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Preamble 

Aortic stenosis is the commonest valvular heart disease in the Western world.  Currently, it 

affects more than 5% of the population over the age of 60 and its prevalence is expected to 

double over the next 20 years in parallel with an ageing population, putting further demand 

on healthcare resources.  

If untreated, aortic stenosis leads to an abnormally high pressure load on the left ventricle 

which ultimately becomes maladaptive, leading to ventricular stiffness, an increase in 

myocyte hypertrophy and myocardial fibrosis. This eventually causes diastolic and systolic 

dysfunction, and increased morbidity and mortality.  

At present there is no effective medical therapy capable of altering this course. Intervention 

on the aortic valve, usually in the form of surgical aortic valve replacement or percutaneous 

valve implantation, is recommended in patients with severe stenosis and evidence of left 

ventricular decompensation (either on the basis of symptoms or a reduced ejection 

fraction).  However, following aortic valve intervention, patients demonstrate variable 

degrees of hypertrophy regression with favourable prognosis in those with a higher level of 

regression. Histological myocardial fibrosis is often seen, and it has been associated with 

worse perioperative and short-term outcomes.  Cardiovascular magnetic resonance (CMR) 

tissue characterisation allows the non-invasive identification of myocardial fibrosis and 

therefore can provide important insight on a decompensating heart and inform prognosis.  

 

This thesis examines the role of myocardial tissue characterisation by cardiovascular 

magnetic resonance (CMR) imaging in patients with aortic stenosis. CMR methods for both 
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diffuse interstitial and replacement fibrosis have been used in this work and also in 

correlation with blood biomarkers. 

Chapter 1 reviews the epidemiology, pathophysiology and natural progression of aortic 

stenosis. The role of myocardial tissue characterisation in patients with aortic stenosis and 

the existing literature is also discussed. This chapter is based on work I have authored which 

is now published as chapter in a book. Permission to reproduce extracts from the published 

work is included in the appendix.  

Chapter 2 gives an overview of the physics principles underlying magnetic resonance 

imaging (MRI) going through the history of MRI, the equipment required to undertake an 

MRI study successfully, the improvement in imaging achieved, discussing the imaging 

principles for both replacement and diffuse interstitial fibrosis and concluding with the 

limitations of CMR.  

Chapter 3 provides the general methods and materials used in this thesis.  

Chapter 4 describes the formulation and long term stability of MRI phantoms for quality 

assurance of T1 mapping, a new parametric sequence for the estimation of diffuse 

interstitial fibrosis, and the changes noted in the values obtained with variation in heart rate 

and temperature. Between the original submission of this thesis and the viva, this chapter 

has been accepted and published with minimal changes in an open access journal. 

Permission to reproduce this as a chapter in my thesis is included in the appendix.  

Chapter 5 provides histological validation for a new MOdified Look-Locker inversion 

recovery (MOLLI) T1 mapping sequence as well as investigating imaging patterns to improve 

precision when utilising MOLLI to image interstitial fibrosis.  
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Chapter 6 investigates the long-term prognostic significance of myocardial mid-wall fibrosis 

in a mixed cohort of patients with aortic stenosis undergoing medical or surgical therapy.  

Chapter 7 investigates the prognostic significance of myocardial mid-wall fibrosis in a cohort 

of patients with aortic stenosis who underwent aortic valve replacement. 

Chapter 8 investigates the association of myocardial replacement fibrosis and lipoprotein(a) 

and discusses whether lipoprotein(a) might have mechanistic implications in the formation 

of myocardial fibrosis. 

Chapter 9 investigates the role of blood biomarkers in deriving a novel risk score to predict 

the presence or absence of myocardial replacement fibrosis without needing to perform 

CMR with gadolinium enhancement.  
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Abstract 

Aortic stenosis affects over 5% of the elderly population and is increasing in prevalence.  In 

this thesis, I assessed the long-term prognostic significance of myocardial replacement 

fibrosis as detected by late gadolinium enhancement cardiovascular magnetic resonance 

imaging (CMR) in patients with moderate and severe aortic stenosis.  I further assessed the 

prognostic significance in patients who underwent aortic valve replacement. 

Although late gadolinium enhancement can detect myocardial replacement fibrosis, it does 

not allow identification of the more diffuse pattern of interstitial fibrosis, an earlier and 

potentially reversible form of fibrosis. New single breath-hold CMR techniques utilising 

MOdified Look-Locker inversion recovery (MOLLI) sequences have been developed, 

however they lack validation and quality assurance. I performed phantom work for quality 

assurance and after testing the sequence, undertook histological validation using 

intraoperative myocardial biopsies taken from patients with aortic stenosis. 

Biomarkers are likely to play an important role in risk stratification for patients with aortic 

stenosis. Lipoprotein(a) [Lp(a)] has been associated with aortic valve calcification and need 

for intervention, however the association with fibrosis remains unclear.  I investigated the 

potential association between Lp(a) and fibrosis identified using CMR.  

Finally, utilising blood biomarkers to predict myocardial fibrosis can have both prognostic 

implications and a change in the way CMR resources are currently used. I developed a novel 

risk score for the prediction of myocardial fibrosis in patients with aortic stenosis.  

In conclusion, CMR myocardial tissue characterisation utilising the late enhancement 

method to identify replacement fibrosis provides valuable prognostic information in 
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patients with aortic stenosis. Newer T1 mapping methods are able to reliably identify diffuse 

interstitial fibrosis and this may have incremental prognostic value.  Future work may enable 

accurate risk stratification using a combination of blood and imaging biomarkers and help 

guide intervention in patients with aortic stenosis. 
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Aims and Hypotheses  

Aim 1: 

To prepare the first MRI phantoms to mimic human blood and myocardial T1 and T2 

relaxation values pre and post contrast agent, to last for at least 12 months aiming for their 

potential use in quality assurance for new MOLLI T1 mapping sequences.  

Hypothesis 1:  

MRI Phantoms can be prepared in a standard biochemical laboratory and will not show a 

significant drift (defined as >10% relative change) in MRI relaxation time T1 and T2 over a 12 

month period.  

 

Aim 2: 

To optimise precision and accuracy using a new T1 mapping sequence and identify 

correlation between CMR estimated diffuse fibrosis and histologically identified fibrosis.  

Hypothesis 2: 

Incremental inclusion of T1 mapping imaging of multiple myocardial levels will improve 

precision and accuracy of compared to imaging at a single level only. 
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Aim 3:  

To identify whether the presence of myocardial replacement fibrosis can adversely affect 

the outcome of patients with aortic stenosis independently of whether they follow medical 

therapy or undergo surgical intervention. 

Hypothesis 3: 

Patients with aortic stenosis and myocardial replacement fibrosis on CMR have significantly 

lower long term survival compared to patients with aortic stenosis but no myocardial 

replacement fibrosis. 

 

Aim 4: 

To investigate whether blood biomarkers in aortic stenosis can help identify associations 

with the presence of myocardial replacement fibrosis. 

Hypothesis 4: 

Lipoprotein(a) is associated with the presence of myocardial replacement fibrosis and a 

model to predict fibrosis can be devised based on simple imaging and blood biomarkers.  
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Chapter 1 

Myocardial fibrosis in aortic stenosis 

 

1.1 Introduction 

Aortic stenosis (AS) is the commonest valvular heart disease in the Western world, and it is 

characterised by a progressive narrowing (or stenosis) of the aortic valve. Mild AS affects 

more than 5% of the population over the age of 60, with severe AS currently affecting 3% of 

the population over the age of 75 (Lindroos et al. 1993) and its prevalence is expected to 

double over the next 20 years in parallel with an ageing population (Dweck et al. 2012). 

Currently, AS is the most common condition necessitating valve replacement surgery or 

intervention in the Western world, significantly contributing to increased morbidity, 

mortality and it represents a significant burden on health resources (Dunning et al. 2011).  

 

Untreated AS leads to an abnormally high pressure load on the left ventricle (LV). The 

ventricle initially responds appropriately with myocyte hypertrophy and an increase in the 

LV wall thickness and mass. The increased thickness allows some initial adaptive ventricular 

response, maintaining normal wall stress and contraction according to the LaPlace Law, 

enabling normal contractility and cardiac output (Carabello 1995). However, ultimately this 

process becomes maladaptive and pathologic, leading to ventricular stiffness, increased 

myocyte hypertrophy and myocardial fibrosis, diastolic and systolic dysfunction, and 

increased morbidity and mortality (Yarbrough et al. 2012). The response to the pressure 

overload is also variable, with some patients showing significant hypertrophy and fibrosis 

whereas others, with the same degree of stenosis, showing only mild or no hypertrophy or 

fibrosis. Ultimately, following a significant hypertrophic response the LV will decompensate 
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and fail unless the pressure load can be reduced by relieving the stenosis (Gunther & 

Grossman 1979; Kupari et al. 2005). 

 

1.2 Current clinical challenges associated with aortic stenosis 

A crucial aspect of the management of AS patients therefore relates to the optimal timing of 

intervention, either with surgical aortic valve replacement (AVR) or percutaneous 

transcatheter valve implantation (TAVI).  By operating too early, patients may be exposed 

unnecessarily to the risks associated with surgery and the prosthetic valve (e.g. infection, 

bleeding related to anticoagulation and valve degeneration). On the other hand, if an 

operation is left too late, patients may  sustain irreversible ventricular damage resulting in 

worse perioperative and short term outcomes (Weidemann et al. 2009). Therefore, while it 

has long been recognised that for each patient with AS there is an appropriate therapeutic 

window for offering intervention, identifying this window correctly remains challenging. At 

present, and according to international guidance both from European (Vahanian et al. 2012) 

and North American (Nishimura et al. 2014) cardiac societies, intervention is recommended 

in patients with evidence of decompensation, either in the form of symptoms relating to the 

AS (chest pain, breathlessness or syncope) or a decline in LV ejection fraction (EF) to <50%. 

However, both of these parameters have limitations and often occur after the myocardium 

has been irreversibly affected. There is an unmet clinical need and therefore an interest in 

developing novel biomarkers of early LV decompensation, which would potentially enable 

better guidelines on the timing of intervention. In order to develop such biomarkers 

however, it is imperative to revisit the processes driving LV decompensation.  
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1.3 Pathophysiology of left ventricular hypertrophy and myocardial fibrosis 

In AS, myocardial wall thickness increases relative to LV radius to maintain both diastolic 

and systolic wall stresses (Grossman & Paulus 2013). Whilst myocardial hypertrophy is 

considered compensatory in the initial stages in maintaining cardiac function (Lorell & 

Carabello 2000), advanced hypertrophy (characterised by excessive wall stress) is 

maladaptive and associated with impaired cardiac function and adverse prognosis (Kupari et 

al. 2005; Chin et al. 2014). Five pathological patterns of LV remodelling have been described 

in AS, depending on the degree and site of hypertrophic changes, as shown in Figure 1.1. 

 

Figure 1.1. Cardiovascular magnetic resonance (CMR) imaging characterised patterns of response to 

AS. Panel A represents a normal ventricular structure with normal indexed left ventricular (LV) 

maand left ventricular end-diastolic volume (LVEDV) and a normal LV mass/volume ratio.  Panel B 

represents concentric remodelling with normal overall LV mass but high LV mass/volume ratio. Panel 

C represents asymmetric remodelling with normal LV mass but high LV mass/volume ratio and 
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evidence of asymmetric remodelling (rather than concentric hypertrophy) distinguishing it from 

panel B. Panel D represents asymmetric hypertrophy with increased overall LV mass index and 

increased mass/volume ratio. Panel E shows overall increased LV mass index and increased 

mass/volume ratio but with absence of asymmetric hypertrophy, thus representing concentric 

hypertrophy. The late stage in the transition process is represented by panel F, showing a dilated 

and decompensated LV with high overall LV mass due to the dilation and normal mass/volume ratio. 

Adapted with permission from Dweck et al. 2012. 

 

Multiple studies have demonstrated only a modest relationship between the severity of 

valve narrowing and LV mass (Kupari et al. 2005; Dweck et al. 2012). There is no adequate 

explanation to account for this heterogeneity; potential contributors include sex-related 

hormonal differences, age, metabolic syndrome, presence of coronary artery disease, 

angiotensin converting enzyme (ACE) gene polymorphisms (ACE Insertion/Deletion) and the 

presence of concomitant hypertension that can impose an additional load on the left 

ventricle (Carroll et al. 1992; Villar et al. 2013; Douglas et al. 1995; Villari et al. 1995; Pagé et 

al. 2010; Lund et al. 2010; Rieck et al. 2010). 

 

As LV hypertrophy progresses, diastolic dysfunction commonly ensues, initially due to 

impaired diastolic relaxation and myocardial compliance (Lorell & Carabello 2000; Villari et 

al. 1992) but subsequently followed by systolic dysfunction and heart failure (Kupari et al. 

2005). This transition from compensatory LV hypertrophy to heart failure is driven by two 

predominant processes: myocyte death and myocardial fibrosis (Figure 1.2) (Hein et al. 

2003; Chin et al. 2014). 
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Figure 1.2. The increased afterload in patients with aortic stenosis (AS) leads to an initial adaptive 

hypertrophic response, restoring wall stress and maintaining systolic function and cardiac output. 

Subsequently however, this response becomes maladaptive, leading to apoptosis. The apoptosis is 

mediated partly through myocardial ischaemia, direct mechanical forces and the actions of 

angiotensin and transforming growth factor followed by myocardial fibrosis.  Following the 

administration of a paramagnetic contrast agent, replacement fibrosis (or scar) can be seen on a 

CMR, indicating that the ventricle is in an early decompensating state. Once formed, replacement 

fibrosis is not reversible. Without intervention the ventricle will continue to decompensate further, 

dilate in size and the systolic function will become impaired, leading to the development of 

symptoms and adverse outcomes. Reproduced with permission from Dweck et al. 2012. 

 

Myocyte death is activated by neurohumoral mediators such as angiotensin II and 

norepinephrine, as well as by myocardial ischaemia (Gonzalez et al. 2002; Weber & Brilla 

1991) with both currently mechanisms being investigated in clinical trials (Bull et al. 2015; 

Singh et al. 2013). The pathophysiology of myocardial fibrosis, one of the histological 

hallmarks of end-stage heart failure, is complex and the distribution varies according to the 
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underlying pathology, but pro-fibrotic mediators including angiotensin and transforming 

growth factor β (TGF-β) are known to play a part (Dweck et al. 2012; Dobaczewski et al. 

2011). In AS, two predominant forms of fibrosis exist: interstitial (or diffuse) and 

replacement (or focal). Identifying replacement fibrosis (RF) by CMR imaging has been 

validated following the administration of a paramagnetic agent (e.g. gadolinium-based 

contrast agents) and is used frequently in clinical practice (McCrohon et al. 2003; Mahrholdt 

et al. 2005). However, newly introduced T1 mapping methods have the ability to detect 

interstitial fibrosis (IF), offering the advantage that they might negate the need for 

gadolinium administration (Messroghli et al. 2004). However, T1 mapping still requires 

further validation for accuracy and precision. An important difference between RF (Figures 

1.3A and 1.3B) and IF (Figure 1.3C) is that the former occurs later in the disease process and 

it is characterised by a more focal distribution corresponding to regions of myocyte death, 

and has been shown to be irreversible.  Both identification of RF and IF by CMR are further 

discussed in chapter 3.

 

Figure 1.3. Short axis CMR imaging from a patient with severe aortic stenosis. Panel A shows the 

presence of myocardial replacement fibrosis (RF) following gadolinium administration (red arrows). 

Panel B demonstrates how this RF could be quantified using dedicated software (Circle CVI, Circle 

Cardiovascular Imaging Inc). In this instance the total left ventricular (LV) fibrosis comprised 7% of 

the LV mass. Panel C shows native T1 maps for estimation of extracellular volume fraction 

correlating with interstitial fibrosis (IF) in the same patient. Conversely, IF (panel C) is more diffusely 

distributed, reflecting a more uniform and progressive nature of collagen accumulation in the 
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interstitium. Unlike RF, it is thought that IF might potentially be reversible with specific therapies 

(Stuckey et al. 2014; Wong et al. 2014).  

As such, there is emerging interest in the use of novel biochemical markers of myocyte 

death/ myocardial ischaemia (Singh et al. 2013), and imaging markers of myocardial fibrosis 

to identify patients in the early phases of ventricular decompensation, as these patients may 

potentially benefit from early valve intervention (Chin et al. 2014). 

 

1.4 Detection of fibrosis with cardiovascular magnetic resonance 

Cardiovascular magnetic resonance is gold-standard and the only radiation-free 

reproducible and accurate imaging modality for the identification of fibrosis 

 

1.4.1 Identification and significance of replacement fibrosis 

After standard imaging for LV anatomy, function and valve area, patients receive a standard 

weight-dependent dose of a paramagnetic agent such as a complex-chelate of gadolinium 

via a peripheral intravenous cannula.  Usually 10 to 15 minutes after administration, 

inversion recovery-prepared spoiled gradient echo images are acquired in the standard long 

and short axis views to detect areas of enhancement which appear as “white”. The initial 

work on rabbits (Kim et al. 1996) has been successfully replicated in humans  by many 

groups  in the last decade and enhancement seen on CMR correlated well with histological 

fibrosis (McCrohon et al. 2003). Furthermore, in addition to the binary presence/absence of 

fibrosis, the location and extent can be quantified accurately using dedicated software, as 

shown in Figure 1.3B.  
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In the last decade there has been growing research confirming the importance of RF in 

patients with AS, both when the fibrosis was identified histologically and by non-invasive 

imaging methods.  

 

The first article to suggest the importance of RF identified both by CMR imaging and 

histology was by Weidemann et al. in 2009 (Weidemann et al. 2009). Forty-six patients with 

AS and no evidence of coronary artery disease were followed with echocardiography and 

CMR imaging performed before and nine months after AVR: 18 (39%) patients had no 

evidence of fibrosis, 12 (26%) demonstrated mild RF and 16 (35%) demonstrated severe RF. 

At nine months after surgery, four patients had died (all belonging to the group 

demonstrating severe fibrosis). Interestingly, in those with no fibrosis, EF increased by 8% 

compared to baseline (p<0.001), while it remained unchanged in the mild fibrosis group 

(p=0.42) and showed a trend towards a 4% reduction compared to baseline in the severe 

fibrosis group (p=0.05), supporting for the first time the view that the preoperative presence 

of myocardial fibrosis may predict the response to surgery. Although the LV mass regressed 

in all three groups following AVR it was more pronounced in the no fibrosis group:  24% 

regression was seen in the no fibrosis group, 13% regression in the mild fibrosis group and 

12% regression in the severe fibrosis group, (all groups p<0.05). In addition, as a result of 

this work it was realised for the first time that patients with no fibrosis were more likely to 

improve symptomatically after AVR than patients with severe fibrosis. Finally, the study by 

Weidemann et al. also demonstrated that at nine months there was no significant reduction 

in the degree of RF, suggesting replacement fibrosis is not reversible once established.  
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Weidemann’s findings were further supported by work carried out by Azevedo et al. 

(Azevedo et al. 2010). They published a prospective study of 54 patients with either severe 

AS or aortic regurgitation and no major epicardial disease scheduled for AVR. CMR imaging 

was undertaken both before and 27 months after AVR and the findings were also correlated 

with intraoperative biopsies: 28/54 (52%) had AVR for AS and within this AS cohort 20/28 

(72%) showed CMR evidence of RF correlating well with histology. This study also confirmed 

that the preoperative presence or absence of fibrosis influenced postoperative LV EF, 

patients with fibrosis had worse systolic function following surgery (Figure 1.4).  

