 
Shiley 60º 
cc  

Mechanical Single leaflet Aortic ABC 27 4.06 Pyrolitic carbon, chromium 
cobalt alloy with Teflon 

   

17 Björk Shiley 
60º cc valve 
graft 

Mechanical Single leaflet Aortic AGVCM 25 7.84 Pyrolitic carbon, chromium 
cobalt alloy with Teflon 

   

18 CarbonArt Mechanical Bileaflet  
valve graft 

Aortic AVP27/30 27 11.67 Pyrolitic carbon, T9614V, 
Carbofilm, pyrolitic carbon, 
polyacetal, PTFE, PTE 

   

19 Carbomedic 
standard 

Mechanical Bileaflet Aortic 500 21 2.83 Pyrolitic carbon, titanium, 
Dacron, biolite 

   
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20 Carbomedics 
supra-annular 
(Top Hat) 

Mechanical Bileaflet Aortic S500 23 3.23 Pyrolitic carbon, titanium, 
Dacron, biolite 

   

21 Carbomedic 
standard 

Mechanical Bileaflet Mitral 700 31 6.25 Pyrolitic carbon, titanium, 
Dacron, biolite 

   

22 Carbomedics 
SuMit 

Mechanical Bileaflet Mitral S700 29 5.88 Pyrolitic carbon, titanium, 
Dacron, biolite 

   

23 Carbomedics 
valve graft 

Mechanical Bileaflet  
valve graft 

Aortic AP500 34 - Graphite, pyrolitic carbon, 
titanium, Dacron, biolite 

   

24 Carpentier 
Edwards  

Bioprosthesis Animal tissue Aortic 2625 31 6.63 Porcine tissue, Elgiloy, 
Teflon 

   

25 Carpentier 
Edwards  

Bioprosthesis Animal tissue Mitral 6900 33 6.31 Bovine pericardium, 
Elgiloy, PTE cloth, 
polyester, silicone 

   

26 Carpentier 
Edwards supra-
annular 

Bioprosthesis Animal tissue Mitral 6650 31 7.42 Porcine tissue, Elgiloy, PTE 
cloth, silicone rubber, PTFE 
cloth 

   

27 Contegra Bioprosthesis Animal tissue Pulmonary 200 18 3.94 Bovine pericardium, 
polypropylene 

   

28 Duromedics 49 Mechanical Bileaflet Aortic 3160 27 7.97 Pyrolitic carbon, satellite, 
Dacron, Biolite 

   

29 Duromedics Mechanical Bileaflet Mitral 9120 29 5.61 Pyrolitic carbon, satellite, 
Dacron, Biolite 

   

30 Durafic  Human Human tissue Aortic AD 33 2.97 Human tissue + unknown 
stent/ring materials 

    

49 This valve is also referred to as the Edwards Tekna valve 
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31 Durafic  Human Human tissue Mitral MD 23 4.08 Human tissue + unknown 
stent/ring materials 

    

32 Elan Bioprosthesis Animal tissue Aortic AV33/P 22 3.49 Porcine xenograft, porcine 
pericardium. 

   

33 Elan valve graft Bioprosthesis Animal tissue Aortic RE80/P 23        6.23 Porcine xenograft, porcine 
pericardium 

   

34 Freedom Bioprosthesis Animal tissue Aortic PF 25       2.59 Bovine pericardium, 
Carbofilm 

   

35 Freestyle Bioprosthesis Animal tissue Aortic 995MS 27        8.39 Porcine xenograft, polyester    

36 Hancock 
pericardial 

Bioprosthesis Animal tissue Mitral T410 25 4.99 Bovine tissue, Haynes 
alloy, polyester 

    

37 Hancock 
Modified Orifice  

Bioprosthesis Animal tissue Aortic 250 21 4.19 Porcine tissue, Dacron, 
Hayes alloy #25, 
polypropylene, Stellite, 
silicone rubber 

   

38 Hancock II 
Modified Orifice  

Bioprosthesis Animal tissue Aortic T505 25 5.23 Porcine tissue, acetal 
homopolymer, polyester, 
Haynes alloy #25 

   

39 Intact Bioprosthesis Animal  tissue Aortic A805 19 3.18 Porcine tissue, Acetyl 
copolymer, Dacron 

    

40 Intact Bioprosthesis Animal tissue Mitral M705 25 5.94 Porcine tissue, Acetyl 
copolymer, Dacron 

    

41 Ionescu Shiley Bioprosthesis Animal tissue Aortic ISA 23 5.62 Bovine pericardium, 
titanium, Dacron, Teflon 

   
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42 Jyros Mechanical Bileaflet Mitral J1M 30 7.22 Pyrolitic carbon, boron 
carbide, carbon 

    

43 Jyros Mechanical Bileaflet Aortic J1A 26 5.29 Pyrolitic carbon, boron 
carbide, carbon 

    

44 Labcor Synergy  Bioprosthesis Animal tissue Aortic TLPB-A 21 3.58 Porcine pericardium, 
composite co-polymer, 
silicone 

   

45 Labcor Synergy  Bioprosthesis Animal tissue Mitral TLPB-M 25 5.12 Porcine pericardium, 
composite co-polymer, 
silicone 

   

46 Liotta Bioprosthesis Animal  tissue Aortic MA783 23 4.94 Porcine tissue, Acetyl resin, 
Delrin, Dacron 

    

47 Medtronic Mechanical Single leaflet Aortic A7700 23 2.96 Pyrolitic carbon, titanium, 
Teflon 

   

48 Medtronic Mechanical Single leaflet Mitral M7700 23 4.19 Pyrolitic carbon, titanium, 
Teflon 

   

49 Medtronic Mechanical Single leaflet Mitral MHK 29 5.74 Pyrolitic carbon, titanium, 
Teflon 

   

50 Mira Mechanical Bileaflet Mitral 9600 27 7.21 Pyrolitic carbon, Carbofilm, 
titanium, polyester 

   

51 Mitroflow Bioprosthesis Animal tissue Aortic 11A 25 3.59 Bovine tissue, Delrin, 
Dacron, silicone 

    

52 Mitroflow Bioprosthesis Animal tissue Mitral 11M 29 4.19 Bovine tissue, Delrin, 
Dacron, silicone 

   
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53 Mitroflow Bioprosthesis Animal tissue Aortic 14A 25 3.23 Bovine tissue, Delrin, 
Dacron, silicone 

   

54 Mitroflow Bioprosthesis Animal tissue Aortic 141 25 3.23 Bovine pericardium, Delrin 
500, Dacron, silicone 

   

55 Mitroflow Bioprosthesis Animal tissue Mitral 121 29 4.19 Bovine pericardium, Delrin 
500, Dacron, silicone 

   

56 Mitroflow Synergy Bioprosthesis Animal tissue Aortic 12A 21 3.17 Bovine pericardium, acetal 
homopolymer, polyester, 
silicone 

   

57 MØre Bioprosthesis Animal tissue Aortic PN 19 2.25 Bovine pericardium, 
polyacetal resin, PET, 
Carbofilm 

   

58 Mosaic Bioprosthesis Animal tissue Aortic 305 29 6.23 Porcine tissue, acetal 
homopolymer, polyester 

   

59 Omniscience Mechanical Single leaflet Mitral 2522 25 4.35 Pyrolitic carbon, titanium, 
Dacron 

   

60 On-X Mechanical Bileaflet Aortic ONXA 19 3.21 On-X ™, pyrolitic carbon, 
PTFE 

   

61 On-X Mechanical Bileaflet Mitral ONXM 31-33 7.62 On-X ™, pyrolitic carbon, 
PTFE 

   

62 Smelloff Cutter Mechanical Caged ball Aortic SA 21 9.74 Silicone rubber, titanium, 
polyester, Teflon 

    

63 Sorin Allcarbon  Mechanical Bileaflet Mitral MTR-AS 29 6.00 Pyrolitic carbon, Teflon, 
Carbofilm 

   

64 Sorin pericabon 
(stented) 

Bioprosthesis Animal tissue Mitral SM 33 7.73 Bovine tissue, polyacetal 
resin, tantalum, PET 
Carbofilm 

    
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65 St Jude Masters Mechanical Bileaflet Aortic AJ -501 25 4.22 Pyrolitic carbon, Dacron    

66 St Jude Standard Mechanical Bileaflet Aortic AEC 27 2.60 Pyrolitic carbon, Dacron    

67 St Jude Standard Mechanical Bileaflet Mitral MEC 25 4.23 Pyrolitic carbon, Dacron   

68 St Jude Regent Mechanical Bileaflet Aortic AGN-751 17 1.23 Pyrolitic carbon, Dacron    

69 St Jude Regent Mechanical Bileaflet Aortic AGN-751 25 4.23 Pyrolitic carbon, MP35N, 
Dacron 

   

70 St Jude valve 
graft 

Mechanical Bileaflet  
valve graft 

Aortic CAVG 27 5.55 Pyrolitic carbon, Meadox, 
Hemasheild, velour 
polyester 

   

71 Starr Edwards Mechanical Caged ball Mitral 6120 32 11.78 Stellite alloy #21, barium 
sulphate, silicone rubber, 
Teflon, polypropylene cloth 

    

72 Starr Edwards Mechanical Caged ball Mitral 6320 32 11.93 Stellite alloy #21, metal 
studs, polypropylene, 
Teflon 

    

73 Starr Edwards Mechanical Caged disc Mitral 6520 26   7.46 Polyethylene, titanium, 
Stellite alloy #21, Teflon, 
polypropylene 

   

74 Tascon Bioprosthesis Animal tissue Aortic Unknown 23   8.81 Porcine tissue, Elgiloy, 
polyester 

    

75 Toronto stentless  Bioprosthesis Animal tissue Aortic SPA-101 25 4.32 Porcine tissue    

76 Toronto root Bioprosthesis Animal tissue Aortic Root 27      8.93 Porcine, BiLinx ™ AC, 
polyester 

   

77 Ultracor Mechanical Single leaflet Aortic 3800 23 3.28 Pyrolitic carbon, grade A-
70 titanium, Teflon 

   
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78 Ultracor Mechanical Single leaflet Mitral 4800 25 4.05 Pyrolitic carbon, grade A-
70 titanium, Teflon 

   

79 Wessex Bioprosthesis Animal tissue Mitral WAV10 31 7.21 Porcine tissue, Acetal 
polymer, silicone rubber, 
Teflon 

    

80 Wessex Bioprosthesis Animal tissue Aortic WMV20 25 5.53 Porcine tissue, Acetal 
polymer, silicone rubber, 
Teflon 

    

81 Xenofic Bioprosthesis Animal tissue Aortic AP80 23 6.67 Bovine tissue, Teflon, 
stainless steel 

    

 

  
Valve manufacturers (valve numbers):  Alliance Medical, UK (11-14); Aortech Ltd, UK (1-2, 78-79); ATS Medical Inc, USA (4-6); Axion 
Medical Ltd, USA (42-43); Bolton Medical, UK (60-61); Coratomic Inc. USA (7); Cutter Laboratories; USA (62); Edwards Lifesciences , USA 
(24-26, 28-29, 50,71-73); Heart Institute, Sao Paolo Brazil (74); Implantes Medicos, Spain (81); Koehler Chemie, UK (3, 32-33); Medical 
Incorporated Inc, USA (59); Medtronic Ltd, USA (27, 35-40, 47-49, 58); Mitroflow International Inc, USA (51-53); Pfizer Inc, USA (16-17); 
Shiley Inc, USA (9-10, 15, 41); St Jude Medical Ltd, UK (8, 6, 65-70, 75-76); Sorin Biomedica Cardio SpA, Italy (18, 34, 44-45, 54-57, 63-64 
79-81); Sulzer Carbomedics, UK (19-23). 
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Table 4 Qualitative scale of measurement for rotational forces 

 

 

 

 

 

 

 

 

 

5.2 Study II 

(a) Measurement of translational (displacement/deflection) force 

 

In this second investigation 81 heart valve prostheses were assessed for interactions with 

MR induced magnetic forces associated with a 4.7 T MR system (Table 3).  The basic 

methodology remained the same as before with regards to plotting the spatial gradient of 

the magnetic field and positioning the valve on the test rig.  However, modifications 

were made to the test apparatus and included, constructing a T-shaped wooden stand and 

attaching a rectangular glass plate which, in order to avoid parallax error had been 

etched with a 360º circular protractor for measuring the angle of deflection from the 

vertical regardless of the direction of the displacement (ie. attractive/repulsive).  In 

addition, a mirror was positioned at 45º to the test rig to allow the investigators to 

accurately read and record the angle of deflection without the need to be positioned 

inside the bore of the magnet (Figure 5.2).  Furthermore, two persons were employed to 

independently read and record the angle of deflection of each heart valve.  Although 

Measurement 
scale 

 
Definition  

 
Description  

  0 

 

No torque   

+1 
Mild torque  The device changed orientation slightly but 

did not align to the magnetic field. 
 

+2 Moderate torque  The device aligned gradually to the 
magnetic field.  
 

+3 Strong torque  The device showed rapid and forceful 
alignment to the magnetic field.  
 

+4 Very strong torque  The device showed very rapid and very 
forceful alignment to the magnetic field.  
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Direction of the 
magnetic field 

changes in the design of the equipment proved successful in reducing the time required 

to perform each measurement and made reading and recording the angle of displacement 

of the prosthesis in either direction along the z-axis easier, there was only a small 

reduction in the recorded rate of error (ie. accuracy was ±0.2º).  Nonetheless, this degree 

of error was considered acceptable.   

 

Figure 5.2 Diagram of test rig used to measure displacement forces @ 4.7 T 

 

 

 

(b) Measurement of rotational (torque) force 

Given the limitations identified in the first investigation to assess rotational forces an 

attempt was made in this study to simplify the methodology and scale of measurement in 

order to improve accuracy and repeatability.  The method employed required each heart 

valve to be vertically suspended from the test rig (see above assessment of displacement 

force) either parallel (i.e. 180º) or perpendicular (i.e. 90º) to the long axis of the 

magnet’s bore from a lightweight thread before being placed in the centre of the MR 

system (Magnex, Oxford).  A three point qualitative scale of measurement which aimed 

to assess occurrence and degree of re-alignment with the B0 field was then applied 

(Table 5).  However, despite these modifications limitations of this measurement scale 
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were acknowledged.  Although a concise and simpler scale of measurement it was 

nonetheless still a subjective measurement tool and failed to provide quantitative data 

for analysis and the calculation of actual applied force.  As a result the type of analysis 

which could be performed was limited.   

 

Table 5 Revised qualitative scale of measurement for rotational forces 

 

 

 

 

 

 

 

The methodology used for these early investigations limited the type of analysis which 

could be performed.  In the first investigation a descriptive analysis of the translational 

and rotational forces displayed by the prostheses was possible (see Chapter 6, Part I).  

However, no further analysis was undertaken with regards to the assessment of magnetic 

field induced interactions.  In the subsequent investigation a more detailed analysis of 

the translation force ( Ftrans) in the z-direction  was given by: 

 

Equation [2]:   Fm = mg tanα 
 

Where m is the mass of the prosthesis, g is the gravitational constant (ie. 9.81 

meters/second2 (m/s2)) and tan α is the tangential angulation of the thread from the 

vertical.    If the value for α is less than 45° Fm is found to be less than the gravitational 

force acting upon the device and therefore the patient is not considered to be at risk of 

harmful injury (ASTM 2006).  The sense of deflection was dependent upon whether the 

Measurement 
scale 

Definition 

  
  0 Zero torque 

+1 Alignment or rotation of >0º to 45º from the starting position 
 

+2 Alignment or rotation of >45º to 90º from the starting position 
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prosthesis was diamagnetic (negative susceptibility (χ)) or paramagnetic (positive χ).  In 

addition, the mechanical forces of the beating heart (MF) were also calculated for each 

prosthetic valve taking into account the valve’s size (ie. annulus diameter (mm), weight 

(g) and anatomical position (ie. aortic or mitral) using mean aortic pressure and peak left 

ventricular pressure accordingly and calculated using the following equation: 

 

Equation [3]:  MF = 1.047 x 10-4 x P x d2  
 
where 1.047 x 10-4  is the constant, P is pressure measured in mmHg and d is the 
diameter of the valve ring  (mm).   
 

    

5.3 Limitations of these early investigations 

Despite the modifications to the test apparatus and methodology and, although analysis 

of the results allowed calculation of the actual applied magnetic displacement force on 

the prosthetic heart valve in comparison to the mechanical forces of the beating heart 

(Table 7 Chapter 6) a number of limitations remained.  Firstly, all investigations 

conducted were ex vivo and therefore did not take into account the in vivo conditions 

including the correct anatomical position and orientation of the heart valve.  The test 

apparatus did not provide any reaction torque thus the valve was free to rotate and 

therefore no account was made for the retentive and counteractive forces such as, 

endothelialized tissue, sutures, haemodynamic flow etc. keeping it in place.  All 

measurements recorded were one dimensional and only taken at static positions along 

the z-axis.  Thus, any movement of the valve in any plane as the patient was moved in 

and out of the magnet was therefore missed.  Finally, the use of a qualitative scale of 

measurement for magnetically induced torque force was subject to a variable degree of 

error.  Nonetheless, as previously mentioned these and other investigations have 

provided us with some knowledge of the magnitude of the applied magnetic 

displacement force acting on a prosthetic heart valve placed statically within the B0 and 

dB/dx field of a 1.5 T and 4.7 T MR environment.  As a result, it may therefore be 
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possible to assess the risks of movement or dislodgement of the prosthesis in vivo within 

these environments as long as the patient remains motionless.  However, the lack of 

empirical evidence means we do not know whether these risks or the risk of valve 

impedance are increased as the valve moves through the magnetic field and whether 

these are sufficient to pose a significant risk of harm to the patient.  Nor do we know 

whether any movement of the valve is strictly one dimensional or whether it is likely to 

exhibit movement along another plane.  Finally, the lack of empirical quantitative data 

on the impact of rotational forces on a prosthetic heart valve placed within the MR 

environment has made it impossible to assess the risks of movement or dislodgement 

due to torque force which, as Chapter 4 suggests, is potentially more hazardous to the 

patient.  As a result of the limitations identified in these and previous studies the next 

part of research sought to design a novel method for detecting and measuring 

magnetically induced forces on prosthetic heart valves exposed to the B0 field within the 

MR environment. 

 

The questions raised therefore are: 

 

(a) What is the direction and magnitude of any prosthesis movement within the MR 

environment as it advances through the B0 field ?  

 

(b) Are these forces sufficient to cause harmful movement or dislodgement of the 

prosthesis or impede valve function ? 

 
(c) Are MR associated magnetically induced forces sufficient to pose a significant 

risk of harm to a prosthetic heart valve implant patient ? 

 
 

5.4 Study aims & objectives 

 

This study seeks address these questions and has thus identified the following as the 

aims and objectives of this investigation. 
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5.4.1 Aims 

 

• design an MR compatible device with the sensitivity and capacity to:  

 

o detect and record, ex vivo, any movement of a prosthetic heart valve placed 

statically within and, as it is moved continuously through the B0 field 

associated with a 1.5 T and a 3.0 T MR environment, 

 

o identify where in the B0 field prosthesis movement occurred, 

 

o detect and record any changes in the hydro-dynamic flow of the prosthesis, 

 
• evaluate the device’s ability to achieve the above. 

 

5.4.2 Objectives: 

 

• compare and review baseline profiles for the apparatus at 1.5 T and 3.0 T with 

prosthesis profiles for static and dynamic placement to determine: 

 

o prosthesis movement within the MR environments, 

o location within the B0 field prosthesis movement occurred, 

o differences in hydro-dynamic flow and thus functional valve 
performance. 
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5.5 Hypothesis: 

 

Thus the hypothesis of this investigation is: 

 

H0: This novel device will lack the sensitivity and capacity to detect and record the 

occurrence, frequency, direction and magnitude of prosthetic valve movement and, 

valve function as the valve moves through the dB/dx and B0 field associated within 

the MR environment; 

 

and the alternative hypothesis states: 

 

H1: This novel device will have the sensitivity and capacity to detect and record the 

occurrence, frequency, direction and magnitude of prosthetic valve movement and, 

valve function as the valve moves through the dB/dx and B0 field associated within 

the MR environment.   