 

Figure 1.4. A 56-year-old patient with severe aortic stenosis (AS) was referred for cardiovascular 

magnetic resonance (CMR) imaging assessment. Echocardiography had shown a dilated left ventricle 

(LV) with severely impaired ejection fraction (EF) (27%) and a CMR was organised for myocardial 

tissue characterisation. She had no coronary artery disease on angiography. Panels A-D show the 

preoperative CMR scan confirming a dilated LV (232ml) with poor EF=33%, and high indexed mass 

123g/m2. There was no evidence of significant myocardial fibrosis on late gadolinium imaging 

(panels C and D) and therefore it was suggested that based on the work by Weidemann et al. 

(Weidemann et al. 2009) the EF was very likely to improve postoperatively. She underwent 

successful AVR and repeat CMR imaging at six months post AVR (panels E-H). This showed that there 
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was appropriate LV remodelling with low-normal EF=60%, a less dilated LV (216ml) and appropriate 

LV mass regression by 26%.  

 

In addition, the authors confirmed Weidemann et al.’s findings that the RF did not reverse 

after AVR on repeat CMR imaging performed on average 27 months following surgery. In 

addition, at 52 months, 16 patients had died, and those with higher fibrosis demonstrated 

significantly lower survival probability, further supporting the adverse prognosis associated 

with CMR defined fibrosis. 

 

The prognostic significance of RF identified on CMR imaging in AS was further confirmed by 

Dweck et al. (Dweck et al. 2011) in 2011. A mixed cohort of AS patients (n=143) with 

moderate (40%) or severe (60%) AS with or without coronary disease (45% with coronary 

disease) were prospectively enrolled into a registry. At two-years follow up, 72 patients had 

undergone AVR and 27 had died. A total of 49 patients (34%) demonstrated no RF; 54 (38%) 

showed midwall fibrosis pattern; and 40 (28%) showed an infarct pattern of fibrosis. Two 

deaths (out of 49 patients) occurred in the no fibrosis group; 16 (out of 54 patients) died in 

the midwall fibrosis group; and nine deaths (out of 40 patients) occurred in the infarction 

pattern group; giving a relative percentage of mortality of 4%, 30%, and 23%, respectively. 

Univariate analysis revealed that patients with midwall fibrosis had an eight-fold increase in 

all-cause mortality despite similar AS severity and coronary artery disease burden to 

patients with no fibrosis. Patients with an infarct pattern had a six-fold increase on 

univariate analysis. However, in a multivariable analysis, only the presence of midwall 

fibrosis (hazard ratio [HR]: 5.35; 95% confidence interval [CI]: 1.16-24.56, p=0.03) and LV 

ejection fraction (HR: 0.96; 95% CI: 0.94-0.99, p=0.01) were independent predictors of all-

cause mortality. This was the first study that prospectively identified CMR-determined 
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midwall fibrosis as an independent adverse prognostic factor in patients with AS. An 

accompanying editorial raised the intriguing hypothesis that one potential explanation for 

the observed sudden cardiac deaths was  the initiation of malignant arrhythmia in the 

fibrosis zone (Nazarian 2011), a topic that has not been formally researched to date. 

 

A further two papers from 2012 also supported the prognostic significance of RF in patients 

undergoing AVR for AS. Quarto et al. (Quarto et al. 2012) reported on 30-day mortality and 

major adverse cardiac event (MACE), myocardial infarction and stroke in 63 patients who 

underwent AVR within 12 months of CMR with gadolinium enhancement: 25 patients (40%) 

had no fibrosis; 20 (32%) had midwall fibrosis; and 18 (29%) had an infarction pattern 

fibrosis. All patients without fibrosis were successfully discharged from hospital with no 

major adverse cardiac events. The midwall fibrosis group had significantly worse 

perioperative outcomes compared with both the no fibrosis and infarct groups. Additionally, 

at a mean follow up of two years, there were five deaths, with three occurring in the 

midwall fibrosis group and two in the infarction pattern group, confirming that early 

complications and potentially short-term survival can be affected by the degree of fibrosis 

present preoperatively. Milano et al. further supported this work (Milano et al. 2012), 

reporting on the survival of 99 patients who underwent AVR and had an intraoperative 

myocardial biopsy for histological quantification of fibrosis. The patients who survived to be 

discharged home (n=96) were divided into groups according to the fibrosis burden: absence 

or mild fibrosis (n=28), moderate fibrosis (n=52) and severe fibrosis (n=19), and were 

followed for six years. A total of 32 patients died during this period. Patients with a higher 

burden of fibrosis demonstrated a significantly lower survival rate (42% vs. 89%, p=0.002). 
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Finally, a more recent study by Barone-Rochette et al. (Barone-Rochette et al. 2014) also 

supported the association between RF identified by CMR and mortality in patients with AS 

and absence of coronary artery disease:  154 patients undergoing surgical AVR were 

followed up for a median of nearly three years and RF was seen in 29%. Patients with 

midwall RF had worse perioperative mortality and all-cause survival, with a HR of 2.8 on a 

multivariate model including the New York Heart Association (NYHA) classification and left 

bundle branch block (LBBB). 

 

From the published work, a clear picture emerges of RF as a predictor of survival, morbidity 

and symptomatic status following AVR. However, there are some key issues that still need 

to be addressed: 

1. Does detection of RF provide additional benefit to EF measurement over the longer 

term in all patients with AS, independently of whether an intervention is carried out 

or not? 

2. Does the presence of RF portend a worse prognosis in patients that have already 

shown evidence of LV decompensation in view of symptoms or decreased EF and are 

scheduled for AVR? 

3. Can detection of RF help identify a “therapeutic window” for the optimum timing of 

intervention? 

4. Is it possible to derive a practical risk score for the presence of RF based on readily 

available clinical parameters, avoiding the need for serial, more expensive tests and 

could it be used as a surveillance tool? 
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1.4.2 Identification and significance of interstitial fibrosis  

Before patients with AS develop RF there is evidence of IF. This is a more diffuse pattern of 

fibrosis and in the early stages it is distributed across the entire myocardium (Bull et al. 

2013). Unlike RF, IF does not have a clear demarcation between normal and fibrotic areas of 

tissue, making it unlikely to be picked up in the late gadolinium phase, which relies on the 

nulling of healthy myocardium in order to create a difference in signal intensity (Chin et al. 

2014). In the context of AS and the need for intervention, identifying IF accurately might be 

clinically important as it could signify an early phase of decompensation. This will be 

discussed in more detail in the next section.  

 

A prior study by Weidemann and colleagues (Weidemann et al. 2009) suggested that IF 

identified on histology at the time of AVR was associated with an adverse prognosis. 

However, prior to 2004 it was not possible to identify this form of fibrosis non-invasively.  

Following work from Messroghli et al. (Messroghli et al. 2004) in 2004, a new CMR sequence 

using multishot inversion recovery images covering the full range of T1 in human 

myocardium and blood range both before and after contrast administration (the MOdified 

Look-Locker Inversion Recovery [MOLLI]) was proposed for high-resolution T1 mapping of 

the heart allowing extracellular volume fraction calculation which closely associated with 

histologically identified IF (Figure 1.5, panels B and E). Since the original sequence, various 

sequences, methods and protocols based on the MOLLI principle were established for non-

invasively measuring IF. First, native (non-contrast) T1 values can be measured without the 

need for gadolinium and initial use in small studies has been promising in patients with AS, 

amyloid, Fabry’s disease, hypertrophic cardiomyopathy and myocarditis, negating the need 

for intravenous cannulation or contrast administration. Secondly, investigators have 
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measured T1 values after the use of gadolinium, correlating post-contrast T1 with 

cardiomyopathy, but this can be potentially confounded by the variability of renal 

metabolism of gadolinium in patients.  

Finally, in 2010, based on a correction algorithm to incorporate haematocrit, Flett et al. 

(Flett et al. 2010) first reported on the use of both native and post-gadolinium T1 values for 

blood and myocardium, as demonstrated in the equation: 

  𝐸𝐶𝑉 = (1 − ℎ𝑎𝑒𝑚𝑎𝑡𝑜𝑐𝑟𝑖𝑡) ∗  
(

1
𝑇1 𝑚𝑦𝑜 𝑝𝑜𝑠𝑡

−
1

𝑇1 𝑚𝑦𝑜 𝑝𝑟𝑒
)

(
1

𝑇1 𝑏𝑙𝑜𝑜𝑑 𝑝𝑜𝑠𝑡
−

1
𝑇1 𝑏𝑙𝑜𝑜𝑑 𝑝𝑟𝑒

)
 

to calculate the extracellular volume fraction percentage (ECV) which correlated well with 

histologically quantified fibrosis on myocardial biopsies.  

 

 

Figure 1.5. Panels A-C are from a patient with severe aortic stenosis (AS). Cardiovascular magnetic 

resonance (CMR) imaging demonstrated replacement midwall fibrosis (A) and increased T1 mapping 

values (B). On histology, extensive collagen staining was observed with picrosirius red supporting 

extensive myocardial fibrosis (C). Despite AS of similar severity, a second patient, shown in panels D-

F, demonstrated healthy myocardium with no fibrosis following gadolinium administration (D), lower 
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T1 mapping values (E) and no histological evidence of fibrosis on myocardial biopsy (F). This figure 

also demonstrates that both replacement and interstitial fibrosis can be accurately assessed non-

invasively with CMR, and in this case fibrosis is unrelated to the severity of AS. Adapted with 

permission from Vassiliou et al (Vassiliou et al, 2015). 

 

We are therefore left with multiple potential T1 mapping methods and protocols, each with 

its own advantages and limitations. However, in AS although native and post-Gd T1 maps 

and partition co-efficient have a role in providing an assessment for IF, ECV would appear to 

have the most potential given its reproducibility and ability to differentiate control patients 

from disease states (Chin et al. 2014; Vassiliou et al. 2015).  

 

However, any prognostic benefit of T1 mapping in AS is lacking. Early data from other 

patient populations support that high ECV is associated with adverse clinical events. Wong 

et al. (Wong et al. 2012) used ECV in a mixed cohort of 793 consecutive patients (range 

21.0%-45.8%) and reported short-term outcomes at ten months: 39 deaths were noted and 

43 patients experienced the composite endpoint of death/cardiac transplant/LV assist 

device implantation. The ECV related to all-cause mortality and the composite endpoint, 

with every 3% ECV increase conferring an additional 50% increase in the risk of death. The 

same team (Wong et al. 2014) also reported  on patients with type 2 diabetes with ECV 

calculation (n=231) compared with non-diabetic patients (n=945), and confirmed that 

patients with diabetes had higher ECV (30.2% vs. 28.1%). Moreover, over a follow up of 1.3 

years, 38 diabetic individuals had events (21 hospitalisations for heart failure; 24 deaths), 

and higher ECV was associated with these events with a similar 50% increase in risk for 

every 3% ECV increase. 

To date, a single small study has assessed the impact of T1 mapping on postoperative 

recovery in patients with AS. Flett (Flett et al. 2012) followed 63 patients scheduled for 
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surgical AVR with CMR imaging both before and six months after AVR. The repeat CMR was 

only possible in 42 patients. IF was elevated by 50% compared with normal controls. During 

the follow-up time, six patients died, with 5/6 having a higher burden of fibrosis. At a six-

month follow up from surgery there was evidence of LV mass regression but a lack of 

reduction in the percentage of IF, indicating that more extensive follow up might be 

beneficial, or that like RF, interstitial forms are irreversible in AS. It therefore remains to be 

seen how identification of IF by MOLLI can be utilised in a clinical CMR setting and offer 

good accuracy and precision. From then on, the benefit of MOLLI in serial assessment of 

patients with AS can be evaluated to see whether serial measures of CMR-identified IF can 

be used as a marker of early decompensation in this cohort of patients.  

 

In summary, CMR imaging has been pivotal in identifying myocardial fibrosis in patients with 

AS and there is sufficient evidence that fibrosis, especially RF but potentially also IF as well, 

can be regarded as an early indicator of LV decompensation in patients with AS. Fibrosis can 

potentially predate clinical symptoms and signs, and its independent short-term prognostic 

importance has been established. However, further research is required to show whether 

fibrosis remains a risk factor over the longer term in patients with or without aortic valve 

intervention. In addition, it remains to be investigated whether fibrosis should be used as an 

indicator for earlier AVR in asymptomatic patients, on the basis that once LV 

decompensation has started in AS it will only lead to further irreversible myocardial damage 

whilst surgery is awaited. More studies are also needed to conclusively establish the 

additive prognostic role of T1/ECV to RF identification, specifically in patients with moderate 

and severe AS, and whether improvement in ECV can be seen following AVR, or with 

medical intervention. However, the cost associated and time required with any form of 
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imaging is significant especially in an outpatient setting, has led investigators to look for 

novel biomarkers that can be used in addition to, or instead of, imaging to identify both 

myocardial fibrosis and overall risk for patients.  

 

1.5 Markers of LV decompensation 

1.5.1 Symptoms 

Both the European and American cardiac bodies recommend surgery in patients with 

symptoms attributable to AS (class 1) (Vahanian et al. 2012; Nishimura et al. 2014). Such 

symptoms typically include angina, syncope or pre-syncope and breathlessness. It should 

nonetheless be remembered that these symptoms first described by Ross and Braunwald 

were based predominantly on patients with bicuspid and rheumatic AS (Chin et al. 2014). 

Therefore, with an increased prevalence of calcific AS in often sedentary elderly people with 

multiple other comorbidities, milder or more subtle symptoms could perhaps indicate LV 

decompensation. Hence, exercise testing can often be considered and is recommended in 

current guidelines. 

 

1.5.2 Exercise testing 

Careful consideration should be given before undertaking exercise testing in patients with 

moderate or severe stenosis, however in the correct clinical environment it is a safe test for 

objectively identifying symptoms under standardised conditions. Exercise testing in patients 

with “asymptomatic” AS can often promptly identify symptoms that are not initially 

apparent. Many patients, particularly among the elderly, might unconsciously limit their 

activities in order to avoid symptoms. Some may also attribute any symptoms they might 

have to “old age” rather than their AS, and subsequently underreport such symptoms. In a 
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meta-analysis of seven studies involving 491 patients, the sensitivity, specificity, positive and 

negative predictive values for adverse cardiac events in patients with AS  after an abnormal 

exercise stress test were modest at 75%, 71%, 66% and 79% respectively (Rafique et al. 

2009). Despite this suboptimal sensitivity and specificity, both the American (Nishimura et 

al. 2014) and European (Vahanian et al. 2012) guidelines recommend that exercise testing 

could be considered to unmask symptoms which could indicate LV decompensation, as 

identification of decompensation should prompt consideration of surgery (class 1). 

Intervention can also be considered when there is a lack of appropriate haemodynamic 

response to exercise, and/or either a fall in blood pressure (BP) (Vahanian et al. 2012) or a 

failure of BP to increase by >20mmHg (Nishimura et al. 2014).   

 

1.5.3 Echocardiography 

Transthoracic echocardiography remains the mainstay in the diagnosis and identification of 

the aetiology of AS, especially in the community. Echocardiography can help accurately 

identify both systolic and diastolic function and provide a safe, radiation-free method of 

serial assessment in patients with AS (Lancellotti et al. 2010). The EF remains the 

conventional marker of systolic impairment currently recommended for use by both the 

American and European guidelines. Especially in asymptomatic patients, a drop of EF to 

below 50% has been assigned as class 1 evidence for surgery in patients with severe AS 

(Vahanian et al. 2012; Nishimura et al. 2014). 

Serial echocardiography can also be used to assess the rate of progression of stenosis, with 

an annual rate of progression of >0.3m/s/year peak velocity attracting a class IIa indication 

for surgery in the European and American guidelines (Vahanian et al. 2012; Nishimura et al. 

2014). Furthermore, patients who remain asymptomatic but with very severe AS, defined as 



47 
 

peak transvalvular velocity of 5.5m/s (peak gradient 120mmHg) also have a class IIa 

indication for surgery as well (Vahanian et al. 2012). 

In addition, echocardiography can be used to assess diastolic function (Bruch et al. 2004) 

and more advanced methods including strain and strain rate using 2D speckle tracking have 

recently been shown to be superior to the conventional Doppler mitral inflow and 

myocardial tissue velocities, and associated with prognosis (Dahl et al. 2016). 

However, echocardiography is not without limitations. Notwithstanding the usual problems 

with poor windows in certain patients leading to diagnostic inaccuracies and operator 

dependence, one of the limitations in particular for patients with AS is its use in those with 

concentric hypertrophy, leading to a potential overestimation of EF secondary to increased 

myocardial wall thickness and filling pressures alongside a reduction in ventricular volumes. 

This results in inappropriately reporting normal or even high EF despite significant 

impairment in intrinsic myocardial contractility (Pibarot & Dumesnil 2012; Dumesnil & 

Shoucri 1982).  

Therefore, although echocardiography has a crucial role to play in the diagnosis of AS, and 

serial follow up is crucial, its role in providing guidance for the optimal time for intervention 

is limited to identification of EF<50% at present, indicating significant decompensation.  

Transoesophageal echocardiography has perhaps an even lesser role than transthoracic 

echocardiography in patients with AS, and is limited to visualising the aortic valve cusps and 

proximal aorta in cases where this cannot be achieved via the transthoracic approach. 

Complementary blood biomarkers have therefore been considered to better indicate an 

earlier stage of LV decompensation and prior to the transition from hypertrophy to heart 

failure, which could aid in identifying the optimal timing for surgery. These are discussed in 

the following section. 
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1.6 Biomarkers in aortic stenosis 

Alongside imaging myocardial fibrosis, other biomarkers used in both routine clinical 

practice and research can be associated with fibrosis and could potentially help identify 

early decompensation in patients with AS. There is an increasing interest in this field.  

 

1.6.1 Galectin 3 and ST2 

Two promising biomarkers in the research arena at present are galectin-3 and ST2. Galectin-

3 has been shown to associate with prognostic information in patients with acute 

decompensated and chronic heart failure (Sharma et al. 2004). Galectin-3 upregulation in 

decompensated heart failure leads to fibroblast and macrophage activation, a characteristic 

feature of fibrosis and cardiac remodelling. Recently a small study associated the prognosis 

of patients following TAVI with measurements of galectin-3 (Baldenhofer et al. 2014); 

however, whether this is attributable to the effects of myocardial fibrosis remains to be 

established. ST2 is another novel biomarker of myocardial fibrosis and potentially a marker 

of severity and prognosis in AS, which has been associated with the presence of cardiac 

fibrosis and ventricular dysfunction on CMR imaging  (Breyley et al. 2014). Although both 

ST2 and galectin-3 allow optimism that a panel of biomarkers can be useful in clinical 

practice, much work is required to validate and contextualise their use.  

 

1.6.2 Metalloproteinases 

Other potentially beneficial biomarkers in determining cardiac fibrosis include matrix 

metalloproteinases (MMPs) 1, 2, 3 and 9  as well as  tissue inhibitors of metalloproteinases 

(TIMPs) 1, 2, and 4; and collagen I carboxyterminal peptide (CICP). These have been studied 
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in other pathologies (Zachariah et al. 2012) and further research is required to see whether 

the prognostic impact seen in other conditions can be replicated in the AS population.  

 

1.6.3 Cardiac Troponin 

Despite interest in these fibrosis-specific biomarkers, a very commonly used biomarker 

might yet show the most benefit for patients with AS. Cardiac troponin is a structural 

protein present in the myocardium, and elevated concentrations are a specific indicator of 

myocardial injury, independent of aetiology. This aetiology could include acute myocardial 

infarction, myocarditis, arrhythmia or secondary to AS. Recent advances in assay technology 

allow improved sensitivity in plasma troponin testing (high-sensitivity troponin) and 

detectable lower plasma troponin concentrations have opened the door for its use in AS. 