 

The next section of this Chapter describes the Materials and Methodology used to 

address the above questions and achieve the aims and objectives of this investigation.  

The first part, Part II, describes the materials used which are common to both and 

specific to the ex vivo and in vitro tests.  Part III describes the methodology employed 

and begins with a description of the methods for calibrating the test apparatus and 

plotting the dB/dx and B0 fields for the 1.5 T and the 3.0 T MR environments.  This is 

followed by a description of the methodology used for each investigation to identify ex 

vivo any movement of the prosthetic heart valve as it travels through dB/dx and B0 field 

and any interaction in vitro of the magnetic field with the valve leaflets/occluder thus 

impeding valve function. 
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Part II 

Experimental investigations 

Materials  

 

5.6 Introduction 

 

Part II of the Materials and Methods chapter begins with a description of the 

components of the test apparatus common to both investigations and includes the 

different heart valve prostheses, the Heart Valve Motion Analysis System and the MR 

systems.  A description of the apparatus employed for each type of investigation i.e. ex 

vivo and in vitro concludes this section of the Materials segment. 

 

5.6.1 Heart valve prostheses: 

Nine different models of prosthetic heart valves implanted in the United Kingdom 

between 1974 and 2005 (unpublished data; UK Heart Valve Registry data 1986 – 2007) 

were evaluated for interactions with the magnetic fields at 1.5 Tesla (T) and 3.0 T (Table 

6, Figure 5.3).  There were six mechanical valves and three bioprostheses.  Three valves 

within the mechanical group were caged housing design valves.  These were the Starr 

Edwards caged-ball valve (x2) and Starr Edwards caged-disc valve (x1).  Two valves, 

the Björk Shiley 60° convexo-concave valve and Medtronic Hall valve were tilting 

disc/single-leaflet valves and one valve, the Edwards Tekna valve was bileaflet.  The 

remaining three valves were bioprostheses; the Carpentier Edwards supra-annular 

porcine valve, Hancock Modified Orifice II porcine valve and the Carpentier Edwards 

pericardial valve.  Five out of nine valves were aortic and four were mitral with valve 

sizes ranging from 26 mm to 32 mm.  Table 6 provides full information on the type, 

make, model, site and size of heart valve prostheses and the materials used in their 

construction.   
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No Valve name Valve type  Site Model Size 
(mm) 

Housing Sewing ring 

        
1 Björk Shiley 60° Convexo-

Concave (cc) valve 
Mechanical 
tilting disc 

Aortic ABC 27 Pyrolitic carbon, chromium 
cobalt alloy 

Teflon 

2 Carpentier Edwards Supra-
Annular valve 

Tissue 
porcine xenograft 

Aortic 2625 29 Flexible Elgiloy ® (cobalt 
nickel alloy) 

Knitted porous 
Teflon 

3 Carpentier Edwards 
Pericardial valve 

Tissue 
bovine pericardial 

Aortic 2900 29 Flexible Elgiloy ® (cobalt 
nickel alloy) 

Polyester, silicone 

4 Edwards Tekna valve Mechanical 
bileaflet 

Mitral 9210 29 Pyrolitic carbon, stellite Dacron ® coated 
with Biolite 

5 Hancock Modified Orifice II 
valve 

Tissue 
porcine xenograft 

Aortic T510 31 Acetal homopolymer, 
polyester  

Haynes #25 alloy, 
polyester 

6 Medtronic Hall valve Mechanical 
tilting disc 

Aortic A7700 31 Pyrolitic carbon on graphite 
substrate,  titanium 

Knitted Teflon ® 

7 Starr Edwards caged-ball valve Mechanical 
caged ball 

(silastic rubber) 

Mitral 6120 32 Silicone rubber, barium 
sulphate, stellite alloy #21 

Porous knitted 
Teflon + 
polypropylene 
cloth 

8 Starr Edwards caged-ball valve Mechanical 
caged ball 

(metal ball) 

Mitral 6320 32 Stellite alloy #21, cloth 
interrupted with metal 
studs, polypropylene over 
Teflon 

Knitted Teflon + 
polypropylene 

9 Starr Edwards caged-disc valve Mechanical 
caged disc 

 

Mitral 6520 26 Polyethylene & titanium, 
stellite alloy #21 

Knitted Teflon + 
polypropylene 

 

Table 6 List of heart valves evaluated for safety @ 1.5 T and 3.0 T 
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Figure 5.3 Heart valve prostheses 

 

    
 

 

 

 

5.6.2 Heart Valve Motion Analysis System (HVMAS) 

A motion analysis system (Heart Valve Motion Analysis System (HVMAS)) was 

specially designed to detect and record any movement ex vivo of a prosthetic heart valve 

and leaflet performance in an in vitro test (ie. dynamic test) during exposure to a 1.5 T 

and a 3.0 T MR environment (see below).  The HVMAS comprised four main 

components: a valve holder (ex vivo test) or valve chamber (in vitro test), piston pump (in 

vitro test), a Whetstone full bridge strain gauge indicator and recorder (Vishay Precision 

Group, Pennsylvania, USA) and a data acquisition system (Biopac Systems Inc. Goleta, 

USA) held on laptop computer (Figures 5.5 – 5.7).  In addition, a jointed clear plastic 

stand was designed to hold the valve holder during the ex vivo test (Figures 5.5 - 5.6).  A 

pump was used to regulate stroke volume and flow during the in vitro test and a clear 

isolation chamber was used to house the valve compartment and ensure safety and 

protection of the MR system (Figure 5.10).  All components of the test equipment 

[1] Starr Edwards metal caged-ball valve  
[2] Starr Edwards caged-disc valve  
[3] Starr Edwards silastic caged-ball valve  
[4] Medtronic Hall valve 
[5] Edwards Tekna valve 
[6] Björk Shiley 60° cc valve 
[7] Hancock Modified Orifice II valve 
[8]Carpentier Edwards Supra-annular 
     porcine valve 
[9] Carpentier Edwards Pericardial valve 

5 pence piece coin 
 

Key: 

Manufacturers listed by valve numbers:  
[1-3,5,8-9] Edwards Lifesciences (USA), [4,7] Medtronic Limited (USA), [6] Shiley Incorporated (USA) 

1 

2 

3 
4 

5 

6 

7 
8 9 
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exposed to the MR systems had been specifically designed to be MR compatible and did 

not contain any ferromagnetic materials.  However, some components such as the piston 

pump, strain gauge recorder and laptop computer contained ferromagnetic materials 

which could not be substituted.  These components of the test apparatus were therefore 

sited in the adjoining control room.  

 

5.6.3 Magnetic Resonance Imaging Systems 

 

Magnetically induced field interactions were assessed at two different field strengths 

using a 1.5 T Signa NVi (GE Milwaukee USA) and a 3.0 T Signa HD (GE Milwaukee 

USA) MR system.  Both imaging systems were superconducting actively shielded short 

bore scanners and were housed at the Institute of Neurological Sciences, Southern 

General Hospital Glasgow (Figure 5.4).  These two fields strengths were chosen to reflect 

current MR systems common in clinical use.  

 

 

      

Signa NVi 1.5 T MR system         Signa HD 3.0 T MR system 

Figure 5.4 Signa GE magnetic resonance imaging systems 

 

152 
 



5.6.4 Ex vivo test apparatus 

 

Figure 5.5 shows the equipment used for the ex vivo test.  Comparisons of this apparatus 

with the apparatus used in previous investigations (Figures 5.1 - 5.2) shows a number of 

significant differences are apparent.  Firstly, unlike previous methodologies including 

attempts to quantitatively measure magnetically induced torque (ASTM F2213-06; 

D’Avenio 2007), the valve did not have unlimited freedom of movement but was retained 

in place by the valve holder which was analogous to the retentive structures in vivo (see 

below for method of valve insertion).  Secondly, the valve could be angled and raised to 

the height of the in vivo position (Figures 5.5 - 5.6) and finally, the apparatus was 

designed to capture and record movement in more than one plane as the valve moved 

continuously through the magnetic field (Figures 5.7 - 5.8).   

 

The ex vivo test apparatus comprised a clear plastic stand with valve holder designed to 

fit valves with a diameter between 26 mm and 32 mm, the strain gauge recorder and 

laptop computer (Figure 5.5).  As previously mentioned the stand was jointed (ie. two 

joints) to allow positioning to the correct height and orientation of the heart in the chest 

cavity.  The valve holder was designed to fit into the aperture in the upper plate of the 

stand which could be separated from the lower half by unscrewing two plastic screws 

thus allowing the valve holder to be removed (Figure 5.6).  Interaction of the valve with 

magnetically induced forces was captured by four strain gauges mounted on cantilevers 

attached to the inside surface of the valve holder and positioned at 90° intervals along the 

z-axis (Figure 5.7).  Early models of the valve holder attempted to use strain gauges 

bonded to the inner surface with the connector cables passing through small apertures in 

the walls of the holder (Figure 5.9).  However, this design experienced continuing 

problems with the long-term attachment of the strain gauges to its smooth inner surface.  

Although the problem was resolved by scoring the inner surface of the valve holder to 

provide a key this significantly reduced the strain gauges’ sensitivity and ability to 

demonstrate tension and compression.  Thus, remodelling of the valve holder was 
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undertaken and resulted in the strain gauges being mounted on cantilevers.  This 

improved sensitivity to tensile and compressive forces and increased accuracy in 

capturing movement in any one of the two axes across three planes (Figure 5.8).  

Revisions were also made to the way the connector cables fed back to the strain gauge 

recorder.   

 

Prior to executing the study phase, pre-testing of the apparatus was undertaken to confirm 

MRI safety and compatibility as well as sensitivity.  The equipment was exposed to a 1.5 

T actively shielded MR system ((Philips Intera, Best, The Netherlands) at the 

Hammersmith Hospital, London.  The results of the apparatus tests confirmed the MR 

system did not exert any influence on the strain gauge assembly.  Furthermore, when 

pressure was exerted on the strain gauges within the B0 field using a hand held puffer 

there was a measured output but the profile remained unchanged inside and outside the 

field.  
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Figure 5.5 Schematic of Heart Valve Motion Analysis System (HVMAS) 

 

    

Key: 
1. Valve holder with strain gauges 
2. Strain gauge recorder 
3. Laptop computer 

~~~~   
~~~ 
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Figure 5.6 Valve holder positioned within valve holder plate 

 

 

 

 

   

 

Figure 5.7:  Valve holder with strain gauges positioned on the z-M and x-y axes 
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Figure 5.8:  Directional movement of the strain gauges 

 

 

 

 

 

 

Figure 5.9 Early model of the valve holder 

     

The arrows show the positive 
direction for each of the 
N/S/E/W strain axes. 

(b) 

(a) 

 
Valve ring moves up or 
down the page in plane 
of the ring or tilts along 
the N-S axis. 
 

 
Valve ring moves 
left or right, rotates 
around the centre or 
tilts along the W-E 

 

 

 
Valve ring pivots 
about an axis in the 
plane of the ring so 
the edge moves up or 
down. 
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5.6.5 In vitro test apparatus 

 

The in vitro test rig was designed to measure any change in the fluid profile as a result of 

interaction of the valve’s leaflets/occluder with the MRI induced magnetic forces.  As 

Figure 5.10 shows the pump comprises a motor, gearbox and speed regulator.  The motor 

drives the piston and is connected to the drive wheel which is perforated with a series of 

small radii used to regulate frequency and stroke volume.   Certain other components of 

the in vitro test apparatus are also common to the ex vivo test (see above) and are 

therefore not described again.  The hydraulic system used for the in vitro test comprised a 

simple circuit originating in a reservoir which supplied atrial filling and consisted of a 

simple piston pump, valve chamber with inlet and outlet tubes and isolation chamber.  

Four different sized valve ring holders were designed to fit inside the mid section of the 

valve chamber and hold the valve securely in place during fluid flow to prevent the valve 

ring from moving (Figure 5.11a).  Each ring holder comprised an applicator and male and 

female ring (Figure 5.11b).  The applicator was used to separate the male from the female 

ring so the heart valve could be placed between the two (Figure 5.11c).  It was then used 

to couple the two rings together and secure the valve in place (Figures 5.11d-f).  The 

valve chamber was secured in a wooden stand, the top half of which could be loosened to 

allow the chamber to be removed if required (Figure 5.12).  The two parts of the chamber 

(inflow/outflow) could be separated and reassembled at the mid-section by unscrewing 

the chambers (Figure 5.12b-c) thus allowing the valve ring holder to be inserted (Figures 

5.12d-f).  In addition, the anterior side of each chamber housed a socket for the 

manometer lines to connect the valve chamber and electro-dynaphramatic pressure 

transducers (Figure 5.12f; see below).  Finally and as previously mentioned this hydro-

pneumatic test apparatus was contained within an isolation chamber to safe-guard against 

leakage and/or spillage during the dynamic flow and thus prevent damage to the MR 

system (Figure 5.10). 
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The major consideration in the design of the pump was simplicity and it was accepted at 

the start some components used in its construction would not be MR compatible.  

Therefore this piece of the hydro-pneumatic test apparatus remained outside the imaging 

suite.  Other components also had to remain outside the MR suite because of the potential 

to cause damage to the MR system.  Concerns about the fluid reservoir for example and 

its potential to cause water damage within the MR suite meant it too was located within 

the nearby control room.  However, this created a number of complications.  Firstly, a 10 

m length of plastic tubing was required to carry water from the fluid filled reservoir to the 

valve chamber.  Consequently concerns were raised about the length of the tubing and the 

potential to cause a significant drop in fluid pressure as a result of sheer stresses acting 

against tubing walls and the distance between the fluid reservoir and the valve chamber.  

These problems were overcome by using high shore hardness PVC tubing to reduce the 

potential for dissipation of energy resulting from friction of the fluid against the tube’s 

walls and, by locating the fluid reservoir at a height above the valve chamber thus 

ensuring a consistent fluid pressure (Figure 5.10).  In addition, concerns about the 

potential for induction of electrical currents caused by magnetic flux in the cable (please 

refer to Chapter 4) connecting the strain gauge apparatus with the strain gauges mounted 

in the valve holder were also raised.  It was considered such inductions may be capable of 

causing irreparable damage to the sensory apparatus.  However, time-varying magnetic 

field gradients nor RF were being employed thus it was thought it highly improbable 

currents would therefore be induced.  Nonetheless, as an added precaution the maximum 

length of cabling (i.e. 6 m) known to be safe was used and efforts were made to ensure it 

did not become coiled during the experiment.   
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Figure 5.10 Schematic of Heart Valve Motion Analysis System (HVMAS) 

In vitro test rig 
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Figure 5.11 Valve ring holder – sequence for inserting the valve 

 

Figure 5.12 Detaching/re-assembling the valve chamber 
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5.7 Section summary 

 

In summary, this part of the Chapter described the components used in the experimental 

procedure to assessment the interaction of prosthetic heart valves with magnetic fields 

strengths of 1.5 T and 3.0 T and discussed what improvements had been made to the 

design of the test apparatus in comparison to prior investigations.  In addition, limitations 

identified with this test apparatus were discussed in conjunction with the solutions 

employed to resolve these issues.  The next part of the Chapter concludes the chapter on 

Materials and Methods and focuses on the methodology employed to conduct the study.  
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Part III 

Experimental investigations 

Methods 

 

5.8 Introduction 

 

The final part of this chapter on Materials and Methods describes the methodology 

employed to calibrate the test apparatus, plot the B0 field of the 1.5 T and the 3.0 T MR 

systems and conduct the ex vivo and in vitro investigations.  The first part of the section 

focuses on the methods for calibrating the pump and strain gauge apparatus and plotting 

the B0 fields.  Finally, the chapter concludes with a detailed description of the 

methodology used to conduct the assessment of the magnetic field interactions with the 

different prosthetic heart valves ex vivo and in vitro at the two field strengths. 

5.9 Calibrating the apparatus 

 

The following section describes the methods used to calibrate the test apparatus, define 

frequency and fluid output for the in vitro component of the apparatus, plot the B0 fields 

of the 1.5 T and the 3.0 T MR systems and determine the velocity of the MR bed. 

 

5.9.1 Calibration of the strain gauge apparatus 

 

The strain gauge apparatus was calibrated by applying a spring balance with a known 

force (i.e. between 0 and 1 Newton (Nwt)) separately to each cantilever and the linearity 

of each strain gauge was evaluated by applying the spring balance in both directions (i.e. 

forward and reverse).  Displacement of the strain gauge was recorded on the laptop 

computer and a set of data was produced for each of the four strain gauges for force (i.e. 

dependent variable) against displacement (i.e. independent variable).  These data were 

plotted using Microsoft Excel (Microsoft Office 2007, USA) and a polynomial curve was 

constructed.  Conversion of force measured in microstrain (μstrain) into force in Newtons 
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was achieved by substituting the known values (ie. dependent variables) into the 

polynomial equations for the respective line graphs.   

 

5.9.2 Calibration of the pump 

 

Calibration of the pump was performed to create an accurate impulse which corresponded 

to the shape of the average ventricular pressure pulse.  Flow speed and stroke rate were 

regulated by the speed regulator and by altering the position of the drive wheel (ie. 1-10 

positions) respectively (Figure 5.10).   

 

5.9.3 Determining frequency 

 

The average heart rate for a healthy adult is 75 beats per minute (bpm).  Thus, for this 

investigation the apparatus needed to be set at a similar frequency (revolutions per minute 

(rpm).  To determine the correct settings of the speed regulator and drive wheel the 

following steps were performed.  The drive wheel and the speed dial were set at Position 

1 respectively.  A stopwatch was used to time a 20 second period from the start of the 

pulse during which time rpm was counted and recorded.  At the end of the 20 second 

period the stopwatch was stopped and zeroed and the procedure repeated a further two 

times.  The rpm recorded for each of the three 20 second timed periods was added 

together and the average calculated to give average rpm for Position 1, Speed 1.  The 

speed dial was then advanced to Position 2 but the radii on the drive wheel remained the 

same as before.  The procedure for counting and recording the rpm for three 20 second 

timed periods was repeated and the results recorded accordingly.  The average rpm was 

then calculated using the same procedure as previously.  This procedure was repeated for 

each speed for Position 1 on the drive wheel.  Once all measurements had been recorded 

for Position 1 the speed regulator was returned to the start position (i.e. Position 1) and 

the position of the drive wheel was changed to Position 2.  The procedure for recording 

three 20 second timed periods was then repeated as before and the average rpm calculated 
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for each speed at that position.  This procedure was then repeated for each position of the 

drive wheel at each speed until the average required stroke rate of 75 rpm had been 

achieved (see Chapter 6, Part II).  

 

5.9.4 Measuring fluid output 

 

To achieve the required average fluid output of 5 l/m, the equivalent average cardiac 

output of a healthy adult the following procedures were performed.  The drive wheel and 

the speed dial were set at Position 1 respectively.  A fluid reservoir was connected to the 

pump’s inlet connector and fluid pumped through the valve chamber, output was 

collected in a measuring cylinder (ml) and the measurement recorded.  The measuring 

cylinder was then emptied.  A stopwatch was used to time fluid output for a period of 1 

minute.  This procedure was repeated a further two times and the results from the three 

separate timed periods were added together and the average fluid output calculated.  The 

speed regulator was then advanced to Position 2 but the position of the drive wheel 

remained unchanged.  The fluid output was recorded for three 1 minute timed periods 

using the technique described.  Once all measurements had been recorded for this 

position and speed the speed regulator was returned to the start position (i.e. Position 1) 

and the positioning of the drive wheel was changed to Position 2.  The process was then 

repeated for each speed in this position.  Fluid output was recorded separately for each 

position of the drive wheel and each speed until the average fluid output had been 

achieved.  The results of the measurements for average heart rate and fluid output were 

then tabulated and the following equation applied to identify the corresponding tabulated 

result: 
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Pump output (Q) was therefore defined as: 

 

Equation [4]: 

 

   Q = stroke volume (SV) x frequency (rpm)    [1] 

 SV = 66 mL/frequency and average HR = 75 rpm 

 therefore:  

  Q = 66 mL/frequency x 75 rpm = 4950 ml/m   [2] 

  = 5 l/m 

 

5.9.5 Plotting the B0 gradient field 

 

The B0 field is measured at the precise iso-center of the magnet where the three 

intersecting orthogonal planes (x, y and z) meet and where imaging begins.  At this point 

the magnetic field gradient is at its maximum.  However, as the distance from the iso-

centre increases and the field is extended outward and covers an increasing spatial 

volume the B0 field drops off rapidly.  This creates a large spatial gradient of magnetic 

force with accelerating potential.  In order to relate the forces exerted on the heart valve 

prostheses as they moved through this field two separate maps were plotted, one for the 

1.5 T system and another for the 3.0 T MR system.  A Hirst GM05 Gauss meter and axial 

probe (Magnetic Instruments Ltd) was used to measure the force (gauss) at intervals 

along the z- and x-axes (Table 10, Chapter 6).   Measurement of the magnetic field along 

the z-axis commenced at the laser position (ie. 0 cm) and extended to 65 cm inside the 

bore of the magnet (ie. to the iso-centre where the magnetic field had levelled out and 
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was static) and 210 cm outside the bore to the five gauss line 50.  Measurements of the 

magnetic field along the x-axis were taken from the laser position to 30 cm bilaterally 

outside the bore.  The distance along the axes was marked off in 5 cm increments.  