Indeed, high-sensitivity troponin has been shown to be elevated in patients with AS, with 

levels correlating with the degree of LV hypertrophy and fibrosis and not the extent of 

coronary artery disease. Moreover, in an asymptomatic population with AS, high-sensitivity 

troponin has recently been associated with a higher chance of requiring AVR and 

cardiovascular mortality (Chin et al. 2014). Troponins could therefore play an important role 

as a screening tool for LV decompensation in patients with AS and perhaps in deciding who 

should undergo more intensive investigation for evidence of myocardial fibrosis. Further 

research is required before robust clinical guidance can be offered.  

 

1.6.4 Brain natriuretic peptide 

Finally, brain natriuretic peptide (BNP) and N-terminal prohormone of brain natriuretic 

peptide (NT-pro BNP) are endogenous cardiac hormones (made up of 32-amino acids and 

76-amino acid, respectively) that are released in response to LV wall stress and 
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decompensated LV function. Elevated levels of BNP and NT-pro BNP have been 

demonstrated in patients with symptomatic AS (Weber et al. 2004; Ben-Dor et al. 2013). 

However, there is much debate about the role of these biomarkers in providing sound 

prognostic information, particularly as they are known to increase with ageing and therefore 

the normal range can be difficult to define. In severe AS, NT-pro BNP has been shown to 

supplement clinical and echocardiographic findings, providing useful prognostic information 

such as symptom-free survival and postoperative survival rates and LV function. Therefore, 

natriuretic peptides appear to hold significant promise in identifying early decompensation 

and association with risk in patients with AS and require larger studies to substantiate their 

role in clinical practice.   

 

1.7 Conclusions 

AS is an ageing-associated disease and currently no medical therapy has been able to 

reverse or indeed slow the rate of progression of AS. Therefore, without alternative options 

even frail patients undergo interventions (AVR/TAVI) to relieve the stenosis and associated 

pressure overload. Currently, intervention is usually offered in patients who develop 

symptoms. This is, however, suboptimal as many patients with mildly decompensated LV 

will not have symptoms until there is a very significant degree of decompensation. 

Our better understanding of how patients move from hypertrophy to heart failure and of 

the associated adverse events, alongside the knowledge that myocardial fibrosis is closely 

implicated in this process is opening new avenues of research. Interest is therefore growing 

in the development of alternative objective imaging and blood biomarkers of LV 

decompensation. The ability to detect this fibrosis using non-invasive imaging techniques 

and blood biomarkers is therefore exciting and raises the possibility of using these advances 
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to recognise LV decompensation earlier and ultimately guide the optimal timing of AVR 

before irreversible damage to the myocardium occurs. Moreover such biomarkers may be of 

value in assessing the efficacy of novel medical therapies aimed at reducing myocardial 

fibrosis and LV decompensation.  
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Chapter 2 

Magnetic Resonance Imaging Physics: the clinician’s perspective 

 

2.1 History of Magnetic Resonance Imaging 

The concept of magnetic resonance imaging (MRI) began in the late 1940s with Felix Bloch 

proposing that nuclei of atoms have properties  allowing them to behave like little magnets 

(Bloch et al. 1946). He postulated that a charged particle spinning around its axis would 

have a magnetic field, or “magnetic dipole moment”, and published his theory in 1946. This 

theory was verified experimentally and in the 1960’s Nuclear Magnetic Resonance 

spectrometers were introduced. It took however until the late 1970s and work by Raymond 

Damadian to utilise magnetic resonance clinically; when he first proposed that the magnetic 

resonance properties (T1,T2 defined later) of malignant tissue might differ from those of 

normal tissue (Damadian 1971) and produced an image of a tumour in a rat in 1974. The 

first image of a human volunteer was acquired in 1977 (Figure 2.1) which required over four 

hours of scanning. Appreciating its potential importance in clinical care provision, the word 

“nuclear” was dropped around this time in order to avoid deterring patients from using this 

new form of scanning. With time and with newer techniques MRI progressed from imaging 

static objects to moving objects, including the heart, by utilising appropriate "navigators" to 

monitor breathing motion,  or short breath holding techniques (Vassiliou et al. 2015). This 

enabled good quality imaging of the heart, initially anatomically but then including function 

and myocardial tissue characterisation. This chapter will describe the basic components and 

physics underlying MRI imaging. 
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Figure 2.1 showing the first MRI image obtained in 1977. Figure reproduced with permission from 

Basic MRI Physics (Blink 2004). 

 

2.2 Hardware needed 

For magnetic resonance imaging to be possible the following specific objects and tools are 

required:  

 A magnet: In our era, the most commonly used magnets in MRI are superconducting 

magnets. Such magnets consist of a complex overlapping array of cylindrical or 

solenoidal coils of wire in which a current runs to generate the magnetic field. A 

coolant, liquid helium, surrounds the wire to reduce its electrical resistance as shown 

in Figure 2.2.   

At -269oC the electric wire, usually made of niobium, loses its resistance, and once 

the system is energised and made operational it will maintain its magnetic field, 

hence the “magnet is always on” even if it appears not to be in use which can have 

safety implications as it will still attract ferromagnetic objects.  

In clinical practice there is currently a mixture of 1.5T and 3T MRI scanners, with 1.5T 

being more prevalent for cardiac scanning, although higher field strengths are 

currently being explored and utilised in research (Hess et al. 2015). 



54 
 

 

 

Figure 2.2 showing the components of a modern superconducting magnet. Multiple vacuum vessels 

surround the core exist acting as temperature shields. These shields enable a slower boil off of the 

helium. A cooling pump runs continuously to further reduce the loss of cooling fluid. Figure 

reproduced with permission from Basic MRI Physics (Blink 2004). 

 

 Radiofrequency chain: The radiofrequency chain is the part of the MRI which 

produces the radiofrequency signal transmitted to the patient and receiving the 

signal back from the patient. It contains the radiofrequency coils used to transmit 

and receive frequency waves in the MRI scanner. The receiver coil optimisation is 

particularly critical  in improving image quality and currently both 12 and 32 channel 

coils are utilised in clinical practice with the latter giving better image quality as a 

result of improved signal to noise ratio, enabling improvements for example of 

spatial resolution  (Parikh et al. 2011; Niendorf et al. 2006; Zhu et al. 2004). 
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 Shim coils: These are smaller electromagnets present within the magnet bore. When 

the appropriate amounts of currents are calculated and passed through them, these 

modify the static magnetic field improving its homogeneity which is essential for 

good imaging quality. The role of these coils is particularly pertinent in CMR as 

inhomogeneity exceeding a few parts per million over the volume of the heart can 

be quite disastrous. 

  

 Gradient coils: These are used to deliberately distort linearly the magnetic field 

during acquisition in order to allow spatial localisation of the signals for an image. 

They can alter the strength of the field along three orthogonal directions (x, y and z, 

see Figure 2.4) in any programmed proportion thus allowing slice selection and 

spatial localization in any oblique direction and location, within typically 

approximately 35cm-40cm diameter where all of this engineering (main field, 

radiofrequency fields and gradient fields) is designed to operate reasonably well. 

 

 Hardware and software: Finally several computers are required with appropriate 

software connecting all the components described above and enabling real time 

modification of parameters by the operator. These computers are dedicated to 

generating pulse sequence waveforms with precise timing, reconstructing the 

received signals and other tasks such as monitoring safety (at an initial step, by 

running predictions of radiofrequency heating and peripheral nerve stimulation, 

protected further by a second level of independent monitoring). 
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2.3 MRI Physics: basic concepts 

The next section of this chapter will address the basic concepts of MRI physics which 

underlie MR imaging.  

Our bodies are made of 80% water, H2O. The hydrogen atom has two subatomic particles, 

the nucleus called the proton (H1) and an electron, with the proton being electrically 

charged (+1) and rotating around its own axis. The hydrogen atom is the most useful 

magnetic resonance imaging source, as it is the most abundant element in the body but also 

the one with the highest gyromagnetic  ratio (the ratio of its magnetic dipole moment to its 

angular momentum) offering an advantage in MR imaging.  

Other molecules with an odd number of particles in the nucleus could be used for MRI 

imaging as well. Such molecules include 13C , 17O,19F and 31P (Dehghani M et al. 2016; 

Atkinson et al. 2010) currently finding research applications in metabolic CMR spectroscopy 

(Mahmod et al. 2014; Tyler & Neubauer 2016). 

Outside an MRI magnet, the nuclei of hydrogen atoms are randomly aligned, as shown in 

Figure 2.3, and provide a net magnetization of zero. However, when a subject is placed 

within a strong magnetic field (B0), the nuclei tend to align in the direction of the field (net 

magnetization M) along the vertical z axis. This net magnetization can then be manipulated 

to generate images.  
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Figure 2.3. Each proton, depicted by , spins around a randomly oriented axis, depicted by   , when 

there is no magnetic force as shown on the left. Inside a strong magnetic field B however, as shown 

on the right, protons tend to be pulled to align with the direction of the magnetic field because of 

their magnetic dipole moments, making the measurable but extremely tiny nuclear magnetisation M 

that is used for MRI, and the associated spins therefore also tend to be around that direction along 

the z axis.  

 

2.3.1 The Larmor frequency 

When inside a magnet, the protons align as shown in Figure 2.3 and also spin around their 

own axes since this spin combined with their electrical charge is classically viewed as 

generating their magnetic dipole moment, like small bar magnets themselves.  

Much as for a gyroscope in a gravitational field, there is a fast spin. However under the 

torque imposed by gravity, the gyroscope "wobbles" (or "precesses") around the main field 

direction (gravity). This is all something of a classical view and on an individual nuclear spin 

scale might not be fully accurate false. However, with enough nuclei considered together 

(and there is no shortage of them, 2x6.02x1023 of them (Avogadro's number) in 18cm3 of 
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water) the classical model of a precessing magnetisation vector has been shown valid, the 

"crowd behaviour" model (Tomonaga & Oka 1997) 

This motion is called precession, and the magnetisation within each microscopic volume 

containing "crowd behaviour" of protons can be modelled as precessing at what is known as 

the Larmor frequency. The Larmor frequency (f ) is proportional to the Gyro magnetic Ratio 

(γ) and the magnetic field strength (B0) following the equation: 

f = γ * B0 

This is useful as it allows us to calculate the operating frequency of the MRI system. For 

example, an 1.5T magnet, will have a Larmor frequency of: 

42.6 (the Gyromagnetic Ratio of Hydrogen in MHz/T) * 1.5 (strength of magnet in T) 

 

= 63.9 MHz (The Larmor frequency) 

 

This is important as it is required for successful imaging as discussed in the following 

section.   

The term "spin isochromat" is used formally for the magnetisation vector from such a 

microsopic region showing crowd behaviour. This is loosely abbreviated to "spin" in most 

MRI literature. It must be appreciated that from this point forward in this thesis, the 

following convention is adopted, the term "spin" refers to the "spin isochromat" and no 

longer refers to the "spin" of individual nuclei.  
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2.3.2 Resonance and excitation 

The spins making up the net magnetisation vector have an angular precession rate (or 

frequency) and a phase (describing the angular position relative to a fixed point). If for 

example two spins start from the same position but have even slightly different frequencies, 

they will become out of phase and with time, this "out of phase shift" (known as 

"dephasing" or "phase dispersion") will increase.  

In preparation for scanning, the system performs a prescan to measure the Larmor 

frequency of the water in the region of interest i.e. in this work, the thorax. For an 1.5T this 

would be in the region of 63.9MHz, affected by the shape of the patient as water is weakly 

but significantly (9ppm) diamagnetic, and therefore in order to manipulate the net 

magnetisation precisely an equivalent radiofrequency that matches the Larmor frequency of 

the system will need to be sent. This allows resonance to be reached and only allowing 

proton spinning at the Larmor frequency to respond to the particular radiofrequency pulse 

with precision. Resonance is defined as the phenomenon where a vibrating system/ external 

force drives another system to oscillate with greater amplitude at a specific frequency, in 

this case the Larmor frequency. Any other significantly different radiofrequency will have 

imprecise effects on the magnetization.  In addition to its frequency, the radiofrequency 

pulse can be sent with varying amplitude and duration and because of this is can rotate the 

net magnetisation into a transverse plane (e.g. x or y axis). Using a different parameter 

called the Flip angle, it is possible to flip (i.e. rotate, perhaps misleadingly and confusingly 

called "nutate") the magnetisation through any desired angle a process called excitation if it 

brings a component of magnetisation into the transverse x-y plane. 
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2.3.3 Relaxation 

By rotating the net magnetisation into the x-y plane (Figure 2.4), underlying this the protons 

have also acquired energy, having absorbed energy from the radiofrequency. However, this 

is not a stable energy level (like a basketball player jumping to put the ball in the basket, will 

fall back to the ground soon after) and the protons gradually return to their original lower 

energy states. This process of returning into the lower energy levels (the equilibrium) is 

called spin-lattice relaxation T1.  

 

2.3.3.1 T1 relaxation 

For the protons to return to their equilibrium, the energy they have absorbed from the 

radiofrequency pulse needs to be released slowly back to the molecular environment as a 

whole (essentially as a tiny amount of heat, but also partly as an emitted electromagnetic 

signal which is received for MRI) essentially leading to reversal of the excitation, with the 

net magnetisation rotating back to align with the B0 z axis as shown in Figure 2.4.  

The recovery process is statistical over the crowd of protons (somewhat like radioactive 

decay but with no change in nuclear structure, only its orientation, and a low energy of 

emission far short of ionisation at the magnetic fields available). As not all protons are 

bound in their molecules the same way, some have tighter and some weaker bonds. 

Therefore some environments will allow the release of energy more quickly (the ones with 

tight bonds) and have shorter T1. This leads a natural exponential decay familiar in physics 

as depicted in Figure 2.5. 
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Figure 2.4. Following completion of the radiofrequency pulse (RFP), the net magnetization will have 

moved to the x-y axis and then will start growing back on the z axis to reach the original equilibrium. 

So, the initial growth on the z axis (panel A) will be quickly succeeded by more growth (panel B and 

C) and reach equilibrium (panel D) where all the magnetization is along the z axis and no 

magnetization along the x-y axis any more. T1 is also called longitudinal or spin-lattice relaxation as 

most of the energy is released from the protons to the surrounding tissue, only a small fraction is 

emitted as the rotating electromagnetic field received for MRI. 
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Figure 2.5 showing the T1 relaxation curve. At time 0, immediately after the radiofrequency pulse, 

there is no magnetization in the z direction. But immediately after, the z axis magnetisation starts to 

revover. T1 is defined as the time required for the longitudinal magnetisation to reach 63% of the 

initial magnetisation. It is interesting to appreciate that this was the principle upon which Damadian 

based his initial MR work in realising that some tumours may have a higher T1 from normal tissue 

(Damadian 1971).  

 

2.3.3.2 T2 relaxation 

The second part of relaxation is T2 relaxation, a process independent of T1 relaxation, but 

occuring simultaneously. Whilst T1 involves changes from the direction of the z axis to the x-

y plane, T2 describes changes in the x-y plane. When the radiofrequency pulse is applied, 

the magnetisation changes into the x-y plane and the spins start to precess in phase so 

immediately after the radiofrequency the net magnetisation vector (transverse 

magnetisation) is rotating in the x-y plane around the z axis as shown in figure 2.6 panel A. 

However, underlying this, the direct interaction between the proton magnetic dipole 

moments known as "spin-spin interaction" causes a submicroscopic dispersion in the 
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apparent Larmor frequency of each isochromat of spin.  Thus the various vectors soon start 

to move at different speeds (figure 2.6 panel B-D). 

Figure 2.6 demonstrating T2 relaxation following the radiofrequency pulse. All the vectors have 

different speeds and therefore soon start pointing in different directions (panels B-D). Although all 

protons are rotating around the z axis in the x-y plane, with time all vectors now point in different 

directions (panel E). The process of transforming from a total phase where all vectors align together 

(in-phase) to a total out-phase where no vector is aligned together is called T2 relaxation whilst the 

total signal from all these vectors pointing in different directions is near-zero.  

 

Like the T1 relaxation curves T2 relaxation curves also exist as showin in figure 2.7. 
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Figure 2.7 showing a T2 relaxation curve. Following the 90o radiofrequency pulse, all the 

magnetisation flips into the x-y plane and the net magnetisation changes name to Mx-y. Initially all 

the protons are in the same phase, however immediately after the radiofrequency pulse they start 

to become out of phase. T2 is the time taken for the total signal to decay to 37% of  the original 

value. T2 usually occurs much faster than T1 and it is also called spin-spin relaxation as it describes 

interactions between the protons. Once both T1 and T2 relaxation processess are finished the 

original equilibirum is restored with the main magnetic field (B0).  

 

2.3.4 Image acquisition 

During relaxation following the radiofrequency pulse, the protons release their excess 

energy, partially in the form of radio frequency waves and the rest of it as heat (but this is 

only a minuscule fraction). These waves need to be captured before they disappear in order 

to produce an image and this is achieved using the receiver coil, which can be  the same as 

the transmission coil. However, usually, for safety the transmission coil is built into a safe 

housing away from the patient, as it carries peak radiofrequency powers in the region of 10 

000 Watts, in short pulses which might become dangerous. The receiver coil must also be 

positioned at right angles to B0, as the precessing magnetisation has an oscillating Mx-y 

component, which generates a weak oscillating magnetic field in the x-y plance.  
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2.3.5 Image creation and display 

As shown in Figure 2.8, the radiofrequency pulse causes the excitation followed by 

relaxation and from this the radiofrquency waves picked up by the receiver and fed into a 

computer to produce an image.  

By receiving the signal in the presence of a gradient applied across the excited slice, the 

received signal contains high frequencies from one side of the patient and low frequencies 

from the other. By analysing the spectrum of this signal (i.e. the  Fourier transform), the 

signal tells how much tissue is at each position across the magnet in the direction of the 

applied gradient i.e. "frequency encoding" of position.  

Figure 2.8 showing the process from sending the radiofrequency pulse (RFP) to viewing the image. 

Nowadays, the computing is based on a 2-directional frequency analysis known as 2D Fourier 

Transform. A computing method for high-speed known as Fast Fourier Transform (FFT) was essential 

in the early days of MRI (Shenberg & Macovski 1986). However, this is no longer important in view of 

the strong computing power allowing even a simple program for Fourier Transform to be  fast 

enough to appear almost instantly after data collection ends. 
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By repeating this process identically, but repeating each time with a further "twist" of signal 

phase along the other inplane direction ("phase-encoding") a frequency slope is assembled 

over the steps of the repetition and can be similarly spectrum-analysed to give the phase-

encode direction position information. 

 

2.4 Basic cardiovascular magnetic resonance pulse sequences 

2.4.1 Spin echo 

Spin echo pulse sequences produce images that are acquired during one fixed phase of the 

cardiac cycle. Following the initial 90o radiofrequency pulse the net magnetisation starts to 

dephase due to T2* relaxation and then a second radiofrequency pulse at 180o is given 

causing the protons to rephase the T2' contribution of main field non-uniformity at the 

"echo time" where: 

1

𝑇2 ∗
=

1

𝑇2
+

1

𝑇2′
 

and T2' is caused by main field non-uniformity, essentially recovering the inhomogeneous 

dephasing, leaving pure T2 decay. They are static images at a single phase per acquisition, 

and can have both T1 and T2 weighted properties; T2 weighting increases with longer echo 

time while T1 weighting occurs if the 90-180o acquisition process is repeated before 

complete T1 recovery has occurred; typically to reduce the T1 weighting it is necessary to 

pause and acquire only every second or third cardiac cycle. Clinical applications include 

anatomical information where blood appears dark in spin echo images (Geva et al. 1994)  as 

well as imaging for myocarditis, pericarditis, cardiomyopathies, vasculitis and cardiac 

tumours and following gadolinium administration myocardial scar (Mitchell et al. 2016; Jung 

& Weigel 2013). 
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2.4.2 Gradient echo cine 

Gradient echo (or gradient recalled echo, GRE) imaging is based on only a single 

radiofrequency pulse, typically <90o in combination with readout gradient reversal (Jung & 

Weigel 2013). This can be performed using a standard gradient echo pulse sequence or a 

steady state free precession (SSFP) sequence which is a faster sequence but also provides 

better contrast between blood and myocardium (due to markedly longer T2 of blood than 

myocardium). Because of this, shorter repetition times are feasible leading to faster 

imaging. This is especially useful for cardiac imaging as it enables dynamic cine imaging and 

therefore assessment of myocardial function, identification of regional wall motion 

abnormalities, MR angiography and assessment of tissue perfusion and viability (Kim et al. 