However, incremental changes along the z-axis towards the 5 gauss line increased after 

60 cm to 30 cm intervals as the field became weaker in comparison and denoted the 

smallest magnetic field gradient.   

 

The B0 field of the 1.5 T MR system was measured first with measurements taken from 

the gauss line towards the iso-centre.  The Hirst GM05 Gauss meter was already pre-

calibrated by the manufacturer and therefore did not require additional calibration.  All 

measurements on the z-axis were taken along the mid-line of the axis at the approximate 

height of the in vitro heart.  The gauss meter was zeroed and axial probe orientated 

perpendicular to the direction of the field 51, the strength of the field was then measured 

and recorded.  The gauss meter and probe were then advance 30 cm towards the laser and 

the gauss meter again zeroed, the probe orientated in the direction of the magnetic field as 

before and the strength of the field at this point measured and recorded.  These steps were 

repeated up to 60 cm from the laser position after which the distance between 

measurements decreased to 5 cm apart and ended at iso-centre.  Measurement of the 

magnetic field along the x-axis commenced at 30 cm outside the bore of the magnet and 

to the right of the entrance, measurements were taken at 5 cm intervals in the direction of 

the laser point (i.e. 0 cm) and extending 30 cm beyond this point.  The same procedure 

was used to measure the magnetic field for the 3.0 T MR system. 

 

 

50  The magnetic field strength is described in units of gauss (G) and tesla (T) and 10,000 G is equal to 1 T.  
The earth’s magnetic field is approximately 0.5 G and current safety standards therefore consider 0.5 G 
(also referred to as the 5 gauss line) to be the safe levels of MRI magnetic field exposure for the general 
public. The location of the 5 G line however, depends on the strength of the magnet. 

51  This probe was sensitive only to the magnetic force when positioned perpendiculr to the direction of the 
field.  Orientation of the probe parallel to the direction of the magnetic field would have resulted in no 
measurements being captured.  
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The following equation was used to calculate the highest magnetic field gradient for the 

1.5 T and 3.0 T MR systems: 

 

The equation for the gradient (M) is: 
 

 Equation [5]:   M = (y2 - y1) / (x2 - x1) 
 

Where y is the field strength and x is the position in space relative to the laser. 

 

5.9.6 Calculating the velocity of the MR bed 

 

Calculation of the velocity of the MR beds for the two MR systems was performed to 

ensure all measurements were recorded at the exact same points on the z-axis for both 

magnetic fields.  The method used to calculate both velocities was same for each MR 

system.  A marker was placed at the approximate position on the MR bed where the 

human aortic valve would be if the patient’s head was lined up with the laser.  This was 

calculated to be approximately 68 centimetres (cm) from the laser position and is 

subsequently referred to in the remainder of the study as the aorta position.  A second 

marker was placed at the iso-centre of magnet (see above).  This was the point within the 

magnet the bed was stopped and reset to return to the starting position.  The distance from 

the starting position to the iso-centre was also measured in centimetres (cm) using a non-

ferromagnetic ruler.  The MR bed was then advanced from the starting position to the iso-

centre and a stopwatch was used to record the “turnaround time” in seconds (secs) of the 

bed at the iso-centre so these could be incorporated into the final velocity calculation.  A 

series of three separate measurements of the “turnaround time” 52 of the MR bed were 

recorded using the methods described and the average time calculated.  The MR bed was 

then returned to the starting position and a stopwatch used to time the progression of the 

bed from the starting point to the iso-centre.  At the start of each timed sequence the 

52  The ‘turnaround time’ refers to the time it took for the MR bed to stop at the iso-centre and start its 
return journey measured in seconds. 
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stopwatch was zeroed and started at the same moment the button was pressed to start the 

progression of the bed and stopped when the bed returned to the starting position and the 

time recorded.  Three separate timed sequences of the MR bed’s progression from the 

aorta position to the iso-centre and back were recorded and the average time calculated.  

The velocity of the MR bed was then calculated using the equation given below.  

 

Equation [6]:   v = d 

         t 

Where v is the velocity, d is the distance and t equals the time. 

The same procedure was repeated to calculate the velocity of the MR bed at 3.0 T.   

 

5.10 Ex vivo test 

 

The ex vivo test was conducted to detect and record any movement of a prosthetic heart 

valve during exposure to strong magnetic forces associated with MRI when placed 

statically within the magnetic field and when the valve continuously moved through the 

field.  Figure 5.5 shows the apparatus used in this part of the investigation.   

 

5.10.1 Baseline measurements 

 

Prior to conducting the experimental test procedure baseline measurements of the test 

apparatus (ie. without a prosthetic heart valve attached) were taken at 1.5 T and 3.0 T to 

confirm the sensitivity of the apparatus to measure any potential interaction of the 

apparatus with the magnetic field.  The test procedure for measuring and recording the 

baseline measurements and for all measurements involving the heart valve prostheses 

were the same.  The arm of the stand was adjusted at the lower joint (Figure 5.5) to the 

approximate height and orientation of the native in vivo aortic heart valve (Figure 5.13).  

The cabling connecting the strain gauges to the recorder was secured to the MR bed with 
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tape to ensure they did not become looped, kinked or displaced.  At the beginning of each 

test period the strain gauge recorder was zeroed.  Four positions along the z-axis were 

marked for points of reference within the B0 field.  All measurements were taken from 

laser position as follows: laser to the gauss line (+188 cm), laser to the aorta (+68 cm), 

laser (0 cm) and laser to the iso-centre (-65 cm) (see Table 9).  Static measurements of 

the test apparatus only were recorded at each of these four positions along the z-axis for 

timed periods of fifteen seconds each and the measurements stored on the laptop 

computer.  After all static measurements had been taken the test rig advanced 

continuously through the B0 field from the gauss line towards the iso-centre and back.  

Any movement of the apparatus detected was recorded and stored on the laptop 

computer. 

 

Figure 5.13 Diagram of position of the native aortic valve 
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5.10.2 Experimental measurements 

 

The experimental procedure for detecting and recording any interaction of a prosthetic 

heart valve with MR associated magnetically induced forces was the same as that 

described above for baseline measurements.  Each valve was exposed to the 1.5 T MR 

system and measurements recorded.  The same procedures were then followed for the 3.0 

T MR system.   Each prosthesis was placed in the valve holder ensuring the valve ring 

was in contact with all four strain gauge sensors and the leaflets/occluder were oriented 

according to the natural flow of blood.  The valve was secured in place by screwing the 

male and female parts of the valve holder together.  The holder was then secured in the 

flat plate of the test rig positioned midline of the MR bed.  Data recorded for the first 

static measurement at the gauss line was saved using a unique identifier denoting the 

valve and test phase.  The test rig was then moved to the aorta position for the second of 

four static measurements and the same procedure was repeated for measuring, recording 

and saving the data as before.  This procedure was also repeated at the laser and iso-

centre positions along the z-axis.  On completion of these static measurements the test rig 

was returned to the gauss line and the procedure for resetting the strain gauge amplifier 

and recorder was again followed.  The strain gauge recorder was started as the MR bed 

and test rig was continuously advanced to the iso-centre and returned to the starting 

position at which point the recording was stopped and the data saved onto the laptop 

computer using a unique identifier denoting the valve and test phase.  After the static and 

dynamic tests had been completed the valve was removed from the valve holder and the 

next valve inserted as described above.  The procedures for conducting the static and 

dynamic tests respectively were repeated for the next valve until all prosthetic heart 

valves had been tested at both field strengths. 

 

All experimental data was adjusted for baseline measurements to compensate for any 

valve independent effects.  This was achieved by deducting baseline measurements 

measured in μstrain from experimental data for each of the respective channels and 
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converting the results into Newton force as described above.  Thus, all experimental 

results report accurate movement of the heart valve prosthesis within the magnetic field 

because the potential for error resulting from the combined interaction of the test 

apparatus and the valve prosthesis with the magnetic field have been excluded. 

 

5.11 In vitro test (hydro-pneumatic investigation) 

 

The first of the nine valve prostheses was secured in the valve holder apparatus as 

described in the Materials section above and placed inside the isolation chamber (Figures 

5.11 - 5.12).  The test apparatus was then positioned on the MR bed at the gauss line 

(Figure 5.14).  As Figure 5.10 shows fluid was pumped from the fluid reservoir by the 

pumping system to the valve holder via 10 m of high shore hardness PVC tubing which 

connected the pump to the isolation chamber and valve holder apparatus.  A fixed rate 

flow of 5 l/min at 1.166 Hz synonymous with the clinical setting environment was 

pumped through the valve and fluid pressures were measured using electro-

dynaphramatic pressure transducers connected to the inlet/outlet valve holder using 

standard clinical manometer lines.  Signals from high frequency pressure transducers 

were recorded using national instrument pressure recording apparatus and lab view 

software and pressure drops across the valve were assessed using time correction 

superimposition.  The delta p across the valve was assessed as a marker of any MRI 

induced alteration in leaflet performance.  Measurements were recorded for a 1 minute 

timed period at this position and the data saved onto the laptop computer using a unique 

identifier denoting the valve, position along the z-axis and phase of the test.  The MR bed 

was advanced to the second position along the z-axis and stopped, the pressure recording 

system zeroed and a 1 minute timed period at the aortic position started.  Data captured 

was saved and stored onto the laptop computer as before.  This procedure was repeated a 

further two times i.e. at the laser position and the iso-centre (Figure 5.14).  The test rig 

was then returned to the gauss line and the pressure recording system zeroed.  The MR 

bed was then advanced continuously from this position to the iso-centre and returned to 
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the start position.  A continuous recording was made throughout this period and the data 

saved as before.  This procedure was repeated for all nine valves listed in Table 6 at 1.5 T 

and 3.0 T.   

 

Figure 5.14 Diagram showing the direction of movement of the MR bed and the 
four reference points along the z-axis 

 

 

 

 

5.12 Chapter summary 

 

This chapter has endeavored to identify and quantitatively measure for the first time any 

movement of a prosthetic heart valve ex vivo and in vitro as a result of the interaction 

with induced magnetic forces associated with MRI as it was in continuous motion 

through the B0 gradient field.  The following chapters present the results of the data and 

discuss these findings with respect to existing knowledge of the impact of MR induced 

magnetic forces on heart valve prostheses and implications for patient safety.   
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CHAPTER 6 

 

 

 

 

 

 
  

 
Results 
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6. Introduction 

 

Chapter 6 presents the results and analyses of the study’s findings.  Part I briefly 

describes the results from the first series of static ex vivo investigations assessing the 

interaction of heart valve prostheses with MR associated magnetically induced forces 

at 1.5 T and 4.7 T.  These earlier experiments formed the foundation studies for this 

thesis.  Parts III-IV of the Chapter report the results of the core investigation to assess 

the interaction of nine heart valve prostheses exposed to MR field strengths of 1.5 T 

and 3.0 T using apparatus specially designed to detect valvular movement across two 

axes and as the valve was placed statically within the field and, as it moved 

continuously through the field.  The first part of the next section (Part II) details the 

results of the calibrations performed on the ex vivo test apparatus and maps the B0 

gradient fields of the 1.5 T and the 3.0 T MR systems used in the study.  In addition, 

baseline data were recorded for comparison with the experimental data. The data are 

thus presented as the precursor to the main experimental data which focuses on the 

measurements recorded by the strain gauge apparatus at the different positions along 

the z-axis statically and, as the valve continuously progressed through the magnetic 

field.   

 

Part III presents the results of the ex vivo experimental data in which the nine heart 

valve prostheses were exposed to magnetic field environments of the 1.5 T and 3.0 T 

MR systems and incorporates the static and dynamic exposure to these fields.  The 

final section (Part IV) reports the results of the in vitro investigations and in 

particular, any interaction of the valve’s leaflets/occluder with induced magnetic 

forces.  The section evaluates the individual fluid profiles of each heart valve at 

specific points along the z-axis when the valve was static and as it moved through the 

magnetic field.  Any differences in waveform, magnitude and complex formation 

compared with the baseline measurement at both field strengths are reported.  
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(Part I) 

Preliminary investigations 

 

6.1 Assessment of magnetic field interactions at 1.5 T  

 

Table 7 presents the results for magnetic field interactions on 32 prosthetic heart 

valves evaluated at 1.5 T using the test apparatus shown in Figure 5.2, Chapter 5.  As 

the Table shows only five valves showed an interaction with displacement forces and 

displayed deflection angles ranging from 0.5° to 5° and of these five valves three 

were mechanical and two made from human tissue.  In contrast, nearly half of all 

valves (ie. n=13) displayed an interaction with rotational forces and measurements 

recorded using the five point qualitative scale described in Chapter 5 range from +1 

to +2.  Ten of the valves were single leaflet valves and displayed torque forces of +1.  

One of the three caged disc valves in this study, the Smelloff Cutter valve exhibited a 

stronger reaction to torque force in comparison with all other mechanical valves and 

recorded a qualitative measured rotational force of +2.  The Durafic human tissue 

valves also recorded a measurement of +2 on the torque scale.  However, although 

the leaflets were fashioned from dura mater the stent and/or sewing ring materials of 

this valve contained an unknown metal and it was thought this material interacted 

with the magnetic field causing the deflection and torque responses shown in Table 7.  

The results also show those valves which demonstrated the highest deflection angles 

also exhibited the higher torque force.  These findings suggest therefore the type of 

materials used in the manufacture of these prosthetic heart valves were either non-

ferromagnetic or weakly ferromagnetic relative to the 1.5 T MR environment.  These 

responses however, fall within the ASTM operational definition for non-

ferromagnetic implants 53 which deem implants safe for individuals in a ≤1.5 T 

environment if the deflection angle is ≤45°.  In addition, as Table 7 shows the 

displacement force exerted on the heart valves causing them to deflect away from the 

53 The ASTM document actually referred to an aneurysm clip (ASTM 1994). 
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vertical were significantly smaller than gravity as well as the mechanical forces of the 

beating heart.  Furthermore, whilst the torque ranged from 0 to +2 both the 

quantitative and qualitative findings are not believed to present a hazard or risk for 

these heart valve prostheses.   
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Table 7: Results of MR safety tests for 32 heart valve prostheses @ 1.5 T 54 

  

54 See Table 1, Chapter 6 for full details of model, size and valve materials. 
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6.2 Interactions with magnetic forces at 4.7 T 

 

The results from the second of the preliminary investigations using the test 

equipment and revised qualitative scale of measurement (Figure 5.3, Table 5) are 

presented in Table 8.  Thirteen out of the 81 prosthetic heart valves displayed zero 

interaction with the magnetic field both in terms of deflection and torque forces but 

all other prostheses demonstrated some measure of interaction.   

 

6.2.1  Interactions with displacement forces at 4.7 T 

 

Deflection angles for all prostheses ranged from 0° to 7.5° although, it was not 

possible to obtain an angle of deflection for the Carbomedics valve graft due to the 

length of the root graft interfering with the freedom of movement of the valve.  

Overall, the mechanical group of valves demonstrated a greater number of  

interactions with displacement forces and displayed greater deflections compared 

with bioprosthetic valves.  As Table 8 shows the range of deflections displayed by 

both mechanical and bioprosthetic valves were similar and ranged from 0° to 7.5° 

and 0° to 7° respectively and interaction of human tissue valves with translational 

forces recorded measurements of 2° and 6° and as such, were two of the highest 

recorded displacements within the heart valve group.  Within the mechanical group 

of valves only four displayed a zero deflection and all others deflected between 0.5° 

and 7.5° from the vertical.  All but one of the single leaflet/disc valves demonstrated 

a displacement force and as Table 8 shows, all Björk Shiley valves consistently 

exhibited some of the highest deflections overall with deflections ranging from 3° to 

5°.  Within the bileaflet group two valves the Carbomedics standard valve and the 

Mira valve displayed zero deflection but the remaining four Carbomedics valves 

demonstrated some degree of deflection though this was only very small ie. >1°.  

Displacement forces exerted on the remaining bileaflet valves resulted in deflection 

angles ranging from 1° to 7.5°.  The highest deflections were recorded by the Jyros 
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aortic and mitral valves which deflected by 6.5° and 7.5° respectively.  Of the caged 

ball valves two showed no interaction with displacement forces but the third, the 

Starr Edwards model 6320 which contained metal studs in the housing, showed a 

relatively high deflection from the vertical of 6.5°.  The remaining mechanical 

valves, the Beall and Starr Edwards caged disc valves exhibited deflection angles of 

2° and 4° respectively.  Although a number of heart valves have demonstrated a 

deflection from the vertical the applied magnetic force calculated to cause this is, as 

Table 8 shows, significantly smaller than both gravity and the mechanical forces of 

the beating heart.  Overall seven heart valves were attracted towards the iso-centre 

and highest magnetic field indicating they were slightly paramagnetic/weakly 

ferromagnetic.  All other prostheses were deflected away from the iso-centre 

corresponding to diamagnetic behaviour (Table 8).  Moreover, all valve prostheses 

demonstrated a magnetic acceleration significantly less than that due to gravity. 

 

6.2.2 Interactions with rotational forces at 4.7 T 

 

Twenty-one out of the 81 heart valves did not align or rotate towards the magnetic 

field.  Table 8 shows that when placed parallel to the magnetic field 16 prostheses 

recorded a rotational movement of +1 on the qualitative scale of measurement 

defined in the previous chapter.  This movement equated to an alignment or rotation 

of ≤45° towards the magnetic field.  Nine prostheses attempted to rotate between 45º 

and 90° towards the magnetic field and recorded a measurement of +2.  When the 

prostheses were positioned perpendicular to the magnetic field along the z-axis 

similar numbers attempted to rotate ≤45° ie. +1 in comparison to when placed 

parallel to the field.  Twenty-three prostheses rotated between 45° and 90° (i.e. +2) 

when orientated perpendicularly to the magnetic field.  This was true for mechanical, 

bioprosthetic and human tissue valves.  Interaction of the prostheses with rotational 

forces was not however always accompanied by interaction with displacement forces.  
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Moreover, those prostheses which displayed greater deflections from the vertical did 

not necessarily also demonstrate higher rotational behaviour.   
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Table 8: Results - exposure of prosthetic heart valves to 4.7 T 

Heart valves: 

N
 
Prosthesis name Size  

(cm) 
Deflection 

angle 
 (º0) 

Magnetic 
moment 
(Am2) 

Torque 
(parallel)55 

Torque 
(perpend
icular) 

Magnetic 
force  
(N) 

Mechanical 
forces 

beating 
heart (N) 

1 Aspire 27 0 - 0 0 0 6.9 – 10.7 
2 ATS Medical  25 1 6.6 x 10-4 1 0 7.5 x 10-4 5.9 –  9.1 
3 Beall 29 2 8.1 x 10-3 2 2 5.2 x10-3 7.9 – 12.3 
4 Biocor 23 0 - 1 0 0 3.9 –  4.7 
5 Björk Shiley conical disc 21 3 4.6 x 10-4 0 0 2.3 x 10-3 4.1 -   6.5 
6 Björk Shiley conical disc 21 3.5 4.9 x 10-4 1 1 2.4 x 10-3 4.1 –  6.5 
7 Björk Shiley monostrut 25 5 7.6 x 10-4 2 2 3.8 x 10-3 5.9 –  9.1 
8 Björk Shiley monostrut 17 4 4.9 x 10-4 1 1 2.4 x 10-3 2.1 –  2.3 
9 Björk Shiley monostrut 23 5 9.8 x 10-4 1 1 4.9 x 10-3 5.0 –  7.7 
10 Björk Shiley monostrut 33 4 1.0 x 10-3 0 2 5.2 x 10-3 10.2 – 15.9 
11 Björk Shiley spherical disc 31 3.5 8.7 x 10-4 1 1 4.4 x 10-3  9.3 –  14.1 
12 Björk Shiley 60º cc  27 5 6.9 x 10-4 1 1 3.5 x 10-3  5.3 –  6.5 
13 Björk Shiley 60º cc valve graft 25 4 1.2 x 10-3 2 2 5.4 x 10-3  2.1 –10.3 
14 CarbonArt 27 0 - 0 0 0  5.3 – 6.5 
15 Carbomedic standard 21 0 - 1 1 0  3.2 – 3.9 
16 Carbomedics supra-annular 

(Top Hat) 
23 0.5 5.5 x 10-5 1 1 2.8 x 10-4  3.9 – 4.7 

17 Carbomedic standard 31 0.5 1.1 x 10-4 2 2 5.3 x 10-4  9.3 – 14.1 
18 Carbomedics SuMit 29 0.5 1.0 x 10-4 0 2 5.0 x 10-4  7.9 – 12.3 

55 Scale of measurement: 0, zero torque; +1 = alignment or rotation of >0° to 45° from starting point; +2 = alignment or rotation of >45° to 90° from 
starting point. 
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19 Carbomedics valve graft 34 - - 2 2 - 8.5 – 10.3 
20 Carpentier Edwards porcine 31 3 6.8 x 10-4 0 0 3.4 x 10-3 7.0 – 8.5 
21 Carpentier Edwards pericardial 33 7 1.5 x 10-4 1 1 7.6 x 10-4 10.2 – 15.9 
22 Carpentier Edwards supra-

annular 
31 2.5 6.3 x 10-3 2 0 3.2 x 10-3 9.3 – 14.1 

23 Contegra 18 0 - 0 0 0 0.7 – 1.0 
24 Duromedics  27 0.5 1.4 x 10-4 0 2 6.8 x 10-4 2.1 –10.3 
25 Duromedics 29 1 1.9 x 10-4 0 1 9.6 x 10-4 7.9 – 12.3 
26 Durafic  33 655    6.1 x 10-4 0 2 3.0 x 10-4 8.0  – 9.7 
27 Durafic  23 254 2.8 x 10-4 0 1 1.4 x 10-3 2.7 – 16.9 
28 Elan 22 0 - 0 0 0 3.5 – 4.3 
29 Elan valve graft 23 0 - 0 0 0 3.9 – 4.7 
30 Freedom 25 0 - 0 0 0 4.6 – 5.6 
31 Freestyle 27 0 - 0 0 0 5.3 – 6.5 
32 Hancock pericardial 25 1 1.7 x 10-4 0 0 8.5 x 10-4 5.9 – 9.1 
33 Hancock Modified Orifice  21 1 1.4 x 10-4 2 0 7.2 x 10-4 3.2 – 3.9 
34 Hancock II Modified Orifice 25 1 1.8 x 10-4 0 0 8.9 x 10-4 4.6 – 5.6 
35 Intact 19 2 2.2 x 10-4 0 0 1.1 x 10-3 2.6 – 3.2 
36 Intact 25 2 4.1 x 10-4 0 1 2.0 x 10-3 5.9 – 9.1 
37 Ionescu Shiley 23 1.5 2.9 x 10-4 0 1 1.4 x 10-3       – 
38 Jyros 30 7.554 1.6 x 10-3 0 2 8.0 x 10-3 4.9 – 6.0 
39 Jyros 26 6.554 1.4 x 10-3 0 2 6.8 x 10-3 8.5 – 13.2 
40 Labcor Synergy  21 2 2.5 x 10-4 1 1 1.2 x 10-3 3.2 – 3.9 
41 Labcor Synergy  25 2.5 4.4 x 10-4 0 0 2.2 x 10-2 5.9 – 9.1 
42 Liotta 23 2 3.4 x 10-4 1 0 1.7 x 10-2 3.9 – 4.7 
43 Medtronic 23 1 1.0 x 10-4 1 2 5.1 x 10-4 3.9 – 4.7 
44 Medtronic 23 2 2.9 x 10-4 0 2 1.4 x 10-3 5.0 – 7.7 
45 Medtronic 29 1 2.0 x 10-4 0 2 9.8 x 10-4 7.9 – 12.3 
46 Mira 27 0 - 0 0 0 6.9 – 10.7 
47 Mitroflow 25 2 2.5 x 10-4 1 1 1.2 x 10-3 4.6 – 5.6 
48 Mitroflow 25 2 2.9 x 10-4 2 2 1.1 x 10-3 4.6 – 5.6 

183 
 



49 Mitroflow 29 2 2.2 x 10-4 0   2 1.4 x 10-3 7.9 – 12.3 
50 Mitroflow Synergy 21 3 3.6 x 10-4 0 0 1.6 x 10-3 3.2 – 3.9 
51 MØre 19 0 - 0 0 0 2.6 – 3.2 
52 Mosaic 29 2 4.3 x 10-4 2 1 2.1 x 10-3 6.2 – 7.5 
53 Omniscience 25 0 - 0 2  5.9 – 9.1 
54 On-X 19 3 3.3 x 10-4 0 0 1.6 x 10-3 2.6 – 3.2 
55 On-X 31-33 3 7.8 x 10-4 0 0 3.9 x 10-3 9.0 – 15.9 
56 Smelloff Cutter 21 0 - 0 2 0 3.2 – 3.9 
57 Sorin pericabon (stented) 33 1.5 4.0 x 10-4 1 1 1.9 x 10-3 10.2 – 15.9 
58 St Jude Standard 21 3 2.7 x 10-4 0 2 1.3 x 10-3 3.2 – 3.9 
59 St Jude Standard 27 3.5 5.1 x 10-4 0 2 2.5 x 10-3 2.7 – 16.9 
60 St Jude Regent 17 2 8.5 x 10-5 0 +2 4.2 x 10-3 2.1 – 2.6 
61 St Jude valve graft 25 2 3.8 x 10-4 0 +2 1.9 x 10-3 4.6 – 5.6 
62 Starr Edwards 32 0 - 0 0 0 9.6 – 15.0 
63 Starr Edwards 32 6.554 2.7 x 10-3 0 0 1.3 x 10-2 9.6 – 15.0 
65 Starr Edwards 26 454 1.0 x 10-3 0 1 5.1 x 10-3 2.7 – 16.9 
66 Tascon 23 656 1.8 x 10-3 0 1 9.0 x 10-3 2.1 – 10.3 
67 Toronto root 27 0 - 0 0 0 5.3 – 6.5 
68 Ultracor 23 1 1.1 x 10-4 0 2 5.6 x 10-4 3.9 – 4.7 
69 Ultracor 25 1 1.4 x 10-4 0 1 6.9 x 10-4 5.9 – 9.1 
70 Wessex 31 2 4.9 x 10-4 1 1 2.5 x 10-3 7.0 – 8.5 
71 Wessex 25 2 3.8 x 10-4 0 1 1.9 x 10-3 5.9 – 9.1 
72 Xenofic 23 2 4.6 x 10-4 0 1 2.2 x 10-3 3.9 – 4.7 

56 These valves were attracted towards the centre of the magnet, all other valves deflected away from the isocentre. 
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6.3 Limitations of the preliminary test apparatus and methodology 

 

The first part of Chapter 6 presents the results of preliminary ex vivo investigations 

evaluating the interaction of MR associated magnetically induced forces with 81 

different heart valve prostheses at 1.5 T and 4.7 T.  Although the test apparatus 

employed was simple and capable of detecting and measuring displacement from the 

vertical a number of shortcomings in the test apparatus and methodologies were 

nonetheless identified (see below): 

 

1. an inability to quantitatively measure torque force, 

 

2. failure of the apparatus to reflect the orientation and position of the prosthesis 

under clinical conditions,   

 
3. limited data on the possible interaction of a valve prosthesis with the 

magnetic force in vivo as it continuously moves through the B0 field and thus 

its behaviour in terms of: 

a. frequency,  

b. magnitude of applied force and  

c. direction of movements.   

 

4. insufficient information about whether the valve’s leaflets/occluder interact 

with the B0 field and thereby compromise valve function and performance. 

 

We are therefore unable to adequately assess the risks of potential movement, 

dislodgement, dehiscence or interference in valve function likely to cause harmful or 

fatal injury to the patient.  Thus, a model which more closely mimics the 

clinical/physiological setting is required.  The next part of this chapter therefore 

presents the results of the ex vivo investigation of nine prosthetic heart valves 

exposed to two different field strength MR environments using apparatus specially 
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designed to detect movement in one of four directions as the valves move 

continuously through the B0 field.   
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Results (Part II) 

 

Ex vivo investigations:  

Calibration of the test equipment and baseline measurements 

 

This section presents the results of the calibration of the ex vivo test apparatus, 

mapping of the 1.5 T and 3.0 T B0 field and baseline measurements recorded during 

the static and dynamic exposure of the test apparatus to magnetic fields associated 

with 1.5 T and 3.0 T. 

 

6.4 Calibration of the test apparatus 

 

Figure 6.1 shows the results of the calibration of the strain gauges with graduated 

force.  All four profiles show near straight line graphs which were further confirmed 

by construction of the polynomial line graph.  As the Figure shows three out of the 

four strain gauges (ie. Channels 1, 3 & 4) displayed similar measured responses to 

the incremental forces applied.  Channel 2 however, displayed slightly different 

measured responses to the same graduated forces compared with the other channels.  

The calibration procedure was repeated several times and recorded consistent 

results.  One plausible explanation for these unexpected differential responses is the 

possibility of differences in the sensitivity of the transducers.   
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Figure 6.1 Calibration curves for ex vivo test apparatus 

 

(a)  Paired sensors 1 & 3 
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(b) Paired sensors 2 & 4 
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6.5 B0 gradient field maps 

 

Table 9/Figure 6.2 shows a series of plotted measurements taken at intervals from 

the fringe of the magnetic field towards the iso-centre along the z-axis for the 1.5 T 

and 3.0 T MR systems.  The data shows the B0 field along the z-axis increases with 

increasing proximity to the centre of the magnet where it becomes homogenous.  

The series of field strengths recorded for the 1.5 T MR system range from 0.002 T 

(20 G) at the fringe of the field to 1.5 T (15,000 G) at the iso-centre and, the highest 

magnetic field gradient was calculated to be 0.020 T/cm (200 G/cm) (see Equation 

[7]) and occurred between ±20 cm from the laser position.  The varying field 

strength along the z-axis of the 3.0 T MR system ranged from 0.005 T (50 G) to 3.0 

T (30,000 G) between the gaussline and the iso-centre and the highest magnetic 

gradient strength was calculated to be 0.037 T/cm (380 G/cm) (see Equation [7]).  

As Figure 6.2 shows the field strength falls off towards to the outer fringes of the z-

axis creating a dome-shaped field.  At the four reference positions along the z-axis 

(see Chapter 5 Figure 5.14) the strength of the magnetic field was measured as 0.003 

T at the gauss line (ie. 30 G), 0.06 T (600 G) and 0.66 T (6,600 G) at the aortic and 

laser and positions respectively and 1.50 T (15,000 G) at the iso-centre for the 1.5 T 

MR system.  Measurements taken for the 3.0 T MR system were recorded as 0.008 

T (80 G), 0.19 T (1,900 G), 1.52 T (15,200 G) starting at the gauss line and moving 

towards the iso-centre and, 3.0 T (30,000 G) at the iso-centre.   

Equation [7]: 

 If the field strength  = 1.01 (y2) at position -15 (x2) and    [1] 

       0.39 (y1) at position +15 (x2)   

 

 Then      = (1.01 - 0.39) / (-15 - 15)    [2] 

  =  0.62 / -30 =   -0.020 T/cm (200 G/cm) 57 

57 The negative sign indicates only that the gradient is decreasing outside the bore of the magnet 
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Similarly, at 3.0 T the highest magnetic gradient was calculated to be: 

 If the field strength  = 2.11 (y2) at position -15 (x2) and    [1] 

       0.05 (y1) at position +15 (x2)   

 

 Then     = (2.11 - 0.95) / (-15 - 15)    [2] 

= 1.16 / -30 =   - 0.038 T/cm (380 G/m)  
  

6.5.1 Velocity of MR bed 

 

Chapter 5 described the methodology employed to calculate the velocity of the two 

separate MR beds at 1.5 T and 3.0 T respectively.  Of the three sets of measurements 

recorded the distance from the starting point to the iso-centre was found to be 253 

cm for both MR systems respectively.  The average time calculated for the MR bed 

to cover this distance in the 1.5 T MR system was 37.7 seconds and 34.0 seconds at 

3.0 T.  Thus, by substituting these data in the equation given below the average 

velocity of the MR bed(s) was determined to be 6.7cm/sec at 1.5 T and 7.4 cm/sec at 

3.0 T.   

 

 Equation [8]:   v =  253 cm   =6.7 cm/sec @ 1.5 T 

         37.7 secs 

and:   v =  253 cm   =7.4 cm/sec @ 3.0 T 

         34 secs 
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Table 9: B0 gradient measurements along the z-axis 
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Figure 6.2 B0 gradient field map along the z-axis    

(a) 1.5 T 

 

(b) 3.0 T  
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6.6 Baseline measurements 

 

Baseline measurements, taken as part of the experimental test procedure to 

determine whether the test apparatus interacted with the magnetic field environment 

are presented in this next section.  Data recorded for the static measurements of the 

test apparatus taken at the four points along the z-axis are presented in tabular 

format for entry and exit measurements by paired channels at both field strengths.  

Results are presented in both units of μstrain and Newton force to allow for 

comparison with previous studies.  The second set of baseline measurements refer to 

the dynamic exposure of the test apparatus to the magnetic fields of the 1.5 T and 

3.0 T MR systems as it was continuously advanced from the gauss line to the iso-

centre and back.  Measurements were recorded as the test apparatus passed through 

each of the four points on the z-axis on entry to and exit from the magnet.  

 

6.6.1 Static test measurements 

 

Table 10 presents the static baseline measurements recorded by the strain gauge 

apparatus as the test apparatus was placed incrementally at the four points on the z-

axis in both MR environments.  Overall, the measurements recorded are fairly 

uniform in both field environments.  Some variation in entry and exit measurements 

has been recorded but, as the Table shows these are very small and likely to reflect 

expected ‘noise’ resulting from varying magnetic fields in the area enclosed by the 

signal circuit rather than actual movement of the test apparatus or, as previously 

mentioned possible differences in the sensitivity of the transducers. 
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Table 10 Static baseline measurements along the z-axis  

 

 
Force (μstrain)  

 
Force (Nwt)  

      Field strength  N-S axis  W-E axis  
 

N-S axis  W-E axis  

 

Ch 1 Ch3 Ch 2 Ch4 

 

Ch 1  Ch3  Ch 2  Ch4  

1.5T      
 

    
Gauss line entry  1 0 1 1 

 

0.00  0.02  -0.02  0.01  

Gauss line exit  1 0 1 1 

 

0.00  0.02  -0.02  0.01  

Aorta entry  1 1 1 1 

 

0.00  0.00  -0.02  0.00  

Aorta exit  2 1 0 2 

 

-0.01  0.00  -0.01  0.00  

Laser entry  3 1 2 2 

 

-0.01  0.00  -0.03  -0.01  

Laser exit  2 1 2 1 

 

-0.01  0.00  -0.03  0.00  

Centre  2 1 1 1 

 

-0.01  0.00  -0.02  0.00  

          3.0T      
 

    
Gauss line entry  -2 0 -1 -1 

 

0.04  0.02  0.00  0.03  

Gauss line exit  -1 2 0 1 

 

0.03  -0.02  -0.02  0.01  

Aorta entry  -1 1 -1 -1 

 

0.03  0.01  0.00  0.04  

Aorta exit  -1 0 -3 -3 

 

0.03  0.02  0.02  0.05  

Laser entry  1 2 -2 2 

 

0.01  -0.01  0.01  -0.01  

Laser exit  0 0 -1 -1 

 

0.02  0.02  0.00  0.04  

Centre  0  2  0  2  

 

0.02  -0.01  -0.01  -0.01  
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6.6.2 Dynamic test measurements 

 

Figure 6.3 presents the profile for the baseline measurements recorded as the test 

apparatus moved continuously through the B0 field along the z-axis of the 1.5 T and 

3.0 T MR systems.  As before the measurements were initially recorded in μstrain 

and converted into force in Newtons.  The first set of paired profiles presented in 

Figure 6.3 presents the raw data recorded in μstrain at 1.5 T and 3.0 T respectively 

(Figure 6.3a, b, e, f).  The subsequent sets of profiles show the converted raw data 

from μstrain to Newton force (Figure 6.3c, d, g, h).  As the Figures show the profiles 

representing the raw data for the two field strengths are largely similar to their 

respective converted data graphs but in reverse.  This ‘mirror image’ effect is 

thought to result from the calibrated spring balance being applied in two directions; 

forward and reverse pull 58 (see Chapter 5).  Although as previously mentioned the 

somewhat unexpected variation displayed by Channel 2 is likely to reflect potential 

differences in the sensitivity of the transducers which have resulted in the larger 

variation in magnitude of oscillations shown.   

 

The profiles show some movement of the test apparatus was detected by the strain 

gauges as the test rig continuously moved through the B0 fields particularly at the 

higher field strength and, across Channels 2 & 4 (W-E axis).  At 1.5 T little or no 

movement of the test apparatus within the field was detected across the N-S axis 

(Channels 1 & 3) and variations in the oscillations shown in Figure 6.3b/d are 

predominantly in Channel 2 (E).  However, for reasons already mentioned 

movements recorded by this strain gauge may be subject to greater error and thus, 

caution needs to be observed when reviewing the profile representing Channel 2 

although, experimental data has been adjusted for baseline measurements.  

Nevertheless, at 3.0 T as Figure 6.3e-h shows the increase in the frequency of 

oscillations across all four channels in comparison suggests some interaction of the 

58   Forward pull of the spring balance is a pull/deflection away from the strain gauge.  A reverse pull is a 
pull of the spring balance inwards/towards the strain gauge. 
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test apparatus with the magnetic field at this strength.  Movement of the test 

apparatus was confined primarily to the magnet ie. between the laser on entry to and 

exit from the magnet although, these movements were not confined to B0 field only.  

The uni-directional profile of the oscillations across all four channels suggests 

overall the apparatus was subjected to a deflective force causing an 

upward/downward movement as described in Figure 5.8.  However, as the 

apparatus moved towards the laser on exit from the magnet the applied force caused 

a different response to that just described.  As the profile shows on entry to the 

magnet diametrically opposing oscillations across all four channels suggest the force 

was acting upon the strain gauge apparatus in an S-E direction.  However, as the 

apparatus exited the magnet this force was reversed to a N-E direction although, the 

uni-directional profile across the N-S-W axis indicates a force pushing down against 

the strain gauges across this plane. 

 

Although these baseline measurements show some interaction of the test apparatus 

with the magnetic field they allow for the experimental data to be adjusted 

accordingly.  Furthermore, the calculated rate of error determined the accuracy for 

this apparatus to be ±0.1.  When this is compared with the recorded rate of error for 

the previous designs of the equipment used to detect movement of heart valves 

within MR associated magnetic fields (please refer to Part I of this Chapter) this 

shows an improvement in the accuracy rate for this test equipment. 
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@ 1.5 T  

Raw data

 
Converted data    

 
@ 3.0 T 
Raw data  

 
Converted data   

 

(a) (b) 

(c) (d) 

(g) (h) 

Figure 6.3 Baseline measurements for ex vivo test apparatus  

(e) (f) 
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Part III 

 

Experimental valve data  

 

6.7 Magnetic field interactions with prosthetic heart valves 

 

The next section of this Chapter focuses on the results of the experimental procedure to 

assess the potential interaction of the heart valve prostheses with magnetic fields 

associated with 1.5 T and 3.0 T.  All experimental test data has been adjusted for 

baseline measurements to compensate for any valve independent effects and are thus 

reported accordingly.  Furthermore, although the graphs show both the raw and 

converted data the results are discussed in terms of Newton force rather than μstrain for 

the reasons cited previously (please refer to Chapter 5 for conversion method).  The 

section begins with an overall summary of the static and dynamic 59 measurements 

recorded ex vivo.  Data are then presented separately for each of the valve prostheses 

detailing the movement of the valve in terms of frequency, magnitude and direction of 

movements detected in response to B0 field.   