1999; Waterton et al. 1985) allowing cardiovascular magnetic resonance (CMR) to deliver 

the “gold standard” estimation for atrial and ventricular volumes and ejection fraction 

(Maceira et al. 2006; Maceira et al. 2010). Nevertheless, despite its good accuracy, CMR 

remains a relatively lengthy investigation, inaccessible for many patients around the world 

and expensive compared to echocardiography which is the first-line imaging investigation.  

 

2.4.3 Late gadolinium enhancement imaging 

Late gadolinium enhancement imaging (LGE) is highly T1-sensitive gradient-echo imaging 

undertaken after the administration of a Gadolinium-based contrast agent (Gd), and taking 

advantage of the unique kinetics of blood and myocardium following Gd administration. Gd 

distributes in greater volumes in the myocardium with fibrosis and demonstrates slower 

washout times compared to normal myocardium. Using highly T1-sensitive gradient echo 

sequences usually 10-15 minutes after the administration of Gd, it is possible to 
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demonstrate the abnormal deposition of contrast late after injection as focal regions of 

fibrosis become enhanced indicating replacement fibrosis (Amado et al. 2004; Harris et al. 

2007), whereas normal myocardium remains black. This requires expertise to adjust the 

inversion-recovery null time so that normal myocardium is “nulled” and appears dark, on 

the assumption that the disease sought has a focal or localised pattern of distribution in the 

myocardium. This has been a milestone in CMR imaging as the presence of enhancement 

indicating various kinds of focal fibrosis has been validated histologically (Gulati et al. 2013; 

Moon et al. 2006), and associated with higher risk of worse outcome in a plethora of 

conditions including dilated cardiomyopathy, (Gulati et al. 2013), valve disease (Dweck et al. 

2011; Barone-Rochette et al. 2014) and hypertrophic cardiomyopathy (Chan et al. 2014). 

Without careful adjustment of inversion time to null normal myocardium the results can be 

less sensitive and in this situation, perhaps an alternative method can be utilised in both 

clinical and research practice, the phase-sensitive inversion-recovery, PSIR  imaging (Kellman 

et al. 2005). 

 

2.4.4 T1 mapping 

Although LGE is a well validated method for identification of focal fibrosis, it relies on a clear 

disctiction between normal and abnormal myocardial tissue in order to have high sensitivity 

to detect an abnormality. Therefore, in cases where the myocardium might be uniformaly 

abnormal, the sensitivity of LGE is lower due variable gadolinium clearance rate, time of 

measurement, injected dose, body composition and haematocrit (Kellman et al. 2012). 

Therefore, a clinical need arose to have an imaging biomarker that could identify not only 

focal/replacement fibrosis/ scar but also earlier forms of interstitial/ diffuse fibrosis. This 
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would also increase sensitivity as it would allow imaging of diffuse fibrosis even when the 

myocardium is globally affected and without distinct normal/ abnormal areas. A clinically 

applicable method of myocardial single-breath-hold T1-mapping was therefore introduced 

by Messroghli et al, the MOdified Look-Locker Imaging, MOLLI (Messroghli et al. 2004) as a 

surrogate measure of interstitial fibrosis, having shown good correlation with histological 

identified collagen volume fraction in a landmark paper by Flett and colleagues (Flett et al. 

2010) but using a cine-inversion-recovery method.  

The MOLLI acquisition is ECG triggered and all images are acquired at the same cardiac 

phase in late diastole using a MOLLI approach (Kellman et al. 2012). The original MOLLI 

sequence by Messroghli acquired 11 images over 17 heart beats, therefore had some 

limitation in its use in patients with decompensation who could not perform a good breath 

hold. However, newer sequences as the one used in this research acquires 8 images in 11 

heart beats (native state) and 9 images in 11 heart beats (post contrast state), hence often 

referred to as 11 heart beat MOLLI sequences, in a single breath hold usually lasting 

between 8-12 seconds depending on the heart rate of the patient. MOLLI is based on 

multiple inversion recovery images acquired at times both before and after contrast 

administration. 

Following motion correction (MOCO) and co-registration a T1 map can then be derived by a 

pixel-wise curve fitting using a three parameter signal model for MOLLI inversion recovery 

allowing segmental analysis for T1 values and ECV as shown in figure 2.9. Native and post Gd 

images can be utilised and with the use of haematocrit the extracellular volume fraction can 

be derived according to the equation: 
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𝐸𝐶𝑉 = (1 − ℎ𝑎𝑒𝑚𝑎𝑡𝑜𝑐𝑟𝑖𝑡) ∗  
(

1
𝑇1 𝑚𝑦𝑜 𝑝𝑜𝑠𝑡

−
1

𝑇1 𝑚𝑦𝑜 𝑝𝑟𝑒
)

(
1

𝑇1 𝑏𝑙𝑜𝑜𝑑 𝑝𝑜𝑠𝑡
−

1
𝑇1 𝑏𝑙𝑜𝑜𝑑 𝑝𝑟𝑒

)
 

Where ECV= Extracellular volume fraction, T1 myo= myocardial T1, T1 blood= blood T1, 

pre=native T1, post=following Gd administration. 

 

This estimation of ECV in the myocardium is possible from T1 mapping, as it relies on the 

concentration of Gd in the myocardium relative to the blood and the change in the 

relaxation rate between native and post Gd T1 is directly proportional to the Gd 

concentration. The multiplication by (1-hematocrit) represents the blood volume of 

distribution and converts the equation to myocardial ECV from partition coefficient (Kellman 

et al. 2012). 

 

Figure 2.9. Native and post Gd T1 maps. Using the native and post Gd T1 values for blood and 

myocardium, and incorporating haematocrit, the ECV can be calculated for the corresponding slice 

location with the formula described above. The yellow eclipse and circle represent the region of 

interest from where the T1 maps are read in the myocardium and blood respectively. 
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2.5 CMR safety considerations 

Relating to the imaging aspect of CMR is thought to be a safe test, since it does not apply 

ionising radiation. As such it is free from concerns about neoplasia associated with other 

forms of imaging such cardiac angiography and computed tomography (Vassiliou et al. 

2015). However, there are certain cautions and contraindications to CMR, and some more 

recent concerns regarding a theoretical association with neoplasia which will be discussed in 

the next section. 

 

 2.5.1 Implantable devices 

It is essential that all patients scheduled to have an MRI undergo thorough screening for the 

presence of any implanted medical devices or foreign bodies. Common devices include 

pacemakers, implantable defibrillators, neurostimulators, cardiac or carotid stents, 

cerebrospinal fluid shunts, cerebrovascular clips and coils, cochlear implants, orthopaedic 

devices, shrapnel, bullets and metal fragments (Shellock & Spinazzi 2008). Where the history 

is unreliable, or the risk deemed too high (e.g. metal welding worker) plain X-rays can be 

used to aid the screening process.  

Great care and precautions are necessary as the strong magnetic fields of the scanner may 

disrupt the function of some electrically, magnetically or mechanically activated devices, 

and ferromagnetic objects risk becoming dislodged during the scan causing local tissue 

damage (Levine et al. 2007).  As mentioned earlier, the magnet “is always on” therefore any 

patient or relative with an implantable device should not be allowed close to the magnet, 

even if the magnet does not appear to be in use at that particular time to avoid accidents. 
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Modern devices including prosthetic heart valves, pacemakers, implantable cardioverter 

defibrillators and cardiac resynchronisation therapy devices have been carefully designed by 

non-ferromagnetic material which will not overheat or fail in the presence of a magnetic 

field, and therefore allow for careful imaging at 1.5T (but often not at 3T at present). It is 

possible that certain devices (e.g. pacemakers) might cause a degree of artefact but recently 

we have shown that the diagnostic yield of imaging and myocardial tissue characterisation 

with LGE in patients with MR conditional pacemakers was high justifying the appropriate 

use of CMR scanning in such patients required (Raphael et al. 2016). 

Use of paramagnetic contrast agents typically complex-chelates of gadolinium can also 

cause side effects. Although the incidence of complications is low (<3%), and by and large 

mild, these include feeling cold or warm with the injection, nausea (the most common side-

effect  seen in up to 0.7% of the patients), vomiting, dizziness, headache, itching, 

paraesthesia, extravasation of contrast agent and allergic reactions ranging from a simple 

rash to anaphylaxis requiring prompt resuscitation (Endrikat et al. 2016). A serious 

complication of gadolinium based contrast agents is nephrogenic systemic fibrosis (NSF), a 

progressive, incurable condition that involves widespread fibrosis of the skin, subcutaneous 

tissue, joints, skeletal muscles, and organs such as the eyes, lungs, heart and liver. It 

typically occurs in the context of renal dysfunction when GFR is less than 30 ml/min/1.73m2, 

additional risk factors include the requirement for renal replacement therapy, concurrent 

hepatic disease and a pro-inflammatory state. Most cases of NSF have been seen with the 

use of gadodiamide (Omniscan) and some with gadopentetate (Magnevist). NSF is 

exceedingly rare with the new gadolinium based agents (e.g. gadobutrol, Gadovist) and so 

far only five patients have been reported to have NSF with this agent (Stacul et al. 2011). 

Nevertheless, all patients should be screened for risk factors and renal function should be 
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checked before Gd is administered.  If renal dysfunction is identified, care should be taken in 

accordance with local, national and international guidance balancing the potential benefit of 

the additional information a CMR scan can offer against the potential small risk to the 

patient (Mitchell et al. 2016; Daftari Besheli et al. 2014). 

 

2.5.2 Risk of neoplasia 

Recently two small studies have raised concerns about the possible impact of CMR on 

human DNA integrity and the risk of a neoplastic process that could associate with this 

(Fiechter et al. 2013; Lancellotti et al. 2015), although others have failed to identify similar 

findings (Brand et al. 2015; Reddig et al. 2015).  In view of this research, the World Health 

Investigation has called for action in order to evaluate potential adverse biological effects of 

MRI to the DNA (Picano et al. 2014). However, as yet no official advice has been issued on 

this topic. Although any risk of neoplasia should be taken very seriously, it needs to be 

considered in a balanced way and placed in the clinical context of the helpful information a 

CMR study can provide for the patient clinical care.  CMR should not be denied at present 

purely on this possibility, especially as alternatives might require the use of ionizing 

radiation which carries an established significantly higher risk. 

 

2.6 Conclusion 

Although the modern CMR machines have evolved and improved considerably allowing 

faster and better imaging, the principles behind MR scanning remain the same since the late 

1970s, some of them underlying the very first MRI scan used by Damadian. Understanding 
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the concepts of physics has led to major improvements of CMR, allowing faster and easier 

scanning with improved quality. Well established sequences for anatomy and function, have 

been complemented by myocardial tissue characterisation with LGE initially, and now 

further supplemented with T1 mapping to allow  full phenotypic characterisation of patients 

providing diagnostic and prognostic information. Better awareness of the signficant 

advantages CMR imaging can have over other imaging modalities and careful selection of 

appropriate patients will certainly improve the quality of care whilst utilising resources 

efficiently and appropriate.  

 

 

  



75 
 

Chapter 3 

General Methodology 

 

3.1 Introduction 

In this chapter the general methods used for patient recruitment, cardiovascular magnetic 

resonance (CMR) imaging and analysis, biochemical analysis, statistical analysis, illustration 

and ethical considerations relating to the work in this thesis are described. As the chapters 

vary from phantom preparation to histological validation, biochemical analysis and outcome 

associations, a more detailed methodology section is included with each of the 

corresponding experimental chapters. 

  

3.2 Patient Recruitment and Follow Up 

Patients with aortic stenosis (AS) were recruited from the cardiovascular magnetic 

resonance (CMR) unit and general outpatient clinics at the Royal Brompton Hospital, London 

(predominantly surgical and preadmission clinics), as well as surgical clinics at Papworth 

Hospital, Cambridge. 

  

Consecutive patients with any degree of AS were approached. The exact inclusion and 

exclusion criteria are discussed in more detail with each experimental chapter. In general, all 

patients who could undergo and complete a CMR scan were approached for consent, with 

the major limiting factors for inclusion being the presence of non-magnetic resonance (MR) 

conditional devices, severe renal failure, claustrophobia or any other personal reasons 

causing them to decline participation. Written consent was obtained where required in 

accordance with our ethics approval.  
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For the optimisation of the T1 mapping sequence, including optimisation of precision and 

imaging in systole, healthy volunteers were also recruited using Ethics Committee approved 

advertisements displayed in public places as shown in Appendix I. 

 

Finally, to allow assessment of T1 mapping in patients with arrhythmia, ten patients with 

heart failure and preserved ejection fraction (EF), identified from the outpatient heart 

failure clinic, were also approached and written consent obtained (six patients had atrial 

fibrillation).  

 

The patients recruited were followed up for survival through hospital and electronic patient 

records, the Office of National Statistics and correspondence with their GP and consultant 

cardiologist.  In addition, patients were sent a questionnaire annually to gather further 

information (included as Appendix II) to evaluate their symptomatic status and 

comorbidities and to capture any intervention which might have taken place outside Royal 

Brompton and Harefield or Papworth Hospitals. 

  

In total, approximately 350 patients and 50 volunteers have been included in this thesis. I 

personally undertook/supervised in excess of 170 CMR scans and analysed 250 anonymised 

CMR scans. I also undertook scanning and interpretation of >100 phantom CMR studies. 

 

3.3 Preparation for CMR Imaging 

Before undergoing CMR scanning the patients completed a safety questionnaire (Appendix 

III) which included information about previous medical and surgical history, incidents of 

renal failure, any implanted devices to ensure appropriate and timely identification of any 
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possible contraindications to scanning. An electrocardiogram (ECG) was undertaken (where 

appropriate) and a cannula inserted.  For the patients undergoing T1 mapping, blood 

sampling for haematocrit was also undertaken at this stage. For patients consenting to 

blood storage for subsequent analysis, 20mls of blood were drawn for plasma, serum and 

venous blood storage at -80oC. Following this, the patients were given detailed guidance on 

the CMR scanning process and their ability to breath-hold on command was assessed. A 

peripheral long line was connected to the cannula (when inside the scanning room) to 

negate the need to bring the patient out of the magnet to administer the gadolinium-based 

contrast (Gd) and therefore minimise patient movement between the images taken before 

and after the administration of Gd. 

 

3.4 CMR Imaging 

A standard baseline protocol was followed in all patients, with additional project specific 

sequences added. CMR imaging was performed on a 1.5T scanner (Magnetom Sonata or 

Avanto, Siemens, Erlangen, Germany) and a protocol with standardised study parameters 

was followed. The patients lay in a supine position with an anterior coil placed over the 

heart and advanced into the magnet, as shown in the image included as Appendix IV.  

 

Initially, localiser images (Figure 3.1) were acquired in the transaxial plane with half-fourier 

acquisition single short turbo spin echo (HASTE) and free breathing. Using these images as a 

guide, a vertical long axis (VLA) cine image was acquired with a balanced steady state free 

precession (SSFP) with breath-holding usually at end expiration; end expiration breath-holds 

are generally more reproducible than repeated end inspiratory breath-holds. End inspiratory 
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breath-holds were however used for some patients who found breath-holding at end 

expiration difficult.  

 

 

Figure 3.1. The “localisers” obtained at the beginning of the cardiovascular magnetic resonance 

(CMR) scan.  

 

A total of five single short SSFP short axis scout images were then acquired from the VLA 

image to cover the basal level to mid-ventricular level. Breath hold SSFP cines in 2, 3 and 4 

chamber views were taken using the short axis scout and VLA images. Four-chamber and 2-

chamber cine images at end diastole were used to plan a stack of short-axis SSFP cine 

images, from the level of the atrioventricular groove and perpendicular to the left 

ventricular (LV) long axis.  Subsequently, 10mm contiguous short axis slices were acquired 

(7mm thickness, 3mm gap) from base to apex as shown in Figure 3.2. Twenty-five frames 

were reconstructed per cardiac cycle for cine imaging, giving an approximate temporal 

resolution of RR/25 ms.  
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Figure 3.2. Left ventricular (LV) stack starting from base at the level of the atrioventricular groove 

(panel A) and reaching the LV apex (panel L).  

 

Retrospective ECG gating was predominantly utilised for the cine acquisition. However, 

prospective triggering was used in patients with arrhythmia, e.g. atrial fibrillation. The 

sequence parameters for the SSFP cines were TE 1.6ms, TR 3.2ms, in plane pixel size 2.1 x 

1.3mm and flip angle 60o. Steady-state free precession sequences were also used for aortic 

valve planimetry (Figure 3.3) and biventricular volumes and LV mass. 
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Figure 3.3. Cines at the aortic valve orifice level were taken to enable accurate planimetry of the 

aortic valve area. Panel A represents diastole with the valve closed, gradually moving to systole and 

peak valve opening (panels C and D) and reaching diastole again (panel F).  

 

Ten to fifteen minutes after injection of 0.1mmol/kg of a Gd (gadobutrol [Gadovist], or 

gadopentetate dimeglumine [Magnevist], both by Bayer, Germany), followed with 10mls 

saline flush to ensure complete delivery, inversion recovery-prepared spoiled gradient echo 

images were acquired in standard long and short-axis views to detect areas of late 

gadolinium enhancement as shown in Figure 3.4. Inversion times were optimised to null 

normal myocardium with images repeated in two separate phase-encoding directions to 

exclude artefact.  

 

For a cohort of patients, T1 mapping was undertaken using a new modified look locker 

inversion (MOLLI) recovery sequence, the work-in-progress Siemens 448B prototype. The 

exact details for the sequence used are included in the relevant experimental chapter 5. 

However, in brief, an 11 heart beat MOLLI was used. Following adjustment of the scanner 

reference frequency to the predominant Larmor nuclear magnetic resonance precession 

frequency of the signal received from a cuboid volume region over the left ventricle, a high 

resolution MOLLI 5(3)3 sequence (imaging five heart beats, resting for three heart beats and 

imaging another three heart beats; a total of eight heart beats imaged) was used for heart 

rate <90bpm, and a low resolution MOLLI 5(3)3 for heart rate ≥90bpm was used. The 

different imaging, depending on the heart rate, was required as the high-resolution single-



81 
 

shot images were too long to run in the shorter diastole seen with faster heart rates. 

Imaging parameters were held constant for all T1 scans at: MOLLI FOV 360 x 306mm, slice 

thickness 8mm, TR/TE 315/1.12ms, flip angle 35o, acceleration factor two. 

 

Figure 3.4. Late gadolinum enhancement (panels A-D) of the left ventricle (LV) followed by repeat 

enhancement in different phase-encoding direction (panels E-H) but corresponding to the same 

level, confirming that the enhancement is real and not artefactual.  
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The native T1 maps were taken before Gd-contrast administration and the same slices were 

reimaged depending on heart rate using a high or low resolution MOLLI 4(1) 3(1) 2 sequence 

(imaging four heart beats and resting for one beat, then imaging three beats and resting for 

one beat, and finally imaging two more beats; a total of nine beats imaged) at 15 minutes 

post Gd administration with care taken to avoid any patient movements during this time.  

 

3.5 Image Analysis 

Analysis for LV and right ventricular (RV) volumes, left atrial (LA) volume, aortic valve peak 

pressure drop, aortic valve (AV) area by planimetry and T1 mapping were all undertaken on 

CMR Tools (Cardiovascular Imaging Solutions, London). This is a validated semi-automated 

dedicated analysis software for CMR studies. 

 

3.5.1 LV and RV volumes 

The studies were anonymised prior to analysis. The endocardial and epicardial borders in 

end-diastole and end-systole were traced as shown in Figures 3.5 and 3.6. The valve planes 

were defined in the 3- and 4-chamber planes in end-systole and end-diastole as well as in 

the right ventricular outflow tract (RVOT) view. The software allowed tracking of the valve 

plane for accurate analysis ensuring any atrial volume was excluded from the ventricular 

volume estimation. Semi-automated blood pool thresholding allowed delineation of the 

pupillary muscles in the LV and trabeculations in the RV. The papillary muscles were 

included in the calculation for LV mass and excluded from the blood pool.  
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Figure 3.5. Left ventricular (LV) short axis slices in diastole (A) and systole (B). Four and three 

chambers in diastole (C and E) and systole (D and F) and aortic valve, closed in diastole (G) open in 

systole (H). 

 

End-diastolic volume (EDV) and end-systolic volume (ESV) were calculated from the sum of 

blood pool signal from the short axis stack (SAX) slices for LV and RV and the difference EDV-

ESV representing the stroke volume (SV). The LV volumes were indexed to the age, sex and 

body surface area and considered abnormal if outside the 95th percentile (Maceira et al. 



84 
 

2006). Using the EDV and SV, the EF was calculated automatically by the software using the 

standard definition:  

𝐸𝐹  (%) =
𝑆𝑉 (𝑚𝐿)

𝐸𝐷𝑉 (𝑚𝐿)
∗ 100  

 

 

Figure 3.6. CMR Tools processing. Once the endo and epicardial borders at each left ventricular (LV) 

level is identified manually in end-diastole (panel A) and end-systole (panel B) and the valve plotted 

in end-diastole (C) and end-systole (D) then semi-automatic thresholding is performed, taking into 

consideration the valve planes. Thresholding is shown in orange (images A and B) for the LV end-

diastole and end-systole and purple for right ventricular (RV) end-diastole and end-systole. 

  

3.5.2 LV mass 

This was determined by initially measuring the volume of the myocardial tissue between the 

epicardial contours and the blood pool in end-diastole (Figure 3.7). The total myocardial 

mass was derived automatically using the following formula: 

 



85 
 

𝑀𝑦𝑜𝑐𝑎𝑟𝑑𝑖𝑎𝑙 𝑚𝑎𝑠𝑠 (𝑔) = 𝑀𝑦𝑜𝑐𝑎𝑟𝑑𝑖𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝐿) ∗ 1.05 (
𝑔

𝑚𝐿
)   

where 1.05 is the specific density of normal myocardial tissue. 

 

 

Figure 3.7. The reconstructed three-dimensional model and results obtained for a selected patient.  

 

3.5.3 LA volumes 

The LA volumes were calculated by the area-length biplane method, a validated method 

comparing favourably with “gold standard” volumetric short axis Simpson's method using 

CMR and enabling the scan duration to be reduced (Vassiliou et al. 2016). The endocardial 

border of the LA in the 2-chamber and 4-chamber were manually traced in CMR Tools to 

give the LA area in two planes. Care was taken to exclude the pulmonary veins as shown in 

Figure 3.8. The LA length was also measured in these two planes.  
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The LA volume was then calculated using the formula: 

 

𝐿𝐴 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝐿) = 8 ∗  
𝐴𝑟𝑒𝑎 𝑜𝑓 2𝐶ℎ (𝑐𝑚2) ∗ 𝐴𝑟𝑒𝑎 𝑜𝑓 4𝐶ℎ (𝑐𝑚2)

3 ∗ 𝜋 ∗ 𝐿 (𝑐𝑚)

  

 

 

Where 2Ch is the area measured in the 2-chamber view, 4Ch is the area measured in the 4-

chamber view in end-diastole in cm2 and L is the distance in millimetres from the midpoint 

of the mitral valve annulus plane to the superior aspect of the LA, this was measured in both 

2- and 4-chambers, and the shortest distance utilised in the formula.  

 

Figure 3.8. The left atrial area measured in the 4-chamber view (panel A) and 2-chamber view (panel 

B).  The shortest left atrial (LA) length between these two views was used for the calculation. In this 

case, area in 4Ch=19.57cm2, area in 2Ch=21.67cm2, shortest LA length was 4.92cm (in 4-chamber in 

this case) giving an LA volume of 73.2mls or 34.9mls/m2 when indexed.  

 

3.5.4 Aortic valve stenotic severity assessment 

Aortic valve stenosis severity was assessed by the peak gradient and by planimetry using 

CMR. The peak gradient was measured at the left ventricular outflow tract (LVOT) view by 
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identifying the pixel showing the highest velocity. The valve was planimetered manually and 

this was taken as the final indicator of the severity of the stenosis as shown in Figure 3.9. 

For statistical purposes, the stenosis was deemed mild if >1.5-2.5cm2 ; moderate if 1.5 to 

1.0cm2; and severe if <1.0cm2,  according to the American Heart Association/College of 

Cardiology guidelines on the management of patients with valve disease (Nishimura et al. 

2014).  

 

Figure 3.9. Planimetry of aortic valve (panel A: normal aortic valve area [AVA]=2.4cm2, indexed 

1.3cm2/m2); moderate stenosis (panel B: AVA=1.4cm2, 0.7cm2/m2) and severe stenosis (panel C: 

AVA=0.8cm2, 0.4cm2/m2).  

 

3.5.5 Myocardial Tissue Characterisation 

3.5.5.1 Late gadolinium enhancement  

The assessment of late gadolinium enhancement (LGE) for the presence or absence of 

replacement fibrosis was done visually by two independent operators on the basis of 

anonymised studies as shown in Figure 3.10. Where there was disagreement, a third 

operator adjudicated to reach a final assessment.  

 

For quantification of myocardial fibrosis the full width half maximum method (FWHM) using 

CMR42 (Circle Cardiovascular Imaging Inc., Calgary, Canada) was used. Following manual 
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tracing of the endocardial and epicardial border, a region of interest of enhancing 

myocardium was manually defined, in an area free from artefacts, and an automatic 

calculation of the enhanced mass for the particular slice was derived as shown in Figure 

3.11. 

 

Figure 3.10. Late gadolinium enhancement (LGE) images of left ventricular (LV) myocardium. Panel 

A: an image with no enhancement. Panel B: subendocardial enhancement in the anterior wall 

consistent with prior myocardial infarction (red arrows). Panel C showing midwall enhancement 

(blue arrows) consistent with midwall fibrosis relating to the aortic stenosis.  

 

 

Figure 3.11. From the 4-chamber short axis stack (panel A), all levels were selected and 

quantification of fibrosis performed using the full width half maximum method (FWHM) method. In 

this example a mid-ventricular slice was selected (yellow line on panel A) and shown in panel B with 

quantification undertaken (panel C); 31% fibrosis was seen in this particular slice. However, when all 
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the remaining ventricular slices were included (in this case nine short axis slices in total) the global 

fibrosis burden was 44.5g. Dividing this by the total mass (in this case 293.7g) gave an overall fibrosis 

burden of 44.5/293.7=15.1%.  

 

3.5.5.2 T1 Mapping 

Pixel-wise maps were generated automatically by the T1 mapping sequence and these were 

analysed in CMR Tools. In brief, regions of interest (ROI) were carefully drawn in the inner 

third of the basal and mid-septal wall, ensuring that the blood pool was avoided. The blood 

T1 map was also measured by placing an ROI in the middle of the LV ensuring that only 

blood pool was selected, as previously described (Vassiliou et al. 2015). For illustration 

purposes, CMR42 (Circle Cardiovascular Imaging Inc., Calgary, Canada) was utilised to allow 

production of coloured pixel-wise parametric maps as shown in Figure 3.12.  

Figure 3.12. Native T1 maps illustrated using CMR42 (Circle Cardiovascular Imaging Inc., Calgary, 

Canada). Panels A and D, B and E, C and F represent exactly the same patients, but with the colour 

scheme intentionally modified to represent different T1 values. Panels A and D: from a patient with 

mild aortic stenosis, panels B and E: moderate aortic stenosis and panels C and F: severe aortic 

stenosis. The T1 values are the same and not indicated by the colour chosen to represent them. In 

T1 mapping the actual colour is less relevant (other than drawing attention to regional 
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differences).To date, there is no standardised agreement for this colour scheme and its routine use 

remains controversial.  

 

3.6 Histological analysis 

Following preparation of the histology blocks at the Royal Brompton, the slides were 

transferred following appropriate ethics approval to Berlin and histological analysis was 

undertaken by Dr Katharina Wassilew, consultant and head cardiac pathologist of the 

Department of Cardiovascular and Thoracic Surgery Deutsches Herzzentrum Berlin, 

Germany. The analysis is described in more detail in the relevant histological validation 

chapter 5. 

 

3.7 Blood Processing and Storage 

Blood was taken from patients by venesection or through an indwelling cannula. A volume 

of 2ml was discarded if taken from a cannula in order to avoid dilution. The blood was 

collected in a 5ml serum separator tube (SST) to yield serum aliquots, a 6ml lithium heparin 

tube to yield plasma aliquots and an 8ml ethylenediaminetetraacetic acid (EDTA) tube to 

yield whole venous blood aliquots. All tubes were inverted 5-8 times ensuring that there 

was good mixing of the blood. The samples were allowed to stand for 20 minutes to enable 

clot formation in the SST tube before processing which was carried out within 120 minutes. 

Centrifuging was done at 3,000rpm for 15 minutes at 4oC for both serum and plasma. Blood 

for serum separated into two layers (top being serum, bottom being predominantly 

erythrocytes). The top serum layer was pipetted into four 0.5ml aliquots and stored 

immediately at -80oC in the biobank freezer. Blood for plasma separated in three layers (top 

being plasma, middle being the leucocyte fraction/“buffy coat” and the bottom comprising 

erythrocytes. The top plasma layer was pipetted into four 0.5ml aliquots and stored at -
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80oC.  The whole blood was pipetted from the EDTA into the aliquots directly and stored in 

the same freezer.  

 

3.8 Biochemical Analysis 

All the biochemical analysis was undertaken at the biochemistry laboratory at the Royal 

Brompton Hospital. After reviewing the literature and the associated cost of using potential 

biomarkers, additional research biomarkers were selected for analysis. The analysis was 

undertaken by myself together with either Mrs Helen Berry, Senior Biomedical Scientist or 

Dr Jackie Donovan, Principal Biochemist. The stored serum and plasma samples were 

collected from the -80oC freezer on dry ice on the day the tests were going to be performed 

and transferred to the biochemistry lab where they were allowed to thaw naturally. All 

samples were analysed in one batch to avoid inter-assay variability.  For the specific 

biomarkers, the following methods were used. 

 

3.8.1 N-terminal pro-brain natriuretic peptide 

Analysis of N-terminal pro-brain natriuretic peptide (NT-pro BNP) was undertaken on serum 

using a dedicated assay obtained specifically for this work, combining a one-step 

immunoassay “sandwich” with a final fluorescent detection (ELFA) method and run on the 

BioMerieux Mini-Vidas platform. All assay steps were performed automatically by the 

machine. The sample was transferred into a well containing alkaline-phosphatase-labelled 

anti-NT-Pro BNP antibody and any unbound compound was removed by washing.  The 

substrate 4-Methyl-umbelliferyl phosphate was added and the alkaline-phosphatase on the 

antibody cleaved to the substrate to release a fluorescent product (4-Methyl-umbelliferone) 

which could be measured at 450nm. Using this assay, the intensity of the fluorescence was 
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proportional to the concentration of NT-Pro BNP in the sample. Values from 1-25,000pg/mL 

could be detected. Patients whose values were outside this range were defaulted to the 

minimal or maximal possible test value accordingly for statistical purposes.  

 

3.8.2 Troponin I 

As troponin I is a routine clinical test at the Royal Brompton Hospital, we used the available 

Access AccuTnI assay. This is a two-site immunoenzymatic assay undertaken on the 

Beckman Coulter Inc. platform. The sample was added to a reaction vessel along with 

monoclonal anti-cTnI antibody conjugated to alkaline phosphatase and paramagnetic 

particles coated with monoclonal anti-cTnI antibody. The human cTnI bound to the anti-cTnI 

antibody on the solid phase, while the anti-cTnI antibody-alkaline phosphatase conjugate 

reacted with different antigenic sites on the cTnI molecules. After incubation in a reaction 

vessel, any materials bound to the solid phase were held in a magnetic field while unbound 

materials were washed away. Then, the chemiluminescent substrate Lumi-Phos 530 was 

added to the vessel and light generated by the reaction was measured with a liminometer 

as the light production is directly proportional to the concentration of cTnI in the sample. 

This method has been validated to be accurate to as low as 20ng/mL in the highly sensitive 

range. Although the machine could give data to below 20ng/mL, as this has not been 

validated, all such low the values were recorded as 19ng/mL- the minimum validated 

threshold level for this assay. 

 

3.8.3 Lipoprotein(a) 

Lipoprotein(a) (Lp(a)) was measured on serum using the  Lp(a) Ultra latex isoform 

independent immunoassay by Sentinel Diagnostics.  The latex immunoassay has latex with 
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anti-Lp(a) antibodies. Lp(a) antigen in serum interacts with anti-Lp(a) from the latex causing 

an antigen-antibody agglutination. This agglutination was detected as an absorbance 

change, and the magnitude of the change was proportional to the quantity of Lp(a) 

contained in the sample.  This assay enabled detection for values above 30mg/L with an 

established normal upper limit of 300mg/L.  

 

3.8.4 Osteopontin 

For osteopontin analysis, plasma was used on a commercially available kit (Human 

Osteopontin Assay Kit; Immuno-Biological Laboratories, Minneapolis, Minnesota, USA). This 

involved a solid phase sandwich ELISA using two kinds of specific antibody and using an anti-

human Osteopontin (OPN) Rabbit IgG as the capture antibody.  The labelled antibody was 

an anti-human OPN Mouse IgG.  For detection, tetra methyl benzidine was used as a 

chromogen which was detected spectroscopically at 450nm.  The absorbance was 

proportional to the concentration of OPN in the sample allowing a measurement range of 5-

320ng/ml (76.9-4920pmol/L).  As this was an experimental test not previously run at the 

Royal Brompton, we elected to run all samples twice and take the mean as the final 

measurement.  

 

3.8.5 Osteoprotegerin 

Plasma was used for osteoprotegerin (OPG) measurement using monoclonal anti-human 

OPG antibody.  Detection was via biotin labelled polyclonal anti-human OPG antibody and 

Streptavidin HRP conjugate.  This produced a yellow colour whose absorbance was 

measured at 450nm.  A reference absorbance of 620nm was also measured and subtracted 

from all samples before calculating concentrations.  The absorbance was proportional to the 
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concentration of OPG in the sample allowing detection of OPG from 3-60pmol/L.  As this 

was an experimental test not previously run at the Royal Brompton, we elected to run all 

samples twice and take the mean as the final measurement.  

 

3.8.6 ST2 

Plasma was used for ST2 measurement using a quantitative sandwich monoclonal ELISA 

from Critical Diagnostics.   Diluted plasma was added to wells and incubated.  Following a 

series of incubation and wash steps the analyte was finally detected by addition of a 

colorimetric reagent.  The resulting signal was measured spectroscopically at 450nm (Figure 

3.13) and the signal was proportional to the concentration of ST2 in the sample.  The assay 

allowed detection of ST2 from 3.1-200ng/ml.   

 

Figure 3.13. An example of an ELISA plate as prepared prior to spectroscopic analysis.  

 

3.9 Statistical Analysis 

The statistical analysis is described in detail within each experimental chapter. In brief, 

baseline patient characteristics were presented as mean and standard deviation for 
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continuous variables, number (percentage) for categorical variables and median (inter-

quartile range) for non-parametric continuous variables, as appropriate. Also where 

appropriate, Mann Whitney U tests were used to assess whether there was evidence of 

association between variables. For survival, univariate analysis was estimated using a 

Kaplan-Meier estimator curve and comparisons between factors was performed using a log-

rank test. In multivariate analysis the Cox proportional hazards model was used. A p value of 

<0.05 was taken as significant, utilising the Bonferroni correction for multiple comparisons. 

 

Analyses were undertaken using SPSS 22 (SPSS Inc., Chicago, IL, USA), Program R (www.r-

project.org), Stata 14.0 (College Station, Texas, USA) and Graphpad software 5 (Graphpad 

Software, Inc., California, USA). The statistical package used at each stage is described in the 

experimental chapter.   

 

I undertook the statistical analysis for this thesis using SPSS and Graphpad, with the 

exception of the analysis described in three chapters, described below, for which I would 

like to acknowledge the assistance received from two professional statisticians:  

 Dr Aris Perperoglou, PhD, Senior Lecturer in Mathematical Science, University of 

Essex assisted with chapter 6. I undertook the descriptive analysis and initial 

univariate and multivariable analysis on SPSS. Dr Perperoglou independently 

confirmed the results, provided the graphical illustrations, and established the 

incremental benefit of midwall fibrosis to the EF model using Program R.  

 Mr Simon Newsome, MA, MSc, Research Associate, Department of Statistics, London 

School of Hygiene and Tropical Medicine assisted with chapters 8 and 9. Mr 
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Newsome undertook the statistical analysis for these chapters on Stata, including the 

illustrations.  

 

3.10 Illustrative Figures 

The figures used in Chapter 2 were drawn using Adobe Illustrator vector graphics editor by 

Adobe Systems (www.adobe.com/products/illustrator). Microsoft PowerPoint was used for 

the diagrams and figures in all other chapters.  

 

3.11 Risk Score website 

The automatic calculation for the risk score available on www.ecvlab.com was programmed 

in PythonTM with assistance from Mr Dimitrios Mitsinikos, Director at Gower Street 

Analytics, London.  

 

3.12 Ethical Considerations 

All the projects described in this thesis have undergone approval by the local Royal 

Brompton and Harefield Hospitals Research and Development department, the local 

Papworth Hospital Research and Development department and an independent National 

Research Ethics committee. All the work in this thesis conformed to the 1975 Helsinki 

guidelines. Where relevant, the patients provided written consent and this is described in 

the individual experimental chapters. 

http://www.adobe.com/products/illustrator
http://www.ecvlab.com/
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Chapter 4 

MRI Phantoms for Quality-Control of Myocardial T1 and ECV Mapping:  

Specific Formulation, Long-term Stability and variation with Heart Rate and 

Temperature 

 

4.1 Introduction 

Over the last few decades, cardiovascular magnetic resonance has emerged as a popular 

imaging modality in clinical cardiology and research. However, to ensure accurate results, 

magnetic resonance imaging (MRI) phantoms have become essential in the development 

and adjustment of MRI systems as well as maintenance and further evaluation of 

performance. The recent advent and popularity of MRI based parametric mapping 

techniques (Messroghli et al. 2004)  has enabled significant opportunity for enhanced 

myocardial tissue characterisation. Myocardial T1 mapping methods provide a robust 

technique (Rogers et al. 2013) frequently used both clinically and in research across a wide 

spectrum of cardiac conditions including cardiac infiltration (Pica et al. 2014; Karamitsos et 

al. 2013; Hinojar, Varma, et al. 2015), inflammation (Ferreira et al. 2013; Hinojar, Foote, et 

al. 2015), coronary artery disease  (Liu et al. 2016; Kali et al. 2015) and siderosis (Alam et al. 