 

6.7.1 Summary of field interactions with heart valve prostheses 

 

Figures 6.4 – 6.12 show the results of the static and dynamic measurements recorded for 

each prosthetic heart valve exposed to both magnetic field environments.  The data 

shows all nine heart valves interacted with both the 1.5 T and 3.0 T B0 fields and 

displayed differences between the static and dynamic measurements at the same 

locations on the z-axis as well as different entry and exit profiles.  Furthermore, there 

59   Static measurements in the ex vivo experimental test refers to stationary measurements recorded at (a) 
gauss line, (b) aorta position (ie. 68 cm from laser and outside the magnet), (c) laser and (d) iso-centre.  
The dynamic measurements refer to measurements recorded during continuous movement of the test 
apparatus ± heart valve prosthesis through these points on the z-axis (ie. from the gauss line to the iso-
centre and back). 
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was no commonality between the valve groups or sub-groups in terms of frequency, 

magnitude, pattern or direction of oscillations. 

 

6.7.2 Individual prosthetic valve results 

 

The following figures (Figures 6.4 – 6.12) present the profiles of movements detected 

for each heart valve within two different MR associated magnetic fields.  The data are 

presented in a series of three sets of paired profiles for each valve at both field strengths.  

The first pair of profiles labelled a, b and g, h refers to the raw data measured in μstrain.  

The second set of profiles labelled c, d and i, j refers to the raw data converted from 

force measured in μstrain to force measured in Newtons (see Chapter 5).  The third and 

final set of profiles labelled e,f and k, l include both static and dynamic measurements 

and have been adjusted for the baseline data.  Although the results are presented in this 

way all descriptions and discussions refer to the adjusted profiles only.  Furthermore, for 

reasons already mentioned, any forces resulting in movement of the valve are described 

in Newton force. 

 

 (a) Björk Shiley valve 

The response of the Björk Shiley valve to exposure to the B0 fields of the 1.5 T and 3.0 T 

MR systems are displayed in Figure 6.4.  Overall, the data show two very different 

profiles in terms of frequency, magnitude and pattern of movements detected as well as 

differences in the static compared with dynamic measurements recorded.  Very little 

movement of the valve was detected at 1.5 T and these were confined to between the 

laser and iso-centre as the valve entered the magnet and, at the laser and aorta positions 

on the return journey from the iso-centre.  Furthermore, there was greater movement 

detected along the W-E axis of the valve.  In addition, Figure 6.4e-f shows a marked 

deviation in static measurements from the dynamic profile along the N-S axis compared 

with the W-E axis at the laser (entry) and iso-centre but vice versa between the aorta and 

gauss line on the return from the magnet.  All other static measurements recorded more-

200 
 



 
 
or-less corresponded with the dynamic profile measurements.  In contrast, there was a 

conspicuous increase in the frequency and magnitude of oscillations displayed at 3.0 T 

and differences in the type of movement detected.  The frequency of movements 

detected at this higher field strength however, was similar across both the N-S and W-E 

axes.  Moreover, static measurements corresponded more closely to the dynamic profile 

on the N-S axis compared to those at 1.5 T although, those measured on the W-E axis 

consistently displayed a greater deviation from the dynamic profile in comparison. 

 

At 1.5 T no movement of the valve was detected between the gauss line and aorta 

positions on the N-S axis and very little along the W-E axis.  As Figure 6.4e-f shows the 

first movements detected for this single leaflet valve occurred at the aorta position as the 

valve moved towards the magnet.  The uni-directional path of the oscillations suggests 

the valve was subjected to a deflective force causing the valve annulus to move 

downwards and press against the valve holder.  This was seen more prominently in 

Channel 2 (E) which may also have coincided with an attempt by the valve ring to rotate 

away from the magnet.  As the valve progressed along the z-axis and moved through a 

rapidly increasing gradient to homogeneous field a small series of plateau type 

oscillations can be seen in Figure 6.4e between the laser point and iso-centre.  The 

pattern of oscillations, particularly those in Channels 2 & 3 suggest a tilting motion of 

the valve occurred along the S-E axis which continued until the valve began its return 

from the iso-centre at which point a change in orientation was noted and it rotated 

around the N-E-W arc.   As the valve passed through the laser it underwent a rapid 

change in its orientation and this coincided with a deflective movement downwards as 

the valve ring was pushed against the valve holder.  Movement of the valve continued to 

be detected as it advanced through the aorta position on the return to the gauss line and 

continued to tilt around the N-E-W arc.  The overall pattern of oscillations displayed in 

this profile at 1.5 T suggests the flat plane of the valve ring was tilted away from the 

magnet and the B0 field throughout its journey.  
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Comparison of the static and dynamic profiles at 1.5 T show static measurements on the 

N-S axis corresponded with the dynamic profile outside the magnet but, the reverse was 

true within the magnet particularly on entry from the laser to the iso-centre.  On exit 

from the magnet at the laser position this deviation became less marked.  In contrast, 

static and dynamic measurements on the W-E axis at each of the four locations along the 

z-axis between the gauss line on the approach to and, the laser position on the return 

from the magnet were more-or-less consistent with each other.  However, between the 

aorta and gauss line following exit from the magnet Figure 6.4e-f shows a larger 

difference between these two types of measurement was recorded in Channel 2 (E).  

Nonetheless, despite differences between the static and dynamic profiles the overall 

profile for static measurements at each of the four points on the z-axis show little or no 

difference between entry and return measurements. 

 

At 3.0 T the overall profile is dominated by a combination of deflective 

upward/downward movements of the valve, as those described by Figure 5.8 Chapter 5, 

and a similar frequency of movements across all four channels in contrast to its exposure 

to the 1.5 T MR field (Figure 6.4k-l).  Little movement of the valve was detected 

between the gauss line and aorta positions as the valve moved towards the magnet.  

However, as with 1.5 T the first significant movement of the Björk Shiley valve was 

detected at the aorta position.  In contrast to the movement at 1.5 T this movement 

however, was an upward deflection such that the valve annulus moved away from the 

valve holder as illustrated by the uni-directional movement of the oscillations across all 

four channels.  Furthermore, the magnitude of the oscillation representing Channel 2 (E) 

suggests the valve may have also been subjected to a tilting movement as it attempted to 

rotate away from the magnet.  This movement was followed by a tilt on the N-S axis and 

successive deflection of the valve in a downward direction which continued as the valve 

progressed through the increasing magnetic field from the aorta to laser position.  At the 

laser point the valve’s orientation along the N-S axis changed such that the tilt was on 

the S-E axis.  Immediately after the valve moved through the laser however, a switch in 
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the W-E orientation occurred as the valve rotated around its northern plane to rest on a 

N-W tilt before changing again at the boundary of the dB/dx and B0 field.   

 

Movement of the valve at the iso-centre was marked by a very distinct uni-directional 

oscillation in three out of the four channels.  This pattern of movement suggests the 

valve was subjected to strong downwards deflection causing the flat plane of the valve 

ring to attempt to rotate parallel to the direction of the field.  As the valve moved across 

the boundary of dB/dx and B0 field and continued to move through a decreasing 

magnetic field towards the aorta and gauss line it continued to be subjected to 

upward/downward deflective movements as well as a S-W tilt.  Static measurements 

recorded at 3.0 T as previously mentioned, corresponded more closely with the dynamic 

measurements at the same points on the z-axis along the N-S axis compared with those 

on the W-E axis.  Nonetheless, despite these greater deviations from the dynamic profile 

on this axis comparison of the entry/return measurements across all four channels shows 

an overall consistency in measurements in Channels 2 (E) and 3 (S) but, marked 

differences in Channels 1 (N) and 4 (W). 
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@ 1.5 T   

 

 
         

 Adjusted for baseline data 
 

  

(e) 

Figure 6.4 Björk Shiley valve 

(f) 

(d) 

(a) (b) 

(c) 

204 
 



 
 
 

 

@ 3.0 T    

 

 
  

 
 

Adjusted for baseline data 

 

 

(k) (l) 

(i) (j) 

(g) (h) 
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 (b) Carpentier Edwards pericardial valve 

 

Figure 6.5 shows two very different profiles representing detected movements of the 

only pericardial tissue valve included in this study.  A greater frequency of movements 

were detected at 1.5 T compared with exposure of the valve at 3.0 T and movement was 

detected at an earlier point on the z-axis in the lower strength field.  Furthermore, the 

type of movements recorded also differed compared with those at the higher field 

strength.  At 1.5 T movements were predominantly deflective in an upwards/downwards 

direction along the x-y axis and as illustrated in Figures 5.8  & 5.14.  However, at 3.0 

T Figure 6.5k-l shows the pattern of diametrically opposing oscillations suggests the 

valve was subjected mainly to two relatively strong tilting movements in addition to 

some degree of deflection.  The profile for static measurements corresponds to the 

dynamic measurements captured at the same positions on the z-axis for both axes (N-

S/W-E) at 1.5 T and thus displays different entry and return measurements for each of 

the four locations.  This pattern of measurements occurs in three out of the four channels 

(ie. Channels 1, 2 & 4 (N, E & W respectively) although, the differences are relatively 

minor.  In contrast, measurements recorded at 3.0 T are consistently different from the 

dynamic profiles across all four channels.  Furthermore, these differences also reflect 

differences in the entry and return measurements of the valve particularly at the gauss 

line and laser points. 

 

The profile of oscillations displayed in Figure 6.5e-f represent movements detected in 

the Carpentier Edwards pericardial valve at 1.5 T.  As the profile shows movement of 

the valve was first detected near the aorta position as the valve travelled from the gauss 

line towards the magnet.  A deflective force was recorded in all four channels although 

this was stronger across the N-S-E plane.  Nonetheless, the uni-directional profile of 

these oscillations suggests, as the valve passed through this point on the z-axis the valve 

ring was being pressed downwards into the valve-holder on the N-S-E plane and thus, 

away from the magnet.  Few movements were detected thereafter in Channels 2, 3 and 4 
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(S, W, E) until the valve reached the iso-centre and homogeneous field.  However, in 

contrast the frequency of oscillations displayed by Channel 1 suggests the valve was 

subjected to a constant ‘fluctuation’ type motion in this plane.  At the iso-centre and on 

its return through the homogenous field the valve’s orientation changed multiple times 

suggestive of a rotation around the S-W-E plane whilst at the same time being subjected 

to a deflective motion along the N-S axis similar to that described in Chapter 5 Figure 

5.8.  This type of rotational movement continued until the valve reached the aorta 

position at which point a second downward movement occurred causing the valve’s 

annulus to press against the valve holder as it tilted away from the magnet. 

 

The main features of the profile at 3.0 T for the Carpentier Edwards pericardial valve are 

the deflective movement of the valve between the aorta and laser positions causing the 

valve annulus to be pressed downwards against the valve holder such that the stents were 

being pulled in the direction of the x-axis.  This was followed by a large rotation on the 

N-S axis with a slight tilt on the eastern axis as the valve passed through the rapidly 

changing gradient field at the laser point and moved towards the iso-centre.  Once in the 

homogeneous field however, the valve was no longer subjected to these changing forces 

and therefore resumed its status quo.  However, as it returned from the iso-centre and 

proceeded through the laser point a second large N-W/S-E tilt was detected.  The pattern 

and differential magnitude of these oscillations however, suggest the valve may have 

been subjected to a rotational force such that the plane of the valve’s annulus was 

parallel to the y-axis.  Subsequent to this movement a smaller tilting motion on the S-W 

axis was detected as it passed through the aorta position and decreasing magnetic field 

towards the gauss line.  Thereafter, no further valve movements were recorded by the 

test apparatus. 
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(a) 

 

 

 

@ 1.5 T       

 

 

 

Adjusted for baseline data 

 

  

Figure 6.5 Carpentier Edwards pericardial valve 

(b) 

(e) (f) 

(c) (d) 
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@ 3.0 T 

    

 

 
Adjusted for baseline data 

 

  

(g) (h) 

(k) (l) 

(i) (j) 
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(c) Carpentier Edwards porcine valve 

 

The first of the porcine tissue valves exposed to the experimental test procedure, the 

Carpentier Edwards supra-annular valve (Table 6/Figure 5.3) demonstrated different 

responses to exposure to the two different field strengths primarily on the W-E axis.  

Figure 6.6 shows that in both fields little movement in terms of frequency of valve 

movement was detected between the gauss line and the approximate boundary of dB/dx 

and B0 field on entry to the magnet.  However, on the return from the iso-centre the 

frequency of movements detected increased particularly in Channel 1.  The profile at 1.5 

T is dominated by the divergence of oscillations between the aorta on entry to and return 

from the magnet suggestive of a possible spin type/rotational movement (Figure 6.6f).  

However, movement of the valve was first detected at the aorta point.  The upwards uni-

directional oscillations across all four channels indicate the valve annulus was being 

pushed downwards against the valve holder along the x-axis and, this force continued to 

be applied to the valve until it began its return from the iso-centre.  Between the iso-

centre and laser point a second deflective movement of the valve occurred causing its 

annulus to be pressed upwards against the valve holder.  However, this force was not 

sustained after the laser point on the return from the magnet.  Nonetheless, the valve 

continued to rotate largely on the W-E axis but with a north-westerly tilt until it moved 

through the aorta position whereupon, a large deflective movement similar to that 

displayed at the entry aorta point in terms of direction and orientation and of similar 

magnitude was detected and recorded by the test apparatus.  

 

Figure 6.6k-l displays the results of the exposure of the Carpentier Edwards porcine 

valve to the 3.0 T MR field.  Overall, little or no movement of the valve was detected in 

either axes between the gauss line and boundary of dB/dx and B0 field on entry to the 

magnet with the exception of a tilt around the N-E plane as the valve moved towards the 

magnet and passed through the aorta position.  The direction of these oscillations 

suggests the valve’s annulus was orientated slightly away from the magnet.  As the valve 

crossed the boundary of dB/dx and B0 field a change in its tilt along the N-S axis 
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occurred although, its orientation with respect to the magnet remained the same.  As the 

valve began its return from the iso-centre and crossed the B0 and dB/dx boundary it 

continued to tilt on its S-E axis but, as the oscillations show, it also underwent an 

upward/downward deflection similar to that described in Figure 5.8.  A change in 

orientation from N-W to N-E axis suggestive of a rotational movement around its N-W-

E plane occurred as it progressed through the laser point and exited the magnet.  

Thereafter, although movement continued to be detected in Channel 1 as the valve 

moved further away from the magnet and closer to the gauss line no further movements 

were detected in any of the other three channels. 

 

Comparison of the static with the dynamic profiles for this valve show some measure of 

difference between the two at both field strengths and across all four channels and, as 

Figure 6.6 shows these differences appeared more marked at the higher field strength.  

In addition, there were variations in the entry and return measurements recorded across 

channels, field strengths and different locations on the z-axis.  For example, at 1.5 T 

differences in the entry and return measurements in Channels 2 (E) and 3 (S) were more 

marked at the aorta and laser points but similar measurements were recorded across all 

four points on the axis for Channels 1 (N) and 4 (W).  However, at 3.0 T all four 

channels recorded inconsistent measurements between the entry and return journey of 

the valve.  Channels 1, 2 & 3 for example displayed different entry and return 

measurements at the gauss line and laser position whilst Channel 2 (E) also 

demonstrated differences in the two measurements at the aorta position. 
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@ 1.5 T 

      

 

  

Adjusted for baseline data 

 

 

(a) 

Figure 6.6    Carpentier Edwards porcine valve 

(b) 

(c) (d) 

(e) (f) 

212 
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Adjusted for baseline data 

 
  

(h) (g) 

(i) (j) 

(k) (l) 
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(d) Edwards Tekna valve 

 

The predominant feature of the Edwards Tekna valve in response to exposure to 

magnetic field strengths of both MR systems is the similarity in the profiles of the 

N-S axis although, the magnitude of responses differed between the two as Figure 

6.7 shows.  Little movement of the valve was detected at either field strength 

between the gauss line and fringe of B0 and dB/dx field until the valve’s return from 

the iso-centre at either field strength along the N-S axis and, only after this point did 

the frequency of oscillations increase markedly.  Some movement of the valve was 

detected from the laser point on entry to the magnet and the initial movement 

recorded was a downwards deflective movement which pushed the valve’s annulus 

against the valve holder causing a tilt of the valve ring towards the magnet.  This 

magnitude of the tilt increased causing a greater rotation of the valve along the S-W 

axis which then remained fairly static until the valve had passed through the iso-

centre.  As it returned and moved through the fringe of the B0 and dB/dx field the tilt 

of the valve suggested the occurrence of a rotation around the W-S-E arc followed 

by a deflective movement away from the magnet as it exited the magnet.  The S-E 

tilt of the valve away from the magnet was maintained as it moved towards the 

aorta.  However, the increase in the magnitude of the tilt as it subsequently passed 

through the aorta suggests an even stronger rotation away from the magnet occurred.  

Thereafter, little significant movement of the valve was detected. 

 

Similar to 1.5 T the first significant movement detected at 3.0 T was also a 

deflective movement.  However, the movement differed in that it was detected at an 

earlier position on the z-axis and, the direction of the deflection was contrary to that 

displayed at 1.5 T (Figure 6.7k-l).  An increase in the frequency of movements was 

recorded by the test apparatus as the valve began its return journey from the B0 field 

and the iso-centre.  The return journey was initiated by a large tilt on the N-S axis in 

conjunction with a switching of orientation along the W-E axis suggestive of a 

rotational movement around the W-E-S arc which decreased as it moved closer to 
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the exit of the magnet.  However, there was an increase in this magnitude of 

movement as the valve approached the aorta position culminating in a rotational 

movement around the S-W-E arc and away from the magnet.  Furthermore, the 

subsequent change in direction and magnitude of the oscillation representing 

Channel 1 (N) immediately after this rotation indicated a sudden rotation around the 

S-E-N arc.  Thereafter, as the valve continued towards the gauss line the frequency 

of movement decreased significantly and no further movement was detectable on the 

S-E axis. 

 

Differences between the static and dynamic measurements are also highlighted in Figure 

6.7.  Although these differences were common to both field strengths it was more 

marked at 3.0 T.  Between the gauss line and laser locations consistently higher static 

measurements were recorded in comparison with dynamic measurements in all four 

channels at 1.5 T on entry to the magnet.  Measurements recorded at the iso-centre were 

similar for both static and dynamic profiles and for Channel 4 on the return journey of 

the valve from the iso-centre to the aorta.  Figure 6.7e-f shows the remaining three 

channels displayed some deviation of static measurements away from the dynamic 

profile on the return journey from the iso-centre and the pattern of deviations were 

different from the entry profile.  Figure 6.7k-l shows the static and dynamic profiles at 

3.0 T differ in terms of the N-S versus W-E axes.  Static measurements recorded on the 

N-S axis for example closely corresponded with the dynamic profiles of their respective 

channels.  However, in contrast those recorded by the W-E axis corresponded more 

closely with Channel 4 (W) only. 
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@ 1.5 T  
 
 

 
 

 

 

Adjusted for baseline data 

 

 

 

(d) 

Figure 6.7 Edwards Tekna valve 

(f) (e) 

(b) 

(c) 
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Adjusted for baseline data 

 

 

 

 

(g) (h) 

(i) (j) 

(k) (l) 
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 (e) Hancock II Modified Orifice valve 

The Hancock II Modified Orifice valve was the second of the two porcine tissue 

valves subjected to the ex vivo test procedure.  The profiles of the valve for the two 

field strengths show no commonality in terms of the shape, frequency or magnitude 

of oscillations although, there was some similarity with regards to position on the z-

axis at which movement was first recorded on the N-S axis and the two deflective 

movements, one at the laser on entry to the magnet and the second at the aorta 

following exit from the magnet.  Similarities between the static and dynamic 

profiles were also noted but these occurred at 1.5 T and predominantly on the W-E 

axis although, there were some differences between the two profiles on the N-S axis.  