2015). However, they are well known to be potentially biased (Messroghli et al. 2004; Moon 

et al. 2013) to a degree that can depend on protocol parameters, sequence and 

reconstruction used, with many hidden parameters that are difficult to hold constant over 

long periods over system upgrades and especially unlikely to be replicated precisely 

between different models of scanners. Therefore, phantoms have been recommended for 

Quality Assurance (QA) (Gai et al. 2013; Moon et al. 2013) to provide adequate quality 



98 
 

control and protection against scheduled or unplanned changes or failures in the MRI 

system, control for longitudinal (long-term over time) stability and potentially assist 

calibration between values obtained from multicentre work. The usefulness of the 

phantoms lies in their unique ability to provide reassurance against such changes during a 

research project or in support of clinical applications, and provide basic data that could 

enable correction across such a change if it were to occur. However phantom-based quality 

assurance has not been undertaken robustly over a long-term period for T1 mapping 

sequences.  

 

Previous work on MRI phantoms succeeded in correctly reproducing T1 and T2 values 

(Mitchell et al. 1986; Kraft et al. 1987; Chow et al. 2014), however, their life expectancy was 

mainly maintained over only a short period of time (Tofts et al. 1993; Mano et al. 1986).  

The aims of this study were to: 

1. Identify whether blood and myocardial T1 and T2 values in the human range before 

and late-after administration of gadolinium-based contrast agent (“Gadolinium, Gd”)  

could be reproduced in phantoms, allowing a model for test values into a phantom 

extracellular volume fraction (ECV) calculation as part of the QA. 

2. Identify whether the phantoms could provide sufficient longitudinal stability over a 

12 month period of T1 mapping assessment, enabling them to act as a controls 

against technical changes, planned or unexpected changes/upgrades in the MRI 

system that could impact on T1 and ECV measurements. 

3. Assess the variation of temperature and heart rate on the T1 values measured. 
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The assessment of variation with temperature and heart rate (HR) could enable 

investigation of re-calibration requirements both when used in vivo, e.g. when scanning 

patients at extreme heart rates, but also in vitro when using phantoms for temporal 

calibration of a single MRI system but also importantly across multicentre work, where 

confirmation of consistent T1 bias might be required, or if different provide a means to 

correct data between the centres. Calibration of T1 values across many centres would not 

be an easy task as all the phantoms need to be scanned at the reference centre (centre 1) 

with one sequence, transferred safely to the new centre (centre 2) for regular scanning with 

potentially a different sequence and vendor and then returned to centre 1 for repeat 

scanning to ensure that there was no drift in the phantoms during transportation. Using 

values from both centres a specific correction algorithm will then need to be developed. 

This can become even more complex if two or more additional centres are utilising the same 

set of phantoms. Additionally, for this work, it was necessary to model both T1 and T2 

values for each tissue because T2 can cause bias in the estimation of T1 by the single-

breath-hold methods used in cardiac MRI, hence the weekly scans included T2 

measurements to investigate whether any potential drifts seen in T1 relaxation times 

occurred as a result of changes in T2 times. 

 

4.2 Methods and materials 

4.2.1 Phantom materials and recipe 

Published T1 values were utilised (Sharma et al. 2006) to create phantoms with targeted T1 

values at 1.5T and 37oC of:  

1. native myocardial T1 1000ms, T2 50ms;  

2. native blood T1 1450ms,T2 250ms;  
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3. post-Gd myocardial T1 500ms, T2 45ms; and  

4. post-Gd blood T1 380ms, T2 140ms.   

 

Nickel-chloride (NiCl2) agarose gel phantoms were made by a reproducible laboratory 

procedure, calculated to model the above T1 and T2 values.  Nickel doped gels were chosen 

to vary proton T1 rates, whilst T2 rates were determined by the concentration of agarose 

used as the gelling agent (Kraft et al. 1987; Mitchell et al. 1986). Other paramagnetic ions 

were avoided because of their known larger temperature dependence than Nickel (Kraft et 

al. 1987). 

 

NiCl2 (Nickel (II) chloride hexahydrate 99.9999%, ACROS Organics TM) stock solutions at 

1mM, 3mM and 6mM were made for accuracy and stored refrigerated in sealed flasks. For 

preparation of these stock solutions large measuring flasks were used with a 1 or 2 litre line 

on the neck. After its initial opening, the appropriate NiCl2 weight was transferred onto a 

plastic boat and was washed into the flask with de-ionised water. This process was achieved 

rapidly as NiCl2.6H2O is highly hygroscopic, and once opened the NiCl2 hexahydrate (supplied 

under a dried atmosphere) could not accurately be reused. The flask was topped up with 

distilled water, with frequent stops and mixing to form the chosen stock for storage. The 

preparation was performed at room temperature and no heating was necessary as this 

compound is easily soluble.  

 

For each required phantom, a conical flask holding 150ml allowing fast stirring was taken 

and placed on a chemical balance and its weight was zeroed. The prescribed weight (see 

below) of agarose (Agarose low EEO for electrophoresis, Mr≤0.07, ACROS Organics TM, 
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nutrient-free) powder was added to the flask. The necessary volumes of the appropriate 

stock solution and distilled water were added to titrate up to 150ml total volume. The 

150ml mixture was made as a deliberately large volume to minimise the impact of agar 

powder weighing and 1ml fluid measurement errors. For even more accurate results, ideally 

an even larger mass-production volume could be used. This was achieved by aiming for 1ml 

precision of use of the measuring cylinders, using pipettes to assist this process.  In this way, 

agarose, stock solution and distilled water were mixed in specified quantities to derive the 

selected T1 and T2 values. The specified mixtures were brought near to the boiling-point 

using a microwave oven until the agarose completely dissolved and a transparent solution 

was obtained. Excessive boiling was not permitted for fear of losing some of the water 

content, which would in effect concentrate each mixture inadvertently by an unknown 

amount. Regular stirring was required to ensure uniformity of the mixture during the agar-

dissolution process as the fluid is colourless. In early trial preparations, it was noted that the 

lack of regular stirring resulted in a non-uniform agarose composition that had to be 

discarded. The solutions were then carefully transferred into 60ml glass narrow-neck sealed 

thick-wall bottles (Fisherbrand TM Clear Soda Lime Glass Boston Round Narrow Mouth 

Bottles with Polyvinyl Cap), for minimal vessel permeability and to reduce area of potential 

contact with air (Figure 4.1), filled with minimal gaps resulting from gel contraction while 

cooling.  

 

Two 60ml bottles were filled from each 150ml batch. In order to minimise potential B0 

distortions in the gel, caution was applied to ensure that any air bubbles were appropriately 

released from the gel. Failure to do so could have caused the bubbles to become trapped in 

the solidified gel, leading to increased B0 distortion in the gel around such gaps and making 
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it unacceptable for MRI use; as well as leading to difficulty in drawing regions of interest 

(ROI) during post-processing to obtain correct T1 values.  

 

 

Figure 4.1. Preparation of Nickel-agarose phantoms in the biochemistry laboratory of the Royal 

Brompton Hospital. Panels A-C showing the preparation and accurate weighing of the materials. 

Panel D showing the narrow-neck bottle to minimise gel-to-environment exposure by reducing the 

contact surface area and the phantoms produced and panel E showing the final phantoms.  

 

Particular care was taken to minimise air entrapment and formation of cracks through 

cooling of the phantoms as follows: 
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 Agar sets on cooling at around 45oC whereas to dissolve it takes at least 95oC; this 

hysteresis is well known (Porto 2016). On setting, the fluid contracts to form the 

solid gel. Controlling the setting process in the 60ml tubes was important to avoid 

crack formation which could invalidate use of the tubes as MRI phantoms.  

 After pouring in the hot gel fluid, the tubes were stood in approximately 1cm tall 

cold water bath to cause gel setting from the base upward, so that the contraction of 

the cooling gel pulled the contents downward, leaving a gap at the top of the 

phantom.   

 Cold water was added to this bath during setting which was visible as white 

cloudiness in the set gel beginning at the base. This gap was “topped up” with more 

gel allowed to set until the phantom was filled and the cap screwed on. 

 

As observed from our earlier phases, failure to understand and follow this procedure caused 

the gel to set beside the vertical walls of the bottle and formation of a large contraction gap 

down the middle of the bottle rendering it unusable for MRI. 

 

Upon completion of cooling, the phantoms were imaged as described fully later in the 

methods section, using Siemens 448B Prototype 11 heart beat Modified Look-Locker 

inversion recovery (MOLLI) for T1 mapping and with long TR (4.5s) spin-echo sequences for 

T2 mapping. Multiple iterations of the phantoms were subsequently trialled with 

adjustments of reagent concentrations, eventually settling on formulations for the targeted 

T1 and T2 values as tabulated below (Table 4.1).  
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The composition of the 150ml conical flask contents for these phantoms was obtained by 

combining: 

1. 0.9mM Ni2+ [2.10% 3.150g agarose], 1mM stock 0.9x150/1 = 135ml, adding 15 ml 

water 

2. 0.48mM Ni2+ [0.45% 0.675g agarose], 1mM stock 0.48x150/1 = 72ml, adding 78ml 

water 

3. 2.35mM Ni2+ [2.50% 3.750g agarose], 3mM stock 2.35x150/3 = 117.5m, adding 

32.5ml water 

4. 3.7mM Ni2+ [0.45% 0.675g agarose], 6mM stock 3.7x150/6 = 92.5ml, adding 57.5ml 

water 

The phantoms were observed weekly for evidence of mould growth or cracks in the gel. 

 Nickel (mM) Agarose (%) T1 (ms) T2 (ms) 

Mixture A 
Native Myocardium 

0.90 2.10 1000 55 

Mixture B 
Native Blood 

0.48 0.45 1500 225 

Mixture C  
Post-Gd Myocardium 

2.35 2.50 510 44 

Mixture D 
Post-Gd Blood 

3.70 0.45 365 125 

Table 4.1. Final relative concentrations of Nickel ion (Ni2+) and Agarose required to mimic native and 

late-Gd human blood and myocardium T1 and T2 values. 

 

 4.2.2 Phantom imaging 

The tubes were glued inside a plastic box for protection but no other fill was placed in this 

outer box.   The box contained 8 tubes (two for each mixture A, B, C, D) in a 4x2 grid with 

1.5cm airgaps between the tube outer walls. For imaging, the long axis of each phantom 
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tube was aligned with the z axis of the scanner. Two MRI cylindrical test bottles (diameter 

12cm, height 20cm, volume 2L) were placed on each side to support the MRI system 

(MAGNETOM Avanto, Siemens Healthcare, Erlangen, Germany) calibrations of reference 

frequency and B1 field, and a transverse slice midway along the 8 tubes within it was 

imaged following localisers. The adjustment volume, 20cm x, 12cm y and 2cm z, was used to 

set only the scanner reference frequency because the preset first- and second-order shim 

settings (known as “Tune-Up” based on a 30cm-diameter spherical phantom at isocentre) 

were used without specific adjustment (“shimming”) of these for the T1 mapping phantom. 

The phantoms were kept in the same MRI room with a temperature logger, and imaged 

weekly for one year using consistent coil and phantom support arrangements, with the 

identical sequence version and parameters each week. The image parameters were the 

same subject to automatic calibrations of flip angle and reference frequency using an 

identical adjustment volume each week: 

1. For T1, MOLLI FOV 360 x 306mm, slice thickness 8mm,  flip angle 35 degrees, parallel 

imaging with acceleration factor 2 was used at high-resolution (256 independent 

pixels over 360mm and 144 over 306mm (acquiring 126 by 7/8th partial ky), TR/TE 

2.6/1.1ms, single-shot image acquisition duration 194ms) at an electronically 

programmed heart rate of 75bpm; and low-resolution (192 independent pixels over 

360mm and 128 over 306mm (acquiring 112 by 7/8th partial ky), TR/TE 2.4/1.0ms, 

single-shot image acquisition duration 159ms) at an electronically programmed 

heart rate of 100bpm) versions, with pre-contrast 5(3)3 and post-contrast 4(1)3(1)2 

variants. The use of different variations of the MOLLI sequence for the native and 

post-Gd values has been adopted in line with Schelbert et al. (Schelbert et al. 2011) 

as the two different variations allow better optimisation of images with long and 
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short T1 respectively. This was unlikely to have influenced the longitudinal results as 

the 5(3)3 sequence was always used for imaging and comparison of the native values 

and the 4(1)3(1)2 for the post-Gd values. 

2. For T2, spin-echo imaging FOV 230 x 108mm, slice thickness 10mm, TR/TE 4500/22-

264ms, flip angle 180 degrees.  

 

Mean T1 and T2 values were taken in ROIs on pixel-wise maps, examined for drift and 

analysed on a dedicated software package (CMR Tools, Cardiovascular imaging solutions, 

London, UK; Figure 4.2). The coefficient of variation (CoV = 100x standard deviation/mean) 

% of 52 weeks was compared against 10 re-positioned repeats acquired within 2 hours. 

 

Figure 4.2. Panel A showing original inversion recovery image, panel B showing spin echo magnitude 

image, panel C showing T1 maps and panel D showing T2 maps with analysis undertaken with CMR 

Tools.  

 

Using the individual components for native and post-Gd blood and myocardium and 

assuming a “phantom haematocrit” of 0.425 we could calculate a test “extracellular volume 

fraction” (ECV) of the phantom for assessment of drift impact using the equation: 
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𝐸𝐶𝑉 = (1 − ℎ𝑎𝑒𝑚𝑎𝑡𝑜𝑐𝑟𝑖𝑡) ∗  
(

1
𝑇1 𝑚𝑦𝑜 𝑝𝑜𝑠𝑡

−
1

𝑇1 𝑚𝑦𝑜 𝑝𝑟𝑒
)

(
1

𝑇1 𝑏𝑙𝑜𝑜𝑑 𝑝𝑜𝑠𝑡
−

1
𝑇1 𝑏𝑙𝑜𝑜𝑑 𝑝𝑟𝑒

)
 

 
The temperature was measured continuously during the first 6 months using an MR-safe 

digital thermometer placed on top of the phantom box (during storage not scanning) to the 

nearest 0.5oC. For the remaining 6 months manual read-outs were made from a liquid 

crystal thermometer strip glued on top of the phantom box at each weekly time scan to the 

closest 0.5oC and recorded. The T1 results are reported first as measured and second with 

application of a temperature-correction to take into consideration the small temperature 

variation each week. The temperature correction parameters are based on the results of the 

temperature experiments described below.   

 

There is no standardised method of reporting changes in phantom values, so we calculated 

the overall change in phantom T1 in two ways, ensuring that we did not underestimate the 

effect: Firstly, the phantoms were scanned weekly for a year obtaining 52 values per 

phantom. Four successive weekly values per phantom were averaged resulting in 13 

independent values per phantom. The difference between the highest and the lowest value 

divided by the highest value was calculated as the percentage change. Secondly, the first 4 

values and last 4 values were averaged and their difference was divided by the highest 

value.  

 

4.2.3 Variation in Temperature assessment 

The effect of variation in temperature on T1 was examined using four separate phantoms 

with T1 values at 25oC of 1915ms, 1040ms, 530ms, 280ms broadly similar to native blood, 

native myocardium, post-Gd myocardium and post-Gd blood values respectively. A water 
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bath was prepared and the phantoms were immersed (Figure 4.3) and the temperature was 

manually read using a mercury thermometer to the nearest 0.2oC.  

 

 

Figure 4.3. Panel A and B showing the preparation of phantoms for the water bath. Panel C showing 

the phantoms and the stabilised mercury thermometer in the water bath and the preparation inside 

the MRI scanner.  

 

 The initial temperature was 35oC cooling down using cold water and finely crushed ice to 

15oC, ensuring careful mixing of the water even after complete melting of the ice to allow a 

homogeneous temperature whilst imaging at steady HR with real-time reporting of the T1 

values as shown in Figure 4.4. The phantoms used for the temperature experiment were not 

used in any further longitudinal follow up to avoid any long lasting effect of extreme 

temperatures on the gels. Of note is the orientation of these phantoms vertically across B0 

would not normally be used in air due to B0 distortion effects, but the fluid fill in the box 

smoothed these out within the central region occupied by the four tubes. This orientation 

differed from the setup described above for the weekly drift-assessment scans, although the 

two side bottles were still placed next to the outer box. 
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Figure 4.4. Platform of the CMR 1.5T Siemens Avanto scanner when undertaking the temperature 

experiment, at a steady heart rate of 75bpm with real-time estimation of T1 values on the Siemens 

platform. The images were subsequently analysed on CMR Tools to allow accurate comparison with 

previously accumulated data.  

 

4.2.4 Variation in Heart rate assessment 

The effect of variation in HR on T1 was also assessed using phantoms with the same values 

as in table 1. They were imaged at low resolution (HR>90bpm) and high resolution (<90bpm) 

for RR 1400-490ms representing HR 43-122 bpm and at steady temperature, but the initial 

HR scan was repeated at the end of each series to guard against any unforeseen drift 

effects. 

 

4.3 Results 

4.3.1 Longitudinal stability of Phantom T1 without temperature correction 

Both high resolution and low resolution sequences gave  similar  T1 means, standard 

deviation and coefficient of variation (CoV) for blood and myocardium native and post-

gadolinium (Table 4.2).  



110 
 

 

Table 4.2. Variation during a 52 week period of the Phantom unadjusted T1 and T2 values and ECV 

using an 11-cycle 8-image MOLLI native (pre-Gd) 5(3)3 and 9-image post-Gd 4(1)3(1)2. Two 

phantoms for each T1 and T2 mixture were installed in the box. The value used for analysis 

represents the average of the two. The phantom ECV was calculated from the myocardial and blood 

native and post-Gd phantom T1 values using a haematocrit of 0.425. This was a chosen value 

representing a typical adult human haematocrit. 

 

The CoV was higher for the longer T1 and longer T2 values.  Specifically for the T1 values, 

there was no significant drift seen in the shorter T1 values (native myocardium and post-gad 

blood and myocardium) but there was an increase in the longer native blood value over the 

one year as shown in Figure 4.5.  
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Figure 4.5. Longitudinal imaging for T1 values and variation in temperature. Legend: Panel A, 

longitudinal stability without temperature correction for native and post contrast myocardial and 

blood phantom T1 values. The phantoms corresponding to native blood T1 values showed a slow 

drift, whist the remaining phantoms corresponding to native myocardium and post-contrast blood 

and myocardium remained relatively stable. Panel B, weekly temperature variation of the MRI room. 

Panel C, fusing the individual variables from panel A, and a haematocrit of 0.425 a Phantom ECV was 

calculated. 

 

4.3.2 Longitudinal stability of Phantom T1 with temperature correction 

When adjusting for the small temperature variations (temperature mean=21.6±0.9oC, range 

19.5-23oC) using results from the temperature variation part of the experiment (see later)   

the results obtained are shown in Figure 4.6.  
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Figure 4.6. Temperature adjusted T1 values showing longitudinal follow-up showing adjusted values 

for T1 (panel A) and ECV (panel B) incorporating the small temperature variation. The overall results 

however, of a small drift in the native blood T1 phantoms remained unchanged.  
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4.3.3 Long-term Temporal variability of T1 

The results of phantom T1 change over 12 months are shown in Table 4.3. Although not the 

aim of this work, all T2 parameters remained stable with relative <2% over the 12 month 

period.   

Table 4.3. Overall relative changes in the various T1 parameters over a 12 month period. 

Independently of method used, all the parameters showed a change of <10%. 

 

4.3.4 Effect of Temperature change on T1 values 

The phantoms were also used to determine the effect of temperature on T1 values. With 

increase in temperature the very long (similar to pre-Gd blood) and long T1 (similar to pre-

Gd myocardium) appeared to increase:  

Tube A (Native blood)= 23.86 x Temp +1323.3ms, R² = 0.9896, p<0.0001 and 

Tube B (Native Myocardium)= 6.27 x Temp + 883ms, R² = 0.98, p<0.0001. 