At 3.0 T marked differences between the profiles was however noted.  As Figure 

6.8k-l shows between the aorta on entry to and return from the magnet there was a 

marked deviation of the static measurements from the dynamic profile for all four 

channels.  In addition, differences between the static measurements are displayed at 

the gauss line, aorta and laser consistent with the dynamic profile. 

 

Overall, at 1.5 T Figure 6.8e-f shows very little movement of the valve was 

detected.  A downwards movement of the valve against the valve holder occurred at 

the laser point on entry to the magnet and is signified by the uni-directional profile 

of the oscillations corresponding to the four channels.  Thereafter however, although 

some rotational movements around the W-N-E arc the profile of movement suggests 

movement of the valve was confined predominantly to a tilting motion along the W-

E axis between the iso-centre and aorta point on the return journey.  A second 

deflective movement was detected at the aorta point of the z-axis as the valve’s 

annulus was pushed away from the valve holder after which no further movement 

was detected at this field strength.  A greater frequency of valve movement was 

recorded by the test apparatus at 3.0 T on the W-E axis compared with the N-S axis.  

Movement on this axis was, as Figure 6.8k-l shows, restricted to the homogeneous 

field and the exit field near to the laser.  On the approach to the magnet the valve’s 
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(f) 

(d) 

(e) 

orientation was mainly on its N-E axis and tilted towards the lesser field (E).  At the 

boundary of dB/dx and B0 field however, the valve’s orientation switched 

backwards and forwards between the N-E/S-W axes before being maintained on the 

S-W axis until its exit from the magnet at which time, a large rotational movement 

was recorded.  Following this no other significant movements were detected. 

 

@ 1.5 T 

 

 

 

Adjusted for baseline data 

 

 

Figure 6.8 Hancock II Modified Orifice valve 

(b) (a) 

(c) (d) 
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(i) (j) 

(g) (h) 
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(f) Medtronic Hall valve 

Movement of the Medtronic Hall single leaflet mechanical valve exposed the MR 

associated magnetic field environment is illustrated by Figure 6.9.  Overall this valve 

displayed little or no interaction with the magnetic fields of the 1.5 T and 3.0 T MR 

systems.  What little movement detected at 1.5 T occurred mainly along the W-E axis 

and between the laser upon entry to and, aorta following exit from the magnet (Figure 

6.9e-f).  At 3.0 T movement was confined to within the magnet but not solely the 

homogeneous field on the N-S axis and although the field of movement extended beyond 

the magnet on the W-E axis as the Figure shows the frequency of movement was limited.  

The profiles representing the static movements show differences between these and the 

dynamic measurements for the same points on the z-axis.  The size of deviations of the 

static measurements from the dynamic profiles varied within and between the field 

strengths although most occurred outside the boundaries of the dynamic profiles.  

Moreover, entry and return measurements at the aorta and laser points were different in 

three out of four channels at both field strengths (ie. Channels 1, 2 & 4 @ 1.5 T; 

Channels 1, 3 & 4 @ 3.0 T) 

 

At 1.5 T an upward/downward movement of the valve was recorded at the laser on entry 

to the magnet followed by a sideways deflection on the W-E axis towards the B0 field as 

the valve entered the magnet.  Within the homogeneous field the valve is seen to tilt such 

that the W-E axis attempted to rotate parallel to the x-axis.  However, on its return and as 

it passed through the B0 and dB/dx field a change in the N-S orientation tilted the valve 

onto its N-W axis.  This however, was only a temporary position and the switch back to 

the S-E axis was maintained until a downward deflection occurred as the valve 

progressed through the aorta point on the return to the gauss line.  Although the 

magnitude of oscillations displayed on the N-S axis in the profile for the 3.0 T magnetic 

field was larger compared with those at 1.5 T, the frequency of movements was 

comparable.  In contrast, the magnitude of oscillations displayed on the W-E axis was 

smaller and the frequency less (Figure 6.9k-l).  Movement of the valve at 3.0 T was 
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more-or-less confined to the area within the magnet though not solely within the 

homogeneous field.  The first significant interaction of the valve with the magnetic field 

occurred at the boundary of the dB/dx and B0 field.  As the profile in Figure 6.9k-l 

shows a large N-S tilt occurred coupled with a sideways deflection towards the magnet 

on the W-E axis.  However, within the homogeneous field at the iso-centre a reduction in 

this applied force was demonstrated causing a temporary reduction in the magnitude of 

valve’s tilt and a deflection in the opposite direction.  Though the directional movement 

of the oscillations indicate the direction of the deflection towards the iso-centre was 

maintained as the valve began its return journey, the increase in the divergence of 

oscillations on the N-S axis suggests there was a further increase in the applied force 

culminating in a relatively large second but opposite tilt on the N-S axis.  However, a 

corresponding tilt also occurred on the W-E axis thus, causing the valve to tilt north-

westerly.  Although a switch in orientation was again recorded following its exit at the 

laser point no further valve movement was detected between the aorta and gauss line. 
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Figure 6.9: Medtronic valve 

(d) (c) 

(b) (a) 

(f) (e) 
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(j) (i) 

(l) (k) 
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 (g) Starr Edwards caged disc valve 

 

The only caged disc valve included in this study demonstrated different patterns of 

behaviours to exposure to the two different field strength MR system as Figure 6.10 

shows.  Overall, the frequency of oscillations recorded at either field strength shows 

little movement of the valve was recorded at either field strength although an increase in 

the frequency of oscillations on the return journey from the iso-centre is demonstrated.  

This was true for both field strengths.  Furthermore, static measurements appear to 

correlate more closely with the dynamic measurements for the same points on the z-axis 

at 1.5 T and in particular on the W-E axis.  Differences recorded between the profiles at 

3.0 T were however, relatively small. 

 

At 1.5 T the movement of the valve was dictated by a rotational motion around the N-W-

E arc in contrast to movement at 3.0 T in which the applied force caused the valve to tilt 

on its N-W axis.  No movement of the valve was recorded between the gauss line and 

aorta point at 1.5 T but, at the aorta a deflective force, which was maintained until the 

valve exited the magnet, caused the valve’s annulus to be pushed against the valve 

holder.  In addition a temporary change in its N-S orientation occurred at the magnet’s 

centre.  At the start of the return from the iso-centre the magnitude of oscillations 

increased along both axes although more noticeably along the N-S axis.  Moreover, the 

tilt of the valve also changed such that it tilted on its N-W axis until it had passed 

through the laser.  Other movements of note at 1.5 T occurred between the laser and 

aorta on the return to the gauss line.  An exaggerated tilt on the N-S axis occurred as the 

valve moved through the rapidly changing gradient field at the laser point and then, 

deflected upwards away from the valve holder as it proceeded through the aorta. 

 

In contrast, interaction of the valve with the magnetic field at 3.0 T occurred primarily 

within the confines of the magnet.  Figure 6.10k-l confirms virtually no movement was 

detected outside these boundaries and only limited movement particularly on the W-E 

axis.  A small tilt on the N-W valve axis was detected at the laser point as the valve 

225 
 



 
 
entered the magnet and nothing of any significance was recorded thereafter until it 

reached the B0 field and the iso-centre.  A temporary change in the valve’s orientation 

from N-W to S-W was recorded but this was rapidly reversed and immediately followed 

by a downwards deflection of the valve’s annulus against the valve holder.  This 

deflective force continued to act upon the valve until it again passed through the laser 

point whereupon, as at 1.5 T a relatively large tilting motion occurred along the N-S 

axis.  Although minimal movement was recorded by Channel 2 no further movement of 

the valve was detected in any of the other channels as it moved between the aorta and 

gauss line in the decreasing magnetic field. 
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Adjusted for baseline data 

 

 

(c) 

(a) 

Figure 6.10 Starr Edwards caged disc valve 

(f) (e) 

(b) 

(d) 
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(h) Starr Edwards metal caged ball valve 

 

Figure 6.11 displays the profile of one of the two mechanical caged ball valves 

evaluated in this study.  Overall, the profiles for the valve at 1.5 T and 3.0 T show a 

similar frequency of movements between the two field strengths although, the 

magnitude and profile of oscillations differs.  Furthermore, the orientation of the 

valve along the N-S axis is also different.  Static measurements recorded at 1.5 T are 

closely correlated on the W-E axis and to some extent, along the N-S axis with some 

exceptions (Figure 6.11e-f).  Although the static measurements recorded at 3.0 T did 

not deviate greatly from the dynamic profile overall, some differences between 

respective measurements and corresponding profiles were measured as Figure 

6.11k-l shows.   

 

Overall very little movement of the valve was detected at 1.5 T as the frequency of 

oscillations displayed in Figure 6.11e-f show.  Some fluctuating movements were 

recorded in Channel 2 (E) in addition to a downward deflective movement (Figure 

5.8) on the return journey between the magnet’s centre and laser point.  A review 

of Figure 6.11 suggests the uni-directional profile of the oscillations across all four 

channels illustrates the downward force applied to the valve’s annulus causing it to 

be pushed against the valve holder.  However, this force was not maintained after it 

had passed through the aorta and progressed towards the gauss line.  At 3.0 T no 

significant movement of the valve was recorded by Channel 4 (W).  Stepwise 

incremental increases in movements detected can be seen in Figure 6.11k along the 

N-S axis as the valve moved from the gauss line to the laser point at which point the 

valve displayed a tilt on the N-S axis in a southerly direction.  At the boundary of 

the dB/dx and B0 field an increase in the force exerted on the valve caused an 

increase in the N-S tilt with some corresponding movement in Channel 2 (E).  As 

the valve advanced from the magnet and through the laser point a small sideways 
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deflection of the W-E axis away from the magnet occurred followed by a temporary 

change in its orientation mid-way between the laser and aorta point after which no 

further movements of the valve were recorded.  

 

 

   

 

 

Adjusted for baseline data 

 

Figure 6.11 Starr Edwards metal caged ball valve 

(f) (e) 

(b) (a) 

(d) (c) 

@ 1.5 T 
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@ 3.0 T 

 

 
 

 

Adjusted for baseline data 

 

 

 

 

(j) (i) 

(h) (g) 

(l) (k) 
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(i) Starr Edwards silastic caged ball valve 

 

Two very different profiles denoted the interaction of the Starr Edwards silastic 

caged ball valve with the 1.5 T and 3.0 T MR environments as Figure 6.12 shows.  

The most striking feature of the profiles is the wide opposing parallel oscillations 

along the W-E axis at 1.5 T which suggests a ‘spinning’ type motion of the valve 

along this axis.  This movement, as Figure 6.12f shows, also occurred in conjunction 

with a deflective force which occurred between the boundary of the B0 and dB/dx 

field and aorta point as the valve returned from the magnet’s centre.  The few 

movements of the valve at 3.0 T were dominated by a tilting motion on the S-W axis 

at the boundary of the dB/dx and B0 field on the entry to the magnet and a reverse 

(N-S) tilt as the valve exited the magnet at the laser point.  Although the oscillations 

on the W-E axis displayed some degree of opposition they did not imitate those 

demonstrated at 1.5 T. 

 

Overall, little or no movement in Channel 3 (S) was detected at 1.5 T until after the 

valve had reached the iso-centre.  Moreover, in its paired opposite channel (N) 

although some movement was recorded between the laser and iso-centre the 

frequency of movements, as Figure 6.12e shows, was very low.  An increase in the 

frequency of movements was recorded, mainly in Channel 1, as the valve continued 

to move through the boundary of the B0 and dB/dx field on its return and this 

coincided with a change in direction of oscillations indicating a deflective 

movement of the valve.  The applied force between these points on the z-axis caused 

the valve ring to be pressed against the valve holder.  However, the force was not 

uniform and thus, the valve annulus was subjected to a series of small fluctuating 

movements as described in Figure 5.8.  As the valve moved closer to the aorta 

point and away from the magnet there was a reduction in the applied force such that 

it tilted on its S-E axis as though attempting to align the valve’s annulus with the x-

axis.  Immediately thereafter, no further movement of the valve was detected. 
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As previously mentioned movement of the valve at 3.0 T was dominated by the two 

tilting motions on the N-S axis although, apart from these and a much smaller, 

almost negligible tilt at the aorta on the approach to the gauss line, no other 

movement along the N-S axis was recorded.  Frequency of movement on the W-E 

was more consistent in Channel 4 (W) although not high.  Forces acting on the valve 

appeared to increase causing the oscillations to diverge further from one another as 

the valve moved through the increasing gradient field from the aorta position 

towards the centre of the magnet, particularly once inside the magnet.  However, 

this increase was not maintained and on the return from the magnet the oscillations 

converged and little or no movement was detected thereafter.   

 

Similar to the other caged design valves included in this study the Starr Edwards 

silastic rubber ball valve also demonstrated a similar relationship between its static 

and dynamic profiles.  Both profiles primarily corresponded closely with regards to 

their respective field strengths on the N-S axis although, static measurements 

recorded at 1.5 T for Channel 4 (W) also corresponded to dynamic measurements 

recorded at the same points on the z-axis.  In contrast, those recorded for Channel 2 

(E) displayed marked deviations from the dynamic profile.  At 3.0 T static 

measurements along the W-E axis were consistently different from the dynamic 

profile and as the Figure shows the forces measured were generally lower. 
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@ 1.5 T 

 

 

 

 

 

 

 

 

(c) 

Figure 6:12  Edwards silastic caged ball valve 

(d) 

(b) (a) 

Adjusted for baseline data 
(f) (e) 
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@ 3.0 T 

   

 

 

 

Adjusted for baseline data 

 

 

  

(g) 

(j) (i) 

(l) (k) 

(h) 
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6.8 Section summary 

 

In summary, although the data show some interaction of the test apparatus with the 

magnetic fields these results nonetheless confirm the sensitivity and competence of this 

device to detect and record movement of heart valve prostheses exposed, ex vivo, to MR 

associated magnetically induced forces.  Moreover, the use of strain gauges afforded the 

apparatus the capacity to detect the frequency of valve movements together with the 

magnitude of applied force and differentiate between deflective, tilting and rotational 

movements such as those described in Figure 5.8.  The individual valve profiles 

produced by this apparatus not only identified differences in the type, frequency and 

magnitude of movements between all valves and sub-groups but also differences in entry 

and return profiles which indicate magnetism is both induced and retained in a prosthesis 

during its continuous movement through the B0 field.  This concludes the presentation of 

the ex vivo test results.  The next section of the Result Chapter (Part IV) focuses on the 

in vitro investigations and presents the findings of the influence of MR associated 

magnetically induced forces on valve function and performance. 

. 
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Part IV 

 Hydro-pneumatic results 

 

6.9 Introduction 

 

This section reports the results of the fluid flow tests performed on the individual heart 

valve prostheses exposed to the B0 field.  Individual profiles are reviewed for any 

variations in pressure waveform compared with the baseline data and also for, within 

profile variations with particular reference to the different positions along the z-axis.   

 

6.9.1 Calibration of the hydro-pneumatic test apparatus 

 

Table 11 shows the results of the calibration of the hydro-pneumatic test apparatus.  An 

average heart rate for a healthy adult (75 bpm) was achieved when the speed and stroke 

regulators were set at positions 5 and 9 respectively.  However, as Column 7 in Table 11 

shows the required fluid output of 5 l/min was not achieved at these positions.  

Repositioning of the arm of the stroke regulator to position 10 however, increased output 

sufficiently and the required fluid output of 5 l/min was thus achieved. 
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Table 11: Rate of fluid flow regulated by the pulsatile pump 

 

Beats/minute 
(bpm) 

Speed  

1 

Speed 

2 

Speed 

3 

Speed 

4 

Speed 

5 

 Maximum fluid 
output at 

maximum speed 
(ml/min) 

Position 1 30 35 45 56 65  (1360) 

Position 2 33 40 49 58 68  (1620) 

Position 3 36 42 49 58 70  (1980) 

Position 4 36 42 49 59 70  (2480) 

Position 5 36 43 51 60 71  (2720) 

Position 6 36 43 51 60 71  (3300) 

Position 7 36 43 52 63 73  (3580) 

Position 8 36 43 53 65 73  (4170) 

Position 9 36 43 54 65 75  (4310) 

Position 10 36 43 56 66 75  (4950) 

 

 

6.10 Baseline measurements at 1.5 T 

 

The hydro-pneumatic test apparatus used in the study and described fully in 

Chapter 5 was designed to produce a consistent haemodynamic profile in order to 

investigate the influence of magnetic fields on prosthetic heart valves.  A baseline 

profile of fluid flow through a valveless chamber as the apparatus proceeded 

through the B0 field is presented in Figure 6.13.  The overall profile produced 

shows a typical sinusoidal waveform with a frequency of 75 rpm (i.e. 1.25 Hz; 

Table 11).  Measurements recorded as the apparatus moved through the magnetic 

field along the z-axis shows no differences in the shape or magnitude of the pulse 

waves thus confirming the test equipment did not interact with the magnetic field.  

Furthermore, the sensitivity of the test equipment was established when 
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inconsistencies in pulse waves (i.e. complexes) were identified at points in the 

profile when the MR bed was known to have experienced a juddering motion.  

Figure 6.14 for example, shows a series of irregular complexes at a position along 

the z-axis when the MR bed was known to have temporarily faltered (see also 

Figure 6.19d).   

 

 

 

 

 

Figure 6.13: Baseline profile @ 1.5 T 

(d) 

(c) 

(b) 

(a) 
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6.11 Overall results at 1.5 T 

 

Comparison of the haemodynamic profiles of the nine prosthetic heart valves exposed to 

MRI at 1.5 T show all valves produced sinusoidal waveforms (Figures 6.15 - 6.23).  

Furthermore, no differences in the magnitude of waveforms for the individual valves 

compared with the baseline profile were detected.  Although some profiles shared a 

(e) 

Figure 6.14:  Illustration of sensitivity of hydro-pneumatic experimental apparatus 

(f) 
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similarity in terms of the shape of the complexes for example, Carpentier Edwards 

pericardial and porcine valves (Figures 6.16, 6.17), Starr Edwards caged disc and silastic 

caged ball valves (Figures 6.21, 6.22), Björk Shiley, Edwards Tekna, Hancock II and 

Starr Edwards metal caged ball valves (Figures 6.15, 6.18, 6.19, 6.22) there was 

generally no consistency with the shape of the complex and valve type or sub-group.  

Furthermore, the consistent recurrence of specific patterns of complex shape in some 

profiles was thought to be associated with the closing mechanisms of the valve 

leaflets/occluder.  Investigations of the closing dynamics of prosthetic heart valves have 

for example, shown such patterns reflect the water hammer effect caused by the sudden 

and instantaneous impact of the leaflets against the seat stop or guiding strut which 

creates a ‘shock-wave’ effect and is commonly associated with cavitation of the valve 

(Feng 2000; Nair 2003; Chapter 3).  Thus, the recurrence of variations shown in the 

Figures 6.16, 6.17, 6.20, 6.21 and 6.23 suggest these are the result of the water hammer 

phenomenon rather than any interaction of the leaflets/occluder with magnetically 

induced forces.  The next section of this chapter describes the results of the hydro-

pneumatic tests on the individual valve prostheses.  

 

6.12 Individual valve profiles 

 (a)  Björk Shiley valve 

Figure 6.15 shows the appearance on the Björk Shiley valve of a dicrotic notch.  

Although this is typically associated with the closure of the aortic valve this was unusual 

in this valve because it consistently occurred on the ascent and not the descent of the 

pulse wave.  This suggests possible movement of the leaflet in response to the magnetic 

field.  In addition, this valve also displayed further variations in the pressure profile 

beginning in the last three complexes (Figure 6.15d) and continuing until  to the 5th 

complex after the aorta position despite a decreasing field strength (Figure 6.15f).  

Changes in the shape of the complexes were not confined to either the ascending or 

descending pulse wave but occurred with similar frequency in both.  Furthermore, 

changes in the shape of the peak and base pressures were also observed.  Although the 
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frequency of these variations began to decrease after the valve had passed through the 

return aorta position variations suggestive of an interaction of the leaflet with the 

magnetic field could also be observed in a very weak field near to the gauss line.   

 

 

 

 

 

 

 

Figure 6.15:  Björk Shiley valve @ 1.5 T 
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(b) Carpentier Edwards pericardial valve 

 

The dynamic profile of the Carpentier Edwards pericardial valve is presented in Figure 

6.16.  The Figure shows a consistency in all the complexes as the valve moved through 

the B0 field at 1.5 T which confirms no interaction of the valve’s leaflet with the 

magnetic field on either entry or return between the gauss line and iso-centre occurred. 

 

 

 

 

Figure 6.16:  Carpentier Edwards pericardial valve @ 1.5 T 
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(c) Carpentier Edwards porcine valve 

 

The shapes of the complexes displayed by the dynamic profile of this porcine valve 

(Figure 6.17) are similar to the Carpentier Edwards pericardial tissue valve.  Again, the 

consistency in the shapes of the complexes is suggestive of a total lack of interaction of 

the valve’s leaflets with the magnetic field at 1.5 T. 
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Figure 6.17:  Carpentier Edwards porcine valve @ 1.5 T 
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(b) 

 

(d) Edwards Tekna valve 

 

Figure 6.18 presents the pressure profile of the Edwards Tekna valve at 1.5 T and shows 

inconsistencies in the complexes.  In addition, increases in the magnitude of some 

complexes were also observed on both entry and return from the magnet.  As Figure 

6.18c shows interaction of the valve’s leaflets with the magnetic field was initiated at the 

entry laser position.  Inconsistencies in the shape and magnitude of the pulse waves 

continued as the valve progressed towards the boundary of the dB/dx with B0 field at 

which point there was a marked increase in the number of notches recorded in both the 

ascending and descending pulse waves (Figure 6.18c-d).  Furthermore, interaction of the 

leaflets with the homogeneous field continued but the intensity of the interaction 

appeared to decrease after the valve had moved through the boundary of the B0 and 

dB/dx field toward the return laser position.  However, despite a continuing decrease in 

field strength the interactions of the valve’s leaflet with the inhomogeneous field 

continued as illustrated by both the variable shape and magnitude of the pulse waves 

shown in Figure 6.18c-f.   

 

 

 

 

Figure 6.18:  Edwards Tekna valve @ 1.5 T 

(a) 
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(f) 

(c) 

(d) 

 

 

 

 
 

 

(e) Hancock II Modified Orifice valve 

 

The general shape of the waveform for the Hancock porcine valve displayed in Figure 

6.19 shows a similarity with that of the baseline profile shown in Figure 6.13.  However, 

in contrast, it also shows some variation in the complexes suggestive of an interaction of 

the valve’s leaflets with the B0 field.  As the valve returned from the iso-centre towards 

the gauss line for example, a number of inconsistencies in the complexes were detected 

(Figure 6.19d-f).  Firstly, the experimental apparatus detected a series of irregular 

(e) 
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(a) 

complexes between the gauss line and the aorta on entry to the magnet.  These 

irregularities were defined by an accentuated diocrotic notch on the ascending pulse 

wave.  Secondly, irregular complexes were detected midway between the iso-centre and 

laser.  However, as explained in an earlier paragraph these irregularities reflect an 

unexpected faltering of the MR bed which resulted in a ‘juddering effect’ (Figure 6.14).  

Between the laser and the aorta the test apparatus detected additional small irregularities 

in the complexes beginning with the 3rd complex from the laser position and continuing 

towards the gauss line.  Although it has been suggested this type of movement is 

associated with the possible movement of the leaflets in response to the magnetic field 

this was in reference to a mechanical valve and not a bioprosthesis (see Björk Shiley 

valve).  However, there is no evidence to suggest porcine tissue itself interacts with 

magnetically induced forces associated with MRI and therefore it might be suggested 

interaction occurred between the B0 field and the stent materials which may also impact 

on the closing of the leaflets.  Alternatively, it may be there was existing damage to the 

leaflets which inhibited closure.  However, if this were the case a greater consistency of 

irregularities in the complexes would be displayed in the profile.    

 

 

 

  

   

 

Figure 6.19:  Hancock Modified Orifice valve @ 1.5 T 

(b) 
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(f) Medtronic valve 

Figure 6.20 shows the haemodynamic profile of the Medtronic tilting disc mechanical 

valve.  The overall pattern of complexes in this profile is different to any other 

haemodynamic profile.  Nonetheless, the consistency in the pattern of complexes 

displayed throughout the progression of the valve from the gauss line to the iso-centre 

and back indicates there was no interaction of the disc occluder with the magnetic field.   

 

 

(e) 

(d) 

(c) 

(f) 
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(c) 

(a) 

 

 

 

 

 

 

 

Figure 6.20:  Medtronic valve @ 1.5 T 

(d) 

(b) 
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 (g) Starr Edwards caged disc valve 

 

The haemodynamic profile showing the response of the Starr Edwards caged disc valve to 

the magnetic field at 1.5 T is presented in Figure 6.21.  The pattern of complexes is 

consistent throughout the progression of the valve through the magnetic field and 

indicates no interaction of the occluder with the magnetic field occurred.  

 

 

 

 

 

 

 

 

 

 

 

(e) 

(f) 
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(c) 

(e) 

(f) 

 

 

 

 

 

 

 

Figure 6.21:  Starr Edwards caged disc valve @ 1.5 T 

(d) 

(b) 

(a) 
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(b) 

(a) 

(h) Starr Edwards metal caged ball valve 

The dynamic profile of the Starr Edwards metal caged ball valve shows interaction of 

the metal ball occluder with the magnetic field on the return from the magnet but only 

after it had advanced through the laser position and continued to progress towards the 

gauss line.  Figure 6.22e shows changes in the shape and magnitude of pulse waves 

began on the first complex after the laser position. Notches in the ascending and 

descending pulse wave were observed and with increasing frequency as the valve neared 

the aorta position despite a decrease in the magnetic field strength (Figure 6.22e-f).  

Moreover, the shape of the notches between the 5th and 9th complexes in Figure 6.22e 

and 1st and 4th complexes in Figure 6.22f suggest the interaction of the ball occluder with 

the magnetic field during systole caused a sudden movement of the ball to the closed 

position resulting in shock waves (ie.  similar to the water hammer effect).   

 

 

 
 

 

 

Figure 6.22:  Starr Edwards metal caged ball valve @ 1.5 T 
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(e) 

(d) 

(f) 

 

 
 

 
 

 
 
 

 

(i) Starr Edwards silastic caged ball valve 

 

The consistent pattern of the waveforms displayed by the haemodynamic profile of the 

Starr Edwards silastic caged ball valve shown in Figure 6.23 suggests no interaction of 

this valve with the magnetic field associated with 1.5 T occurred. 

 

 

(c) 
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(c) 

(b) 

 

 

 

 

 

 

 

 

(d) 

(e) 

(a) 

(f) 

Figure 6.23: Starr Edwards silastic caged ball valve @ 1.5 T 
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6.13 Overall results @ 3.0 T 

There were considerable technical and environmental challenges which precluded the 

investigation of valve function using the hydro-dynamic test apparatus in the 3.0 T 

setting.  The layout of the 3.0 T MRI suite resulted in the need for extremely long input 

and output tubing sections to feed the valve test element of the apparatus.  Whilst this 

was technically possible to achieve, it resulted in an unacceptable level of “dampening” 

of the pressure waveform within the system, producing pressure profiles which were not 

physiologically representative in any meaningful way.  A solution to this would have 

been to move the flow generating apparatus into the MRI suit, shortening the input and 

output tubing length however, the makeup of this element of the technology, which 

incorporates ferrous elements, was not compatible with MRI safety.  Therefore the safe 

deployment of the device was not possible in the 3.0 T setting.  Clearly this is a matter 

which requires further investigation and design consideration and forms an essential part 

of our future work. 

 

6.14  Chapter summary 

Chapter 6 presented the results of the ex vivo and in vitro evaluation of a novel device 

designed to be compatible with the MR environment and to detect and quantitatively 

measure movement and functional performance of 9 different heart valve prostheses 

exposed to the B0 field associated with field strengths of 1.5 T and 3.0 T.  The baseline 

data confirm, although there was some interaction of the ex vivo test apparatus with the 

B0 field this was unlikely to be hazardous and had little impact on the experimental data 

which was adjusted accordingly.  Thus, overall the MRI compatibility of both the ex 

vivo and in vitro components of this test apparatus was confirmed.  Real-time three-

dimensional dynamic movements of the valves were detected and the applied force 

quantitatively measured.  Furthermore, despite difficulties experienced in conducting the 

hydro-dynamic test at 3.0 T the results obtained at 1.5 T confirm the ability of this 

apparatus to detect and measure changes in pressure across the valve which indicates the 

possibility of an interaction between the B0 field and the valve’s occluder/leaflets.  The 
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overall the results of this investigation therefore corroborate the compatibility, 

sensitivity and capacity of this test apparatus within the MR environment and thereby 

confirm the aims and objectives of this study were met. 
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CHAPTER  7 

 

  

Discussion 
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7. Introduction 

Research suggests the aging and/or disease processes may compromise cardiac tissue 

strength sufficiently to cause an increase in the risk of unwanted prosthetic heart valve 

movement and/or dislodgement during exposure to strong magnetic fields associated 

with MRI (Edwards 2005).  Moreover, as previously mentioned these risks may be 

further amplified with exposure to higher field strength MR systems which are 

becoming more commonplace in clinical practice today as technology continues to push 

the upper field limit.  Little if anything is known about the in vivo movement of cardiac 

valve prostheses within the MR environment or whether the Lenz Effect restricts the 

valve’s leaflets/occluder sufficiently to cause functional valve impedance.  The 

limitations of existing test methodologies and apparatus have resulted in an inability to 

fully assess valve movement in terms of frequency, direction, magnitude and functional 

valve performance in vivo in which the valve is constrained by retentive and 

counteractive forces and is either stationary within or, in continuous motion through the 

B0 field.  As a result of the paucity of data questions about the potential risks of harmful 

or fatal movement, dislodgement and valve dehiscence in tissue already compromised 

by degrading and/or degenerative processes or, functional valve impedance have been 

raised.  The aim of this study was to assess the sensitivity and capacity of a novel device 

intended to detect and measure ex vivo the frequency, direction and the magnitude of 

movements of prosthetic heart valves exposed to MR associated B0 fields and, assess 

valve function in vitro as the valve(s) were advanced continuously through the B0 field.  

This chapter reviews and discusses the results of this investigation and whether the 

study‘s aims and objectives were met.  In addition, the limitations of the test apparatus 

and methodology employed are discussed and what contribution these study findings can 

make to our knowledge and understanding of the behaviour of heart valve prostheses in 

vitro during exposure to B0 fields ≤3.0 T. 
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7.1 Addressing the limitations of existing methodology 

 

Historically, assessment of MR associated translation and rotational forces on heart 

valve prostheses have been performed ex vivo using a piece of thread to suspend a heart 

valve from the vertical of a non-ferromagnetic frame and measuring the angle of 

deflection and by using a qualitative scale of measurement to assess torque force (Soulen 

1985; Randall 1988; Frank 1992; Pruefer 2001; Shellock 1994, 2001; Chapters 5 & 6).  

Although these methods provide some indication of the type and magnitude of forces 

acting on the valve prostheses they are subject to a number of limitations.  Firstly, 

uncertainty persists regarding the location within the B0 field displacement 

measurements should be recorded.  Soulen (1985), Frank (1992), Kagetsu (1991) and 

Shellock (1994) for example, measured displacement force at the entrance to the magnet 

where the flux line density is the greatest.  In contrast, others have recorded 

displacement force at the point within the magnetic field where the spatial gradient is 

determined to be at its maximum (Randall 1988; Shellock 2001; ASTM 2006; Chapter 

5).  However, as Figures 6.4 - 6.6 and 6.10 - 6.11 show this novel apparatus recorded 

larger and potentially harmful magnetic forces at other locations within the magnetic 

field than previously reported at either the entrance to the magnet or the point of the 

highest spatial gradient with forces ranging from 3.0 Nwt x 10-2 to 1.4 Nwt x 10-1 at 1.5 

T at the aorta position (Figure 5.14).  In comparison, applied displacement forces 

reported by others at the magnet entrance and highest spatial gradient ranged from 9.6 

Nwt x 10-5 to 1.1 Nwt x 10–3 respectively (Soulen 1985 Frank 1992; Pruefer 2001; see 

also Chapter 6).  Furthermore, this study also found the highest magnitude of movement, 

and thus force, was not always recorded in the same location within the field for all 

valves.  Thus, this investigation has shown the standard use of singular specific locations 

to measure the applied displacement force is unsatisfactory. 

 

Other limitations of the existing test apparatus and methodology are, measurements were 

one-dimensional and therefore failed to detect or record other movements which may 

have occurred in the x- and the y- planes.  Furthermore, with the exception of a thin 
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thread to suspend the heart valve prosthesis from the test apparatus the valves were 

unrestrained contrary to the in vivo state in which a heart valve prosthesis is usually 

secured by at least 14 sutures (discussed below).  In addition, the apparatus was unable to 

position the valve in such a way it matched the in vivo height and orientation and as a 

consequence of these failings it has not been possible to properly assess the true risks of 

valve movement, dislodgement or dehiscence in vivo in a patient exposed to the B0 field 

environment.  The results of this investigation show the design of this apparatus 

successfully addressed each of these shortcomings.  Although the heart valve was secured 

in the valve holder it was still free to move in response to interactions with the magnetic 

field and the data captured recorded three-dimensional movement across the x-, y- and z-

axes.  Furthermore, the jointed stand holding the valve holder allowed for the valve to be 

oriented according to the correct in vivo position and height.  Moreover, unlike previous 

studies which only reported on statically placed heart valve prostheses within the B0 field, 

this apparatus allows reporting on valvular movement of the statically placed valve and as 

it continuously advanced through the field.  Thus, in light of this investigation’s results it 

might be suggested our current use of static measurements of valve deflection and 

rotation to determine safe exposure of prosthetic heart valve patients to the B0 field may 

be inappropriate because, as the data show the type and magnitude of the valve’s 

response differs depending on whether the measurement was captured during static or 

dynamic recording. 

 

Previous research was also limited in its ability to quantitatively measure torque force.  

Consequently, data on the actual magnitude of rotational force, which is potentially more 

harmful than translation force, was deficient.  The cramped confines of the magnet also 

made it difficult for the investigator(s) to read the angle of deflection accurately thereby 

increasing the potential for investigator error.  The use of a strain gauge system which 

independently recorded valvular movement eliminated this type of error and bias.  

However, although this apparatus measured the magnitude of displacement force it was 

incapable of measuring the distance of that displacement.  As a consequence, it was not 
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possible to determine the degree of displacement and thereby apply this to current safety 

standards and subsequently determine comparable risk of harm to the patient. 

 

Moreover, in addition to the potential for valve movement as a whole, as Chapter 4 

mentions concerns have also been expressed about the potential for functional valve 

impedance as a result of metal components within the valve’s occluder creating an 

associated yet separate magnetic field in opposition to the magnetic field of the MR 

system (Condon 2000; Robertson 2000).  However, such concerns are primarily based 

on conjecture and there is, as yet, no empirical evidence to confirm the occurrence of the 

Lenz Effect in vivo.  Therefore, one of the aims of this study and as described in Chapter 

5 was to design and evaluate a device with the capacity to test this theory.  Despite the 

difficulties experienced in analyzing these results this sensitive instrument was shown to 

be capable of capturing and recording leaflet ‘flutter’ which may impact, albeit 

temporarily within the MR environment, on the haemodynamic performance of the heart 

valve.  This finding however, merits further investigation and application of a more 

refined analytical tool. 

 

7.2 Rejecting the H0 

 

Overall, the experimental data presented in this study confirms both the sensitivity and 

capability of this test apparatus to detect and record movement of the valve’s annulus 

within a retained structure as well as, changes in functional valve performance 

associated with the interaction of the valve’s leaflets with magnetically induced forces.  

For the first time the frequency and magnitude of movements could be successfully 

captured in real-time, in three-dimension and on any and all points along the z-axis when 

the valve was either placed statically or as it moved continuously through the B0 field 

associated with the 1.5 T and the 3.0 T environments.  Furthermore, the use of strain 

gauges placed equidistant at intervals around the valve ring meant, not only were a range 

of movements detected but the apparatus was also able to differentiate between 

deflective, tilting and rotational movements occurring either concurrently or 
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simultaneously.  In addition, unlike previous studies this apparatus was capable of 

recording the applied magnetic force at the time valve movement occurred and equally if 

not more importantly, provides a quantitative measurement of torque force which, as 

Chapter 5 mentioned, has historically been subjectively measured.  Furthermore, by 

using a series of strain gauges connected to a strain gauge recorder and laptop computer 

this test apparatus was able to produce profiles showing real-time dynamic valve 

movements as they occurred in addition to, improving the accuracy of data capture.  The 

sensitivity of the in vitro component of the test apparatus to detect changes in fluid flow 

was proven in the haemodynamic profiles.  Unusual and irregular complexes, such as 

those displayed in Figure 6.15 clearly illustrate the ability of the apparatus to detect and 

record changes in pressure profiles of the complexes corresponding to unexpected 

movements or interaction of the valves leaflets with the magnetic field.  The 

experimental data also confirms the compatibility of the test apparatus within the MR 

environment.  Although, as discussed in Chapter 5 some components of the test 

apparatus contained ferromagnetic materials which could not be substituted and 

therefore had to remain in the control room, those elements which were directly exposed 

to the MR environment showed little or no interaction with the magnetic fields as 

illustrated by the ex vivo and in vitro baseline profiles (Figures 6.3; 6.14).  Thus, the data 

shows the device possesses the sensitivity and the capacity to detect and record the 

occurrence, frequency, direction and magnitude of prosthetic valve movement and valve 

function as the valve moves through the B0 field.  Thus, the requirements of the H0 have 

not been met and therefore this hypothesis must be rejected in favour of the H1.    

 

7.3 Limitations of this investigation 

 

Although this investigation was successful in its efforts to design and evaluate a novel 

device which aimed to detect and record prosthetic valvular movement within the MR 

environment a number of problems and limitations of the apparatus and methodology 

were identified.  One of the major obstacles in conducting this investigation was the 

significant cost.  The budget for the study was very small but the cost of the equipment 
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was very high for example, a single prosthetic heart valve costs in the region of £2,000 

to £3,000, the use of one of the MR systems at the Southern General Hospital, Glasgow 

has a daily cost of £2,000.  Furthermore, the various components for the Heart Valve 

Motion Analysis System (HVMAS) including computer software added up to just under 

£30,000.  Nine heart valve prostheses were used in the study and two MR systems.  In 

addition, other resources such as specialist engineers were used for the fabrication of the 

HVMAS as well as MR professionals to operate the MR systems.  The study was 

however extremely fortunate to receive donated prosthetic hearts valves for use in the 

study as well as free time on the MR systems and donated engineering capacity.  

Nonetheless, this lack of funds restricted the number of available heart valves for 

evaluation, access to the MR systems and also the number of times each prosthesis could 

be exposed to the magnetic field environments.  Furthermore, the lack of available funds 

also meant the study was dependent on fitting in with the timetables and commitments of 

those key specialists who donated their time.  As a consequence this had an impact on 

the execution of the investigation.   

 

Other limitations of the study became apparent during the conduct of the study.  During 

the ex vivo investigations insertion of the different valves into the valve holder was 

relatively quick and easy and certainly less cumbersome than in the preliminary 

investigations.  However, the in vitro insertion of the prosthesis into the valve holder 

proved both awkward and time consuming as a result of having to partially dismantle the 

water-tight container and also the valve holder which was screwed together.  This led to 

increased preparation time for each valve and resulted in unexpected delays in 

performing these experiments.  As a result, this part of the experimental procedure took 

longer than originally planned.  Some problems however did not become apparent until 

the analysis phase of the investigation.  During the analysis of the ex vivo data for 

example, interpretation of the type and sequence of movements was sometimes difficult.  

This stemmed from the use of only four strain gauges on the valve holder which detected 

and recorded movements across only the N-S and W-E axes.  Although movements 

occurring outside these axes were detected to some extent, the interpretation of rotational 
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movements in particular with regards to their direction and sequence (ie. clockwise 

versus anti-clockwise) was more difficult than originally envisaged.  Analysis of the 3.0 

T in vitro data proved very difficult as Chapter 6 described.  During the execution of the 

in vitro investigations it was noted the distance between the control room and 3.0 T MR 

suite was slightly greater than between the control room and the 1.5 T suite.  At the time 

this did not appear to cause any significant problems.  However, this greater distance 

between the fluid reservoir and valve chamber caused an energy loss and subsequent 

pressure drop in fluid which was not detected at the time and as a result the data was 

subjected to considerable dampening effect.   