 

The shorter T1 values similar to post-Gd myocardium and blood showed only a small 

association with temperature changes. These followed the equations:  

 

 Method 1 (%) Method 2 (%) 

Native Blood /ms 9.0 7.8 

Nattive Myocardium/ ms 3.6 0.5 

Post Gd Myocardium/ ms 2.9 1.9 

Post Gd Blood/ ms 5.0 3.5 

ECV/ % 8.3 5.3 
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Tube C (post-Gd myocardium)=0.27 x Temp + 525ms, R2=0.24, p=0.02, and  

Tube D (post-Gd blood)=0.81 x Temp + 304ms, R2=0.71, p<0.001) as shown in Figure 

4.7.  

 

Figure 4.7.  The effect of temperature variability on native and post-Gd myocardial and blood T1. 

This effect appears to predominantly affect the longer T1 values.  

 

Putting these changes in the ECV calculator we can see that the increase in ECV would be in 

the region of 0.1-0.3 ECV units for each degree increase.  

Putting these changes in the ECV calculator as shown below, we can identify the change in 

ECV per each one degree C difference in temperature.  

 

𝐸𝐶𝑉 = (1 − ℎ𝑎𝑒𝑚𝑎𝑡𝑜𝑐𝑟𝑖𝑡) ∗   
(

1
𝑇1 𝑚𝑦𝑜 𝑝𝑜𝑠𝑡 −

1
𝑇1 𝑚𝑦𝑜 𝑝𝑟𝑒)

(
1

𝑇1 𝑏𝑙𝑜𝑜𝑑 𝑝𝑜𝑠𝑡
−

1
𝑇1 𝑏𝑙𝑜𝑜𝑑 𝑝𝑟𝑒

)
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For example assuming that the following values were obtained at temperature XoC, the ECV 

would correspond to: 

𝐸𝐶𝑉 𝑎𝑡 temperature 𝑋𝑜𝐶 = (1 − 0.425) ∗  
(

1
500

−
1

1000)

(
1

400 −
1

1500
)

 

 

Giving an ECV at XoC=31.36%.  

 

However, at X+1oC using our average change in values for native and post-Gd blood and 

myocardium the following changes would be expected: 

Native blood +23.86ms, native myocardium +6.27ms, post-Gd myocardium +0.27ms, post-

Gd blood +0.81ms. 

 

Putting these new values in the ECV calculator we can calculate the following ECV for 

temperature X+1oC: 

𝐸𝐶𝑉 𝑎𝑡 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑋 + 1𝑜𝐶 = (1 − 0.425) ∗   
(

1
500.27

−
1

1006.27)

(
1

400.81 −
1

1523.86
)

 

 

Giving an ECV at temperature X+1= 31.43%.  

This represents an absolute change in ECV of 0.069% or a relative change in ECV of ~0.22% 

per one degree C change in temperature.  

 

4.3.5 Effect of Heart rate variation on T1 values 

Using the phantoms prepared, the effect of variation in HR was also assessed. There was a 

small but definite increase in ECV with increase in HR as shown in Figure 4.8. This followed a 

linear relationship: 
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ECV= 0.013 x HR + 28, R² = 0.85, p<0.0001 

 

Using the phantoms prepared, the effect of HR variability was also assessed. There was a 

small but definite increase in ECV with increase in HR as shown in Figure 4.8. This followed a 

linear relationship: 

ECV= 0.013 * HR + 28, R² = 0.85, p<0.0001 

 

For example at 50bpm the ECV is expected to be: 

ECV at 50bpm= 0.013 * 50 +28 = 28.65% 

 

Whilst at 60bpm it is expected to be:  

ECV at 60bpm= 0.013 * 60 +28 = 28.78% 

 

 suggesting a small  absolute increase in ECV of 0.13% for every 10bpm increase in heart 

rate, relative increase in ECV of ~0.45%. 
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Figure 4.8. Graph demonstrating the linear relationship of between variation in HR and change in 

ECV. This change was overall small with a 0.13% absolute increase per 10 heart beat increase.  

 

However, this change in ECV appears to be driven predominantly by a change in native 

blood T1 (Native blood T1= -0.78 X HR + 1700, R² = 0.90 p<0.0001) as shown in Figure 4.9. As 

such, if patients with extreme heart rates need to be scanned, native myocardial T1 might 

be more accurate as this showed no significant variation with changes in HR (T1 native 

myocardium = 0.017 x HR + 981, R² = 0.02, p=0.499). 

 

The change in ECV observed with varying heart rate was small; however it appears to relate 

mainly to a change seen in the native blood values. The remaining values modelling native 

myocardium, post-Gd blood and post-Gd myocardium appear less sensitive to changes in 

HR.  
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Figure 4.9. Change in T1 values with heart rate variation. The effect of heart rate variation in T1 

phantom values modelling native and post-Gd myocardium and blood.  

 

4.4 Discussion  

4.4.1 Longitudinal stability of Phantoms 

We have observed that the change in T1 values observed over a 12 month period was small. 

This would support that phantoms based on the recipe and construction process we have 

described could be utilised to provide quality assurance for at least 12 months. However, 

this conclusion depends on the exact application of T1 or ECV mapping being monitored. 

The native myocardial phantom appeared stable whereas the relatively large change in 

native blood phantom rendered the phantom ECV change from 27.0% to 28.5% during the 

year, making phantoms potentially less useful for applications such where ECV is used for 

assessment of possible subclinical early and small changes in diffuse fibrosis for example. 

Appreciating that a difference of 3% in absolute ECV values is associated with significantly 
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worse short-term prognosis (Wong et al. 2012; Wong et al. 2014) and contextualising the 

drift noticed, we would argue that it is advisable to undertake regular scanning of the 

phantoms (at least monthly, based on our results) in all units undertaking T1 mapping rather 

than only opportunistic scanning before any major upgrades, as such an approach could 

incorrectly estimate the true adjustment required to the ECV values. 

 

Discrepancies arise over the longevity of these agar-based phantoms. Contamination and 

mould growth, unlike other gels containing nutrients was not seen to occur in any of 

approximately 100 tubes made on different occasions during this work using nutrient-free 

agarose, and it is also possible the Ni2+ ions also contribute to growth prevention (Rendall et 

al. 1994), even though complete sterile conditions were not used for manufacture. The 

instability of gels even if sealed properly inside a tube arises from the contraction of the gel 

as it dries out. It can do so even within a sealed tube, depositing the water as droplets on 

the inside of the tube, in the gap left by the contracting gel. The rate at which this occurs is 

quite uncertain depending on tube and cap design which may allow some water to dry out 

of the tube, but the effect has still often been noted in well-sealed tubes. 

 

4.4.2 Variation in Temperature and Phantom T1 

Variation in temperature only produced small changes on the T1 values modelling close to 

the native and post-Gd myocardium and blood. However, the largest difference was seen on 

the T1 closer to native blood showing a change of almost 24ms per 1oC variation. 

Nonetheless, the variation in temperature required to make any of these small changes 

clinically significant will be very large and is outside the range of temperature changes 

expected to be seen in clinical practice in the heart. Nonetheless, this confirms that for 
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quality assurance across different vendors and sites the phantoms should be imaged in a 

temperature-controlled environment with minimal changes (<5oC) and if this is not possible 

to record and compensate the values accordingly using a correction equation derived from 

temperature data on the phantoms. 

 

4.4.3 Variation in heart rate and Phantom T1 

Furthermore, using the phantoms prepared we investigated the effect of HR variation on T1 

values. We identified that ECV change was small, estimated at 0.13 ECV units for every 

increase in 10bpm. As this difference is small, it suggests that it is unlikely to be relevant for 

patients in clinical practice unless imaged in decompensated states (e.g. uncontrolled heart 

failure, fast atrial fibrillation). In such a situation, native myocardial T1 might be a more 

appropriate parameter to use as it was the most stable with variation in HR, with every 

10bpm increase changing the T1 by 0.17ms and therefore, might be a more reliable 

parameter to use when imaging patients at extreme heart rates. This work also supports, 

that for quality assurance the same HR should be used for longitudinal assessment and also 

for calibration purposes across various vendors, sites and T1 mapping sequences.  

 

4.4.4 Study limitations 

Firstly, this is a single centre study where phantoms were prepared and imaged in the same 

institution, therefore did not have to undergo any transport which could have altered their 

parameters and long term survival. As such, the true usefulness of MRI phantoms in 

multicenter work can only be assessed once tested in the various centres. Furthermore, the 

phantoms were prepared in a clinically licensed biochemistry laboratory under standard and 

reproducible conditions, but sterile conditions were not used. Nonetheless, at 12 months 
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there was no evidence of mould growth or inaccuracies relating to contamination. Neither 

accuracy data nor magnetisation transfer was assessed, as this experiment focused on long-

term precision. Finally, part of the variation noted when HR was tested is because the time 

allowed for recovery in MOLLI protocols used is applied as counted heartbeats. The duration 

of this recovery gap therefore varies with HR, likely introducing more error for tubes with 

longer T1 values that do not recover fully in this time. A modification to MOLLI has been 

proposed which enforces this gap as a minimum number of seconds not in counted heart 

beats (Kellman & Hansen 2014). The possible impact of this modified method on the small 

change seen in the longest T1 tube was not tested in this study.  

 

4.5 Conclusion  

We have shown for the first time that Nickel-based phantoms can serve for quality-control 

of CMR sequences over a 12 month period with only small changes in native and post-Gd 

myocardial and blood values and ECV as assessed by an 11 heart beat MOLLI. However, their 

utility requires at least monthly rescanning against phantom drift, to provide some index for 

correction in the event of a scanner upgrade or software modification requiring this. 

These results should encourage routine use to support both clinical and research activities 

using MOLLI sequences.  
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Chapter 5 

Identification of myocardial diffuse fibrosis by MOLLI: Improving accuracy 

and precision 

 

5.1 Introduction 

The longitudinal relaxation time, T1, of the myocardium is regarded as a useful imaging 

biomarker as it can change with cardiac pathology and can be associated with functional 

capacity and mortality (Dweck et al. 2011; Gulati et al. 2013; Wong et al. 2012; Wong et al. 

2014). Traditionally, late enhancement (LGE) exploiting changes in T1 following 

administration of a Gadolinium–based contrast agent (Gd) using cardiovascular magnetic 

resonance (CMR), notably shortening of T1 which appears as a bright signal intensity on 

conventional inversion-recovery gradient echo sequences,  has been used as the primary 

tool for identification of focal (or replacement) fibrosis indicating scar (Figure 5.1). This has 

found wide use in multiple pathologies including myocardial viability (Pennell et al. 2004), 

cardiomyopathy (Gulati et al. 2013; Ismail et al. 2014), congenital heart disease (Babu-

Narayan, Kilner, Li, et al., 2006) and valvular heart disease (Vassiliou et al. 2014; Barone-

Rochette et al. 2014). However, this T1-weighted inversion recovery sequence relies upon 

the nulling of signal in normal areas of the myocardium at a chosen setting of the inversion-

recovery time sequence parameter, and it senses a differential concentration of the Gd in 

the fibrotic areas.  
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Figure 5.1. Late enhancement imaging following gadolinium administration in a patient with a prior 

history of myocardial infarction. Panel A shows a clear demarcation of normal (black) myocardium 

and abnormal (white) myocardium. Panel B annotated to highlight the normal myocardium (green) 

and the abnormal myocardium (red) corresponding to a transmural right coronary artery infarction.  

 

In cases however of diffuse (interstitial) fibrosis, where the myocardium is globally affected 

the signal intensity might appear isointense, and the myocardium might not have a 

demarcated normal/ abnormal region. Therefore lack of distinctive normal myocardial 

nulling compared to abnormal myocardium can lead to the appearance of “normal” 

myocardium when it might be in fact diffusely abnormal (Kellman & Hansen 2014).  

Therefore, to address this unmet clinical need and allow identification of diffuse myocardial 

fibrosis new inversion recovery magnetic resonance imaging (MRI) sequences based on the 

MOdified Look-Locker inversion recovery (MOLLI) sequence first described by Messroghli 

and colleagues (Messroghli et al. 2004) have been developed, which may allow 

identification of this diffuse fibrosis as shown in Figure 5.2 (Flett et al. 2010; Roujol et al. 

2014; Bull et al. 2013; Dabir et al. 2014; Liu et al. 2013). Further saturation recovery 

sequences have been introduced including saturation recovery single-shot acquisition, 

SASHA, (Chow et al. 2014) and SAP-T1  (Higgins et al. 2005) and one sequence which 
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combines both inversion and saturation recovery called saturation pulse prepared heart 

rate independent inversion recovery, SAPPHIRE (Weingärtner et al. 2014). The work in this 

thesis was undertaken using a new MOLLI sequence. 

 

Figure 5.2. LGE imaging of patient with moderate aortic stenosis. Panel A, apart from RV insertion 

point enhancement there does not appear to be any other significant enhancement to support the 

presence of replacement fibrosis. However using native T1 mapping, multiple areas of enhancement 

remote to the RV insertion point (darker red areas in the myocardium) indicate the presence of 

diffuse fibrosis as shown in panel B.  

 

The newer inversion recovery T1-mapping sequences which  acquire 8 different T1-weighted 

images over 11 heart beats (White et al. 2013; Bull et al. 2013) enable fast breath-hold 

acquisition in around 8-12 seconds depending on heart-rate, compared to 15-20 required by 

the older sequences for their typically 11 T1-weighted images  (Messroghli et al. 2004; 

Messroghli et al. 2006), which improves patient compliance with breath-holding. The 

compromise between the reduced number of “points” from 11 to 8 (native) or 9 (post-

contrast), whilst potentially reducing precision has the distinct advantage of increased 

reliability through better patient breath-holding. 

Therefore, the newer faster sequences with 8 or 9 points are thought to be easier to 

undertake in most patients, including patients with compromised breathing. Nonetheless, 
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for a new sequence to successfully enter clinical practice, in addition to a reduction in 

scanning time it needs to confirm that it provide both acceptable precision and accuracy 

when compared with histologically derived data of diffuse fibrosis (Figure 5.3). 

 

 

Figure 5.3. New diagnostic tests such as proposed CMR sequences should first be examined for both 

accuracy and precision. Ideally a high degree of accuracy and precision is required to ensure that the 

sequence can be validated for clinical use (panel A). If a sequence is highly precise but not accurate 

(indicating a systematic error as shown in panel B), it might be possible to introduce a calibration 

factor to account for this systematic error reaching the correct value and hence have clinical 

applicability. If however the sequence proves to be imprecise (panels C and D) with a reproducibility 

error that exceeds clinically relevant changes, then it is not possible to have any clinical usefulness. 
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We therefore examined a new 11 heart beat MOLLI prototype (Siemens 448B) sequence 

which had undergone little exploratory validation aiming to: 

 

1. Validate histologically the new sequence in patients who have myocardial biopsy at 

the time of aortic valve surgery. 

2. Explore the effect on precision and accuracy of various imaging models utilising an 

incremental number of ventricular slices (up to 2 basal and 2 mid ventricular levels 

before and after Gd) referred to as “incremental inclusion of images” in this chapter 

and compare it with the conventional use of only one mid ventricular level slice. 

 

5.2 Methods 

5.2.1 Population cohorts  

Two cohorts were used for this work, one for estimating precision (healthy volunteers) and 

one for estimating accuracy (aortic stenosis patients). 

 

5.2.2 Cohort for estimating reproducibility/precision 

Firstly, healthy volunteers taking no medication and with no known medical conditions were 

recruited following advertising on public notice boards. The volunteers underwent a 

detailed health questionnaire and blood screening to measure haemoglobin, renal function, 

liver function, thyroid function and C-reactive protein. Additionally blood pressure, heart 

rate and temperature were recorded. All volunteers underwent electrocardiography. If any 

abnormality (e.g. hypertension, ECG abnormalities, renal failure) was detected that could 

have affected the results, they were excluded.   
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 5.2.3 Cohort for estimating accuracy 

Secondly, a cohort of patients with severe aortic stenosis (defined initially by 

echocardiographic peak Doppler derived transvalvular pressure gradient >64mmHg or mean 

>40mmHg) and confirmed during CMR by planimetry of the aortic valve area <1.0cm2 

(Nishimura et al. 2014) scheduled for surgical aortic valve replacement were recruited from 

the outpatient clinic, preadmission clinic or following inpatient transfers. The patients were 

excluded if they were had contraindications to a CMR scan.  

 

Using published data (Flett et al. 2010), and assuming similar correlation between our 

sequence and histology, we estimated that 5 patients would be required to detect an R2 

correlation of at least 0.8 with 80% power. We therefore opted to double this number to 10 

patients, giving us 90% power to detect a significant correlation (defined as p<0.05) if the 

true correlation was at least 0.6. The study was conducted after local research ethics 

approval and in accordance with the Declaration of Helsinki principles for Medical Research. 

Written consent from patients was obtained.  

 

5.2.4 Cardiovascular Magnetic Resonance 

CMR was performed on the same 1.5T scanner (Siemens Avanto, Erlangen, Germany) in all 

the patients with stable study parameters. Steady-state free precession (SSFP) cine 

sequences were used for left and right ventricular volumes and left ventricular mass. For the 

aortic stenosis cohort, additional cine imaging of the aortic valve plane was also obtained to 

allow aortic valve orifice planimetry. T1 mapping sequences were undertaken before and 

after the administration of Gd at basal and mid-level and repeated twice to give a total of six 

T1 models as shown in Table 5.1. 
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 Basal Level Repeated Mid Level Repeated 

Model A   x  

Model B x    

Model C   x x 

Model D x x   

Model E x  x  

Model F x x x x 

Table 5.1. Using the 4 native and 4 post-Gd images it was possible to construct a total of 6 T1 

models. Using the native T1 maps alone the accuracy and precision of these models was evaluated. 

The “x” marks the slice location of inclusion of additional imaging. The addition of the post-Gd T1 

maps and haematocrit further allowed evaluation of partition coefficient and ECV between the 6 

models utilising an  incremental inclusion of additional MOLLI imaging of the basal and mid 

myocardial level. 

 

Following adjustment of the scanner reference frequency to the predominant Larmor 

Nuclear Magnetic Resonance precession frequency of the signal received from a cuboid 

volume region over the left-heart, a high resolution MOLLI 5(3)3 was used for heart rate 

<90bpm and a low resolution MOLLI 5(3)3 for heart rate >90bpm was used. The selection 

based on heart rate was required because the high-resolution single-shot images were too 

long to run in diastole of faster heart rates. Imaging parameters were held constant for all 

T1 scans at: MOLLI FOV 360 x 306mm, slice thickness 8mm, TR/TE 315/1.12ms, flip angle 

35o, acceleration factor 2. Gd contrast was injected via a peripherally introduced long-line to 

negate the need for the patient to be brought out of the scanner for Gd administration 

reducing the risk of movement and misregistration of the images obtained before and after 
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gadolinium injection. Ten minutes after gadolinium contrast agent administration 

(0.1mmol/kg, gadobutrol, Gadovist, Bayer, Germany), inversion recovery-prepared spoiled 

gradient echo images were acquired in standard long and short axis views to detect areas of 

late gadolinium enhancement. Inversion times were optimised to null normal myocardium 

with images repeated in two separate phase-encoding directions to exclude artifact.  Fifteen 

minutes after the Gd administration post-Gd T1 maps were acquired at basal and mid 

ventricular level (and repeating each level twice giving rise to four post-Gd T1 maps) using 

the low or high resolution MOLLI 4(1) 3(1) 2 sequence depending on heart rate as described 

in the methodology section. The volunteers underwent a second CMR scan to assess 

interscan reproducibility within 60 days. However, the aortic stenosis patients underwent 

only one CMR scan as close to the day of surgery as possible.  