 

In addition, one of the most significant limitations of the investigation identified was the 

inability of the device to detect and measure movement of the valve’s annulus in 

conjunction with changes in the pressure profile denoting interaction of the valve’s 

leaflets/occluder with the magnetic field.  This shortcoming meant it was not possible to 

garner a comprehensive picture of the valve’s full interaction with the magnetic field and 

therefore assess the risk of harm to the patient in those valve’s which displayed both ex 

vivo and in vitro responses such as, the Björk Shiley valve, Edwards Tekna valve, Starr 

Edwards metal caged ball valve and the Hancock II Modified Orifice valve.  

Nonetheless, despite these limitations the device was able to successfully detect and 

record some very interesting and unexpected results but also provide for the first time, 

some insight into the actual behaviour of heart valve prostheses to the MR environment. 

 

7.4 Interaction of valve prostheses within the dB/dx and B0 field 

 

The pattern of valve movements displayed ex vivo raises questions about the effects of 

translation and rotational forces on the anchoring mechanisms of the valve.  Movement 

of the valve ring within the valve holder was shown to be neither static nor uncommon 

but a series of continuous dynamic movements.  In addition, the response of the valve(s) 

to the B0 field differs between the entry and the return journeys and these differences 

also extend to between field strengths.  Deflective movements of the valve are expected 
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in the inhomogeneous field in response to translational forces and indeed, these 

movements were not uncommon and occurred both on entry and return from the B0 field.  

However, a number of differences were detected by the apparatus compared with other 

studies.  Firstly, very few deflections were lateral with most occurring in the x-y plane 

(ie. upwards/downwards; Figure 5.8).  The Björk Shiley tilting disc valve, the 

Medtronic single leaflet valve, the Starr Edwards caged disc valve and the two 

Carpentier Edwards tissue valves all deflected downwards against the valve holder as 

they passed through the aorta position on entry to the 1.5 T magnets.  At 3.0 T three 

valves, the Björk Shiley, Carpentier Edwards pericardial and the Edwards Tekna 

bileaflet valve deflected at the aorta position but contrary to deflections at the lower field 

strength the force acting on the Björk Shiley and Edwards Tekna valves caused the valve 

rings to be deflected upwards and away from the valve holder.  Secondly, deflective 

movements did not always occur in isolation but also occurred in conjunction with tilting 

and/or rotational motions.  For instance and as previously mentioned, the Björk Shiley 

valve displayed deflections at entry and on the return from the magnet at the aorta point 

at 1.5 T and 3.0 T and, as Figure 6.4 shows these movements occurred in conjunction 

with simultaneous tilting motions causing the valve to rotate.  At 1.5 T for example, the 

rotational movement caused the flat side of the valve’s outflow structure to face 

perpendicular to the direction of the applied field but at 3.0 T, the flat side of the inflow 

structure was orientated perpendicular to the field lines as depicted in Figure 7.1.  The 

Carpentier Edwards porcine valve and the Starr Edwards silastic caged ball valve both 

also displayed tilting motions at 1.5 T, although the pattern of oscillations suggest a 

different type of tilting motion more akin to a spinning-like movement along the W-E 

axis.  In addition, the Starr Edwards valve displayed a rotational movement such that the 

cage of the valve was oriented towards the magnet as though attempting to align its long 

axis parallel to the magnetic field.  The overall data shows there was little effect on valve 

function in vitro at 1.5 T although it is difficult to confirm any interaction between the 

B0 field at 3.0 T and the cardiac valve prostheses for reasons already stated.   
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Figure 7.1:  Illustration of the inflow and outflow aspects of a single leaflet heart valve 

prosthesis in relation to the direction of the applied field. 

 

 

 
 

The magnitude of an implant’s interaction with the B0 field depends on its dimensions, 

mass, orientation, magnetic properties and χ as well as the quality of tissue anchoring it 

in place.  Inherent to the amplitude of the field is its spatial gradient which changes over 

distance creating a differential translational force.  Thus the types of movements 

displayed by these valves reflect the changes in these field gradients because the 

orientation of the valves in the field were such that the front part of the valves’ annuli 

(ie. Channel 4 (W) remained in the slightly higher field than the back part (ie. Channel 2 

(E) causing the valve to tilt along the W-E axis and deflect along the z-axis.  Rotational 

movements are, on the other hand, associated with the homogeneous field.  Thin flat 

spherical implants will, for example, attempt to turn their flat surfaces parallel to the 

field lines.  In contrast, non-spherical implants which have a greater length than width 

will attempt to align their long axis with the direction of the magnetic field.  Thus, thin 

flattish valves such as the Björk Shiley, Edwards Tekna and Medtronic valves should 

attempt to tilt/rotate their flat surfaces (ie. inflow side) in the direction of the applied 

field in contrast to the high profile valves which would align their long axes parallel to 

the field lines.  At 1.5 T and 3.0 T the Björk Shiley appeared to adhere to this rule and 

tilt so that the outflow side was oriented towards the direction of the field lines.  The 

Edwards Tekna valve also appeared to follow this rule with the exception that at 1.5 T its 
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inflow side was tilted towards the direction of the field but the reverse was true at 3.0 T.  

Only the Medtronic valve displayed some degree of orientation of its inflow side in the 

direction of the field lines at both field strengths.  Of the higher profile valves neither the 

Starr Edwards metal caged ball or caged disc valves or, the Hancock porcine valve 

displayed any orientation of their long axes in the direction of the magnetic field.  The 

Starr Edwards silastic caged ball valve and the two Carpentier tissue valves did however 

orientate their long axes in the direction of the magnetic field.  Although all three of 

these valves had relatively large ring diameters the respective caged housing and stents 

increased their overall dimensions such that their lengths were greater than their widths 

and as a result they behaved like non-spherical implants (Figure 5.3/Table 6).  

Interestingly however, the Carpentier Edwards pericardial valve only oriented its long 

axis parallel to the direction of the field on entry to the magnet and not on the return and 

the porcine valve only orientated its long axis in the direction of the field at 3.0 T and 

not at 1.5 T.   

 

As a result of these non-conformities to the rule it could be suggested an implant’s other 

properties contribute more to its behaviour within the magnetic field.  All the materials 

used in the manufacture of these heart valves are recommended for use in the 

manufacture of biomedical implants because of their biocompatibility, mechanical 

properties and good fatigue life (New 1983; Davis 2003).  Many of these materials 

which include carbon-based material (eg. pyrolitic carbon), cobalt alloys (eg. Haynes 

Stellite-21, Haynes Stellite-25, Elgiloy), titanium alloys and polymers (eg. silicone 

rubber, polyester) (Table 6) are intrinsically non-magnetic but arguments about the 

potential to alter their magnet properties through handling, heat treatments and/or cold 

working (e.g., machining, melting, moulding, bending, solidification etc) for example 

continue.  Cobalt and nickel alloys are it is argued, intrinsically ferromagnetic in their 

pure form but Assefpour-Dezfuly and Bonfield (1984) and Clerc and colleagues (1997) 

argue this magnetism is lost as a result of the manufacturing processes so the resultant 

alloys such as Elgiloy, are non-magnetic.  However, a counter argument presented by Ho 

and Shellock (1999) suggests rather than being non-magnetic these alloys possess some 

268 
 



 
 
degree of magnetism and are paramagnetic as a result of a random mix of alloys 

occurring during solid formation which results in the nickel and cobalt combining to 

produce cluster formations which act as microscopic magnets.  Additional mechanical or 

heat treatment/cold working is thought to increase the numbers and/or sizes of these 

clusters thereby increasing their potential and altering the magnetic properties of the 

implant.   

 

Further support for this argument is provided by Kanal (1996) who reported some 

previously non-ferromagnetic aneurysm clips subsequently displayed weakly 

ferromagnetic properties and suggested induced magnetism may have resulted from the 

re-sterilization process prior to implantation, post-distribution handling or manufacturing 

differences.  In addition, Kangarlu (2000) and Shellock (2003) reported interactions of 

implants containing Elgiloy with MR associated B0 fields and, data presented by these 

initial investigations show bioprostheses containing Elgiloy interacted more strongly 

with the B0 field than most other implants (Table 8).  Moreover, pericardial tissue valves 

displayed one of the highest deflections recorded when exposed to the 4.7 T MR 

environment.  This argument for the potential for induced magnetism in valve prostheses 

is given further credence by the data presented by Figure 6.2 which confirms the 

symmetry of the B0 field in the two MR environments used in this investigation.  These 

symmetrical profiles would suggest for example, valve movements within these fields 

should also display a corresponding level of symmetry.  However, as Figures 6.4 – 6.12 

show each valve profile is asymmetrical and shows an increased magnetism on the 

return from the magnet.  Furthermore, this apparent induced magnetism is retained 

within the valve despite its return through a decreasing magnetic field although it is not 

known how quickly this takes to dissipate once away from the field exposure.  

Nevertheless, what is known is this cumulative effect continues at least for as long as the 

valve remains within the field.   

 

Our understanding of the magnetic properties of materials is however, being 

continuously updated and materials which have always been considered without question 
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to be non-magnetic are now being subjected to investigations about whether and how 

their magnetic properties may be altered.  Carbon for example, a baseline element used 

in many biomedical implants including the Björk Shiley and Edwards Tekna valves 

(Table 6) has always been considered a non-magnetic element.  However, in recent years 

it has been shown to possess a transient magnetism which can be induced when it is 

closely exposed to other magnetised elements (Ohldag 2007). This research is however, 

still very much in its infancy and no firm conclusions can be made at this point about its 

true magnetic nature.  Nevertheless, it introduces the possibility of a transient magnetism 

being induced in these passive implants.    

 

Ideally knowledge about the χ of an implant would help us to determine whether it was 

dia-, para- or ferromagnetic and thus, provide some guidance on how it may interact with 

an external magnetic field and the potential to become magnetized during exposure to 

that field.  Proportional increases in translational attraction and torque on implants 

resulting from increases in magnetic field strengths between 1.5 T and 3.0 T alter an 

implant’s χ such that it becomes more pronounced at the higher field strength.  

Consequently, one would expect to see proportional increases in applied forces causing 

movement of the valve between 1.5 T and 3.0 T.  However, one of the limitations of this 

study was its inability to determine the χ of each valve because movements were not one 

but three-dimensional across the x-, y- and z-planes and, rotational movements did not 

just occur in the homogeneous field.  Nonetheless, it may be possible to make some very 

general assumptions about the valves’ χ by using as a proxy, magnetic moments 

calculated at 4.7 T (Table 8) because magnetization is known to be directly proportional 

to the magnetic moment and χ is directly proportional to magnetization.  Thus, the 

smaller the magnetic moment the less susceptible a valve will be to the applied magnetic 

field compared with valves with a higher magnetic moment.  Three valves from the 

earlier study the Carpentier Edwards pericardial and porcine valves and the Starr 

Edwards metal caged ball valve demonstrated magnetic moments of a higher order of 

magnitude than the remaining five valves for which the magnetic moment could be 

calculated.  The lack of interaction with translation force of the Starr Edwards silastic 
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caged ball valve resulted in a zero value for its magnetic moment.  The data from these 

earlier studies suggest these three valves should show a greater propensity to interact 

with the magnetic field.  However, as Figures 6.4 - 6.12 show this assumption is not 

borne out if one compares the frequency and direction of movements with the other 

valves at either field strength.  Moreover, there is no evidence to suggest there were 

proportional increases in the magnitude of applied magnetic force resulting in valvular 

movement of the valves between the two field strengths. 

 

The constant dynamic movements of the valve during magnetic field exposure coupled 

with spikes of intense magnetic force may have implications for the anchoring 

mechanisms of the valve, especially if the surrounding tissue has been significantly 

weakened by age, disease or puncture holes caused by suturing.  Chapter 4 described 

how decreases in muscle strength and the body’s immune responses to infections 

resulting from the natural aging process can lead to loss of tissue strength and flexibility 

by more than 20% by age 70 years.  In addition, research has shown puncture holes 

associated with sutures can weaken tissue by as much as 22-59% (Butany 1992; Lim 

1994; Wheatley 1987).  Moreover, in a study conducted by Edwards et al (2005) tissue 

affected by infective endocarditis was found to yield and fully rupture at relatively small 

forces (ie. <0.2 Nwt).  This low yield/rupture force did not however categorise patients 

as high risk of harmful valve movement or dehiscence because the applied forces 

causing valve deflections were calculated to be at least one-hundred times smaller than 

the yield force of infective tissue (Table 8; Frank 1992; Pruefer 2001; Soulen 1985).  

However, the magnetic forces detected and recorded by this test apparatus and shown in 

Figures 6.4 - 6.12 are considerably greater and only ten times less than the yield force.  

Though cardiac valves are customarily secured in place by at least 14 sutures patients 

with infective or prosthetic valve endocarditis are at increased risk of tissue tearing and 

rupture because they are more likely to develop paravalvular abscesses which can cause 

destruction of the valve annulus and also infiltrate other nearby supporting structures 

(see Chapter 1).  Furthermore, patients may continue to be at risk of complications of the 

disease long after completion of their antibiotic therapy and the increased risk of 
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developing pseudo-aneurysms adds to the potential additional stresses exerted at the 

suture line and aortic wall and may therefore further increase the risks of rupture and 

metastatic abscess formation.  What’s more, as Chapter 4 noted Schenck (2000) 

suggested a substantially greater force is required by the tissue to prevent implants 

whose dimensions are such they are greater in length than width, from aligning with the 

B0 field than it does to prevent it from responding to translation force.  Thus, patients 

with high profile valves are therefore at greater risk of harmful valve movement than 

those with flat spherical valves and, those with a current or past history of prosthetic 

valve endocarditis are at even greater risk of partial or total valve dehiscence with 

potentially catastrophic consequences. 
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CHAPTER  8 

 

Conclusions & further work 
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8.1 Summary of thesis achievements in relation to the objectives 

 

In summary this thesis describes and evaluates a novel device designed to detect and 

measure valve movements ex vivo and functional valve performance in vitro of nine 

different prosthetic heart valves secured within a structure analogous to the retentive 

structures in vivo as they were continuously advanced through the B0 fields associated 

with 1.5 T and 3.0 T.  The results of this investigation show this design, though not 

wholly MR compatible displayed sufficient sensitivity and capacity to detect and record: 

 

• three-dimensional movements in response to the B0 field and differential B0 

gradient field when the valve was moved continuously through the magnetic 

field,  

 

• valve movement(s) within the B0 field, 

 

• the frequency of valve movement(s) and the magnitude of the applied forces and, 

 

• interference of the valve’s leaflets/occluder by the B0 field and thus functional 

performance during hydro-dynamic flow.   

 

8.2 Rejecting the H0 

 

The results of this study show this thesis can confidently reject the H0 hypothesis, which 

as Chapter 5 states, “will lack the sensitivity and capacity to detect and record the 

occurrence, frequency, direction and magnitude of prosthetic valve movement and valve 

function as the valve moves through the B0 field associated with the MR environment” 

in favour of accepting the H1.  Thus, this thesis concludes this novel device is superior to 

existing experimental methodologies used to detect and record valve movement within 

MR associated B0 fields. 
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8.3 Conclusions and implications for clinical practice 

The data presented in this study shows this novel device has the technical sensitivity to 

capture, record and detect differences in cardiac valve prosthesis movement, 

quantitatively measure applied force and produce individual three-dimensional profiles 

illustrating valve behaviour.  As a result it may be suggested we now have the 

technology to discriminate between valves moving through the MR environment and 

therefore provide MR clinicians and operators with sufficient information about the 

potential interaction of prosthetic heart valves with MR magnetically induced forces 

based on their materials, dimensions and the in vivo orientation.  As a consequence of 

our increased knowledge we should therefore be able to more accurately assess the risk 

of harmful prosthesis movement in all patients and in particular, those with highly 

friable tissue where anchorage of the valve prosthesis can be highly precarious. 

 

Concerns raised about the possible impedance of valve function due to the Lenz Effect 

have neither been proven nor disproven by this investigation and, although the study 

provides some evidence to show the apparatus’ capacity to detect variances in leaflet 

function in response to the B0 field  problems identified with the test apparatus need to 

be addressed in order to further investigate Condon’s (2000) and Robertson’s (2000) 

theory of the - potential to interfere with functional valve performance and whether - 

resistive effects increase linearly with field strength.   

 

8.4 Future work 

 

The primary aim of this investigation was to make an MR compatible device capable of 

detecting and recording valvular movement and functional valve performance within the 

MR environment and, although this device has shown itself to be superior in comparison 

with others’ devices it nonetheless highlighted the need for further development and 
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refinement.  Design restrictions resulted in a technology which contained some 

ferromagnetic components which could not be exposed to the MR environment for 

safety reasons.  Consequently the quality of the data captured was affected.  In addition, 

there were difficulties in interpreting the ex vivo data which stemmed from having only 

four strain gauges attached to the valve holder.  As a result it lacked the subtlety to 

record the magnitude of movements occurring between these strain gauges and also 

made the determination of the direction of movements, particularly rotational 

movements difficult if not impossible.   

 

Future work would therefore aim to modify the design of the apparatus to incorporate an 

integrated wireless transmission system to control a pneumatic pump made from plastic 

materials and capable of communicating with the recording equipment and which could 

then be located within the MR suite thereby eliminating the need for metres of tubing 

and cables and thus reducing the potential for flow relationship issues and poor data 

quality.  In addition, the strain gauges could be mounted around the entire circumference 

of the valve holder in order to capture any and all movements giving a complete 360° 

three-dimensional profile.  Furthermore, these measurements could be further enhanced 

by attaching the valve holder to a gyroscope to allow greater freedom of movement of 

the valve holder in any direction in response to applied magnetic forces on the valve 

itself.  Thus, by incorporating all of these refinements to the device its sensitivity and 

capacity to record valve movements will be significantly improved and interpretation of 

the resultant data will be made easier.  Future work would also focus on combining both 

the ex vivo and in vitro components so that a full dataset could be captured during a 

single exposure to the B0 field.  This would significantly reduce the time it takes to 

conduct each exposure and thus reduce the costs of the investigation, intra and inter 

experimental variation and potential error and, would provide information on the 

combined risks to the patients of the possibility of harmful valve movement and 

functional valve impedance which is currently unavailable. 
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Although the main emphasis of this research has been the design of the device the data 

obtained on valve movements and functional valve performance within the B0 field have 

highlighted the need for prosthetic valve profiling.  The lack of a benchmark profile 

providing the limits for normal valve movements and function for comparison make it 

impossible to determine whether the individual valve profiles fall within normal 

parameters.  This is further complicated because the profiles for each individual 

prosthesis, ex vivo, differs between the different field strengths.  Thus, it is important to 

define a set of profiles for each prosthetic heart valve, including the new percutaneous 

heart valve prostheses for which no information is currently available, in order to 

provide a standard baseline profile and range of parameters to determine safe movement 

in vitro within the B0 field and for all field strengths.  This study would need to include 

each make and model of the different valve types of heart valves, for single and multiple 

exposures taking into account the length of time between exposures for those valves 

undergoing multiple exposures.   

 

In summary, although significant modifications to this apparatus are required to improve 

its capacity to capture more readily analyzable data on valve movement and functional 

performance within the B0 field, having tested this device we conclude it nevertheless 

introduces a new method for detecting and recording the interaction of prosthetic heart 

valves with magnetically induced forces associated with MRI.  The data shows this 

device possesses the sensitivity and capacity to detect and record three-dimensional, 

real-time movement and functional valve performance of different heart valve 

prostheses exposed to the MR associated B0 field during continuous progression through 

the magnetic field environment.  Furthermore, unlike existing methodologies this device 

has the ability to simultaneously record quantitative measurements of applied magnetic 

force.  Thus, this investigation shows this device provides a superior method of 

assessing magnetic field interactions between cardiac valve prostheses and MR 

associated translation and rotational forces and, the resultant data will provide MR 

operators and clinicians with accurate information on the safe exposure of prosthetic 

heart valve implant patients to the MR environment. 
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