 

5.2.5 Image analysis 

For quantification of LV function and volumes the analysis was undertaken as described in 

the methodology chapter 3. 

For T1 mapping analysis, the DICOMS were anonymised and maps analysed in a blinded 

fashion by two observers for interstudy, intrastudy and interobserver variability. A third 

observer adjudicated values of >5% relative difference.  

 

For the measurements of myocardial T1 from T1 maps, the native and post-Gd T1-weighted 

images (i.e. the 8 or 9 images which supply the input points for curve-fitting of each pixel to 

make a T1 map) were inspected for respiratory drift, motion artifact, appropriate cardiac 

triggering of each image.   
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Regions of interest (ROI) were drawn on the T1 maps (Figure 5.4) within the midwall of the 

septum carefully to avoid partial-volume or cardiac motion-related blurring of the 

myocardium:blood boundaries causing  blood signal to contaminate myocardial data. ROIs 

were drawn in the blood carefully to avoid myocardium/papillary muscles. A standardised 

approach was undertaken in all patients with regards to the location of the ROI, and all 

areas were included even if subsequently were shown to have late gadolinium 

enhancement.  

 

Figure 5.4. Images from a healthy volunteer with native T1 maps (panels A-D) and post gad T1 maps 

(panels E-F). One basal and one mid ventricular level were selected and imaging at each level was 

repeated both before and after the administration of Gd (panel A and B, native T1 basal; panel E and 

F post-Gd basal; panel C and D, native T1 mid ventricular level, panel G and H, mid ventricular level 

post-Gd). Regions of interest (ROI) were drawn in the myocardium and blood. The scan was 

repeated using the same protocol within 60 days (mean 22±18 days). To mimic routine clinical 

practice, the staff undertaking the second scan were unaware of the slice position used for 

acquisition in the first scan.  
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Once native and post-Gd myocardial and blood values and haematocrit were obtained these 

were entered in an Excel document organised to use the formula below and automatically 

derive ECV: 

 

  𝐸𝐶𝑉 = (1 − ℎ𝑎𝑒𝑚𝑎𝑡𝑜𝑐𝑟𝑖𝑡) ∗  
(

1
𝑇1 𝑚𝑦𝑜 𝑝𝑜𝑠𝑡

−
1

𝑇1 𝑚𝑦𝑜 𝑝𝑟𝑒
)

(
1

𝑇1 𝑏𝑙𝑜𝑜𝑑 𝑝𝑜𝑠𝑡
−

1
𝑇1 𝑏𝑙𝑜𝑜𝑑 𝑝𝑟𝑒

)
 

 

5.2.6 Myocardial biopsy: procedure and analysis 

All the aortic stenosis patients underwent myocardial biopsy intraoperatively using a 

standardised protocol. Once the chest was opened and cardioplegia established a long near-

transmural “tru-cut” biopsy was taken as shown in Figure 5.5. The aim was to undertake up 

to three transmural myocardial biopsies from the basal, mid ventricular and apical levels to 

allow true global histological characterisation of the full myocardial wall, providing that the 

surgeons felt this was safe for the patients. Upon completion of the biopsy, the myocardium 

was sutured if required and the surgery continued as normal. 

 

Figure 5.5. Near transmural myocardial biopsy in buffered 4% formalin, 2 adjacent apical biopsies 

taken from the same patient, with their internally reflected images. 
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The myocardial biopsies were immediately fixed in warm buffered 4% formalin. The 

histological analysis was performed on hematoxylin/eosin and Picrosirius Red–stained 3-

micron-thick sections of the formalin-fixed paraffin-embedded left ventricular myocardium 

by a blinded experienced cardiac pathologist. Images of these sections were acquired with a 

NIKON Eclipse light projection microscope (x20). Subsequent image analysis was performed 

to determine the extent of reactive interstitial fibrosis, which was expressed as collagen 

volume fraction (CVF) (%) per square millimetre as described previously (Wassilew et al. 

2015) on 14 sections per biopsy. Areas of perivascular fibrosis were excluded. 

 

5.2.7 Statistical Analysis 

The CMR native T1 values, partition coefficient and ECV were compared to the histologically 

identified collagen volume fraction (CVF). Intraclass correlation coefficient (ICC) was 

calculated using IBM SPSS 22 (SPSS Inc., Chicago, IL) and used to assess agreement in the 

precision cohort. For the accuracy cohort, a linear trendline was used in Excel to identify the 

line of best fit, and this was further assessed using linear regression in IBM SPSS 22. The 6 

Models A-F for CMR estimation of myocardial diffuse fibrosis described were compared to 

identify the most reproducible model (from the volunteer precision cohort) and most 

accurate (from the aortic stenosis biopsy cohort).  

 

5.3 Results  

5.3.1 Reproducibility-Precision: The volunteer cohort 

Fifteen healthy volunteers (age 31±5 years, 8 males, further demographics in Appendix 

V) were recruited and the reproducibility of their corresponding native T1 maps, post Gd T1 

maps, partition coefficient and ECV results are shown in Table 5.2. All patients tolerated two 
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scans with no complication and excellent T1 mapping images. There was no difference with 

regards to heart rate, blood pressure or haematocrit between the two scans (p=0.271, 

p=0.190, p=0.894 respectively).  

 

 

Table 5.2 showing interscan and intrascan reproducibility. The 6 models A-F incorporating 

increasing levels and averaging of myocardial T1 maps are shown. Native T1 and ECV have excellent 

reproducibility, particularly when model F is used which included one basal and one mid ventricular 

level with repeated acquisition giving 4 native and 4 post-Gd maps.  

Both intra and Interobserver variability was excellent. Intraobserver ICC for native T1= 

0.995, p<0.001, partition coefficient=0.996, p<0.001 and ECV 0.999, p<0.001). 

Interobserver ICC for native T1=0.993, p<0.001, partition coefficient=0.985, p<0.001 and  

ECV 0.997 p<0.001. 

 

                   5.3.2 Accuracy: The aortic stenosis cohort 

Ten consecutive patients (8 male, age 71±10 years, further demographics in the Appendix 
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V) with symptomatic aortic stenosis scheduled for surgical valve replacement (3 with 

coronary artery disease) underwent CMR and intraoperative myocardial biopsies. All 

patients tolerated the CMR well and the T1 mapping images were diagnostic in everyone. 

All patients had apical-lateral wall biopsies, and only 3 patients had an additional biopsy 

from the basal septum in view of surgical concerns. One patient had to be taken back to 

theatre within 24 hours from surgery for bleeding, which may have related to the apical 

myocardial biopsy sampling. The patient made a good recovery and discharged home 

within five days with no further sequela. No other side-effects relating to the myocardial 

biopsies were seen. Therefore, the T1 values were correlated with histology from the apical 

lateral wall. The results of the three patients who had both basal septal and anterior-lateral 

biopsy are shown in the Appendix VI.  Microscopic views of the sections prepared from the 

biopsies are shown in Figures 5.6 and 5.7.  

 

Figure 5.6. Samples from the intraoperative myocardial biopsies stained with picrosirius red. Panel 

A shows fibrous septae, which contain physiologically more collagen in order to support the mural 

arteries. There is no scarring, but only a slight increase in collagen fibres surrounding each 

cardiomyocyte (light red). Panel B shows interstitial fibrosis only, each cardiomyocyte is supported 

by a thin collagen layer (light red), there is only focal perivascular(pericapillary- capillary encircled) 

increase in collagen fibers (dark red area annotated). Panel C shows an annotated red area, 

qualifying as replacement fibrosis, as the dimension of the scar exceeds double the diameter of the 

adjacent hypertrophic cardiomyocyte indicated with . 
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Figure 5.7. Myocardial biopsies stained with picrosirius red at the same magnification. Panel A 

showing only mild interstitial fibrosis, panel B showing severe interstitial fibrosis  

 

Initially, the relative accuracy of native T1 maps, partition coefficient and ECV against 

histology was assessed. The histologically derived CVF was plotted against the CMR values 

for each parameter as shown in Figure 5.8. Native T1 values agreed with the histologically 

obtained fibrosis burden with an R2=0.42, p=0.046. However, the partition coefficient and 

ECV showed better agreement with R2=0.80 and R2=0.83 and these both were statistically 

significant at p=0.0001 and p<0.0001 respectively.  
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Figure 5.8. The agreement comparing (apical) histological CVF against native T1 mapping (panel A), 

partition coefficient (panel B) and ECV (panel C). There was good agreement between CVF and all 

the imaging parameters, however, partition coefficient and ECV performed considerably better 

than native T1 mapping alone. Bland-Altman analysis for the comparison of imaging and histological 

fibrosis is included in Appendix VII. 

 

Having established that ECV was the most accurate imaging parameter from T1 mapping, 

we further investigated the incremental addition of more myocardial levels and averages. 

When only one mid-level T1-map was measured (i.e. Model A) , correlation with histology 

was only modest and not significant (R2=0.356, p=0.068), similar to that in published 

studies using one mid-level T1-map alone (Bull et al. 2013; Iles et al. 2008). Increasing the 

number of T1 maps and including the basal level as well as mid ventricular level in this 

averaging improved the correlation significantly:  R2=0.715, p=0.002 when the average of a 

single basal and single mid-level image was used for ECV (Model E) and importantly 

R2=0.829, p<0.001 when acquisition was repeated at both basal and mid-levels (Model F) as 

shown in Table 5.3 and Figure 5.9. 
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Table 5.3 showing the correlation of ECV by each model with CVF from apical histology. In patients 

with aortic stenosis it would appear that ECV derived from the basal slice is more accurate than the 

mid ventricular level for correlation with histological CVF, but a combination of both the basal and 

mid had the best correlation.  
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Figure 5.9. Panel A showing the correlation of (apical) histological fibrosis (CVF)  with ECV calculated 

from CMR at a single mid ventricular level, corresponding to Model A and showing only mild non-

significant correlation. Panel B showing correlation of histological fibrosis with a single basal level 

(Model B), showing that for this pathology the correlation increases and has now become 

significant. Panel C showing correlation between the average of one mid and one basal level (Model 

E) with histology showing a significant correlation. Panel D represents Model F with two basal and 

two mid slices showing that this model demonstrated the strongest correlation (R2=0.825, p<0.001). 

This work confirms that including incrementally more levels imaged improves accuracy. It should 

also be noted, that Model D (basal repeated with no mid slice) also performed well, although not as 

well as Model E. Model D showed ICC=0.89, p<0.001 for ECV in volunteers and also R2=0.81, 

p<0.0001 in patients with aortic stenosis when comparing ECV with CVF. Therefore, if there is a limit 

in scan duration (either patient factors or service demand) this model could form a very good 

compromise between time required to complete the scan, accuracy and precision.  Bland-Altman 

analysis supporthig the use of model E is included in Appendix VIII. 

 

5.4 Discussion 

Any new CMR sequence needs to show both good accuracy and precision in order to 

become clinically relevant. In this work, we have utilised two cohorts to establish precision 

and accuracy for a new and as yet unvalidated T1 mapping sequence. Furthermore, this is 

the first time to report a model of incremental image acquisition and averaging of basal and 
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mid ventricular level T1-measurements as a means of obtaining a true average of the global 

T1-mapping ECV.  Firstly, a cohort of 15 volunteers underwent two scans to confirm 

interscan variability and by so doing assess precision. This work demonstrated that four 

models of slice acquisition and averaging showed an excellent interscan correlation. Model 

A (one native T1 mid ventricular level slice), Model E (average of one basal and one mid-

level slice native T1), Model C (average of ECV of two mid-level slices) and Model F (average 

ECV of two basal and two mid slices) all showed excellent interscan reproducibility with 

R2≥0.90.   

 

Secondly, once precision was considered satisfactory, we examined the accuracy of the 

sequence.  A cohort of 10 patients with aortic stenosis scheduled for surgical valve 

replacement had CMR using our model of incremental addition of imaging acquisitions and 

intraoperative biopsies. This confirmed that in aortic stenosis patients, measuring ECV in the 

mid-ventricular wall alone (Model A) showed only a trend in weak correlation with 

histological VF.  

 

A model utilising the basal level alone (Model B) showed good correlation with histology 

(R2=0.77, p=0.001), a model based on one basal level being imaging twice (Model D) showed 

better correlation (R2=0.81, p<0.001), but the best correlation was achieved by a model 

having one basal and one mid ventricular slice being imaged twice each (Model F, R2=0.83, 

p<0.001). This is a new finding, and likely to relate to the shear stress and possibly 

microischaemia or microembolisation seen with aortic stenosis patients leading to basal 

septal wall fibrosis. Therefore, imaging only the mid ventricular level alone in this cohort of 
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patients, an area with less potentially less fibrosis burden, likely misrepresents the overall 

burden of fibrosis and consideration should be given in including the basal level as well.   

This work therefore supports the following conclusions: 

1. The 11 heart beat sequence is well tolerated by volunteers and patients.  

2. Isolated native T1 mapping is reproducible in healthy volunteers especially when 

Model A (one mid slice), Model E (one basal and one mid slice) or Model F (one basal 

and one mid ventricular level, both repeated) are utilised. 

3. Both partition coefficient and ECV are significantly more accurate than native T1 

maps alone, and post-Gd imaging (with or without haematocrit sampling) should be 

routinely undertaking when for T1 mapping.  

4. A single mid ventricular slice ECV shows poor accuracy in patients with aortic 

stenosis (as shown by Model A) and this method should be discouraged from clinical 

practice. 

5. The most accurate and precise model is Model F whereby imaging of one basal and 

one mid-ventricular level slice is repeated, both before and after Gd administration. 

 

5.4.1 Study limitations 

Firstly, our samples for both cohorts were small; however, this is in line with other recently 

published studies which also use small (<10 patients) series for histological validation  (de 

Meester de Ravenstein et al. 2015). 

 In addition, we used volunteers for the interscan reproducibility as it was practically easier 

to achieve. Initial attempts to undertake CMR scanning in patients scheduled for surgery did 

not succeed as many patients lived a far away from our institution. Finally, we elected not to 

include the apex in the imaging sections of our patients, as this area is well-known to suffer 
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increased partial-volume artefact at the endocardial and epicardial borders which are not 

perpendicular to the image slice in the apical short-axis region (Moon et al. 2013). We had 

intended to take intraoperative biopsies from basal, mid and apical wall, however, this was 

not achieved in view of surgical patient safety concerns. Only 3 patients scanned at 1.5T had 

>1 biopsies taken and therefore our conclusions are drawn from different imaging and 

biopsy area results. The histological CVF for both regions for these patients is included in 

Appendix VI. Nonetheless, earlier studies have shown that unlike replacement fibrosis 

where there is a significant difference between basal and apical areas (Hoffmann et al. 

2014) interstitial fibrosis might follow a more homogenous pattern (Chin et al. 2013; 

Stuckey et al. 2014).   

 

5.5 Conclusion 

This work was the first to utilise models with increasingly inclusive additional imaging for 

septal ECV measurements, going from one slice imaged to a total of four images (one basal 

repeated and one mid repeated) to improve both the accuracy and the precision of the T1-

measurement (both before and after Gd), comparing histological CVF estimation of fibrosis 

to the T1-mapping outcomes of native T1 maps, partition coefficient and ECV. We have 

shown that the current prototype is well tolerated in patients with aortic stenosis. 

Furthermore, it is both accurate and precise particularly as incremental imaging of 

additional basal and mid ventricular slice images are included. This work also confirms that 

partition coefficient and ECV can be accurately used to correlate with histological CVF 

estimation of diffuse fibrosis.  
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Chapter 6 

The Predictive Role of Myocardial Replacement Fibrosis in the Long-Term 

Outcome of Patients with Moderate or Severe Aortic Stenosis  

 

6.1 Introduction 

Aortic valve stenosis (AS) is the most common valvular pathology in the Western world, with 

rates set to double in the next 20 years (Dweck et al. 2012). As discussed in chapter 1, AS is 

characterised both by progressive narrowing of the valve and the hypertrophic response of 

the left ventricle (LV) that ensues. This is initially adaptive, but over time it decompensates 

and patients transition from hypertrophy to heart failure, with the development of 

symptoms and adverse events (Yarbrough et al. 2012; Dweck et al. 2012). This transition is 

driven predominantly by progressive myocyte cell death and myocardial fibrosis (Hein et al. 

2003), making both key targets for the development of biomarkers aimed at providing the 

objective detection of LV decompensation.  

 

Recent studies have demonstrated that replacement myocardial fibrosis can be detected in 

a midwall pattern in patients with AS using the cardiovascular magnetic resonance (CMR)  

late gadolinium enhancement (LGE) method and it is associated with a worse short-term 

prognosis (Weidemann et al. 2009; Dweck et al. 2011; Barone-Rochette et al. 2014). 

However, to date, no study has investigated whether the adverse prognosis associated with 

midwall LGE persists over the long term. We investigated the long-term prognostic effect of 

midwall fibrosis in a mixed cohort of patients with moderate and severe aortic stenosis.  
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6.2 Methods 

6.2.1 Patient population 

We performed a prospective observational study of consecutive patients with AS who had 

attended our institution, the Royal Brompton Hospital, London, United Kingdom between 

January 2003 and October 2008 for a CMR LGE scan. All patients selected had moderate or 

severe AS, based on Doppler echocardiography (Bonow et al. 2008). Each patient was 

followed for five years, and if alive, censored at five years for statistical purposes.  In our 

institution, local guidelines recommend a CMR scan for all the patients with severe or 

symptomatic AS. Other reasons for referral included diagnostic evaluation, clarification of 

stenosis severity, pre-operative evaluation and assessment of hypertrophic response. 

Exclusion criteria included more than moderate aortic or mitral regurgitation/stenosis, 

contraindication to CMR, disseminated malignancy and an estimated glomerular filtration 

rate of <30mL/min. The study was conducted following approval from the local Ethics 

committee and in accordance with the Declaration of Helsinki and written consent obtained.  

 

6.2.2 Data collection 

Demographic characteristics and medical histories were documented from a range of 

patient interviews, patient questionnaires and hospital/GP records. The presence of 

coronary disease was defined as previous revascularisation, more than 50% luminal 

epicardial stenosis in a vessel >2mm in diameter on coronary or computed tomography (CT) 

angiography, or the presence of significant disease identified by single photon emission 

computed tomography. 
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6.3.3 Cardiovascular magnetic resonance scan 

 This imaging was undertaken on a 1.5T scanner (Magnetom Sonata or Avanto, Siemens, 

Erlangen, Germany) using a standardised protocol as described in chapter 3. In brief, steady 

state free precession sequences were used for LV volume assessment, LV mass and for 

aortic valve planimetry. Ten to fifteen minutes following 0.1mmol/kg gadolinium contrast 

agent (Gd-DTPA, Schering AG, Berlin, Germany) inversion recovery prepared spoiled 

gradient echo images were acquired in standard long and short-axis views to detect areas of 

LGE. Inversion times were optimised to null normal myocardium and images repeated in 

two separate phase encoding directions to ensure exclusion of artefacts. 

 

6.3.4 Image analysis 

The LV volumes and function were quantified using semi-automatic dedicated software 

(CMR Tools, Cardiovascular Imaging Solutions Ltd, London) and the severity of AS was 

evaluated using CMR-derived planimetry and graded as follows: mild 1.5-2.5 cm2, moderate 

1.0-1.5cm2 or severe <1.0cm2, as described in chapter 3. 

 

The presence and pattern on fibrosis was assessed by two independent, experienced and 

blinded observers. This resulted in three different groups for this study: 

 Group 1: patients who demonstrated midwall fibrosis (54 patients) 

 Group 2: patients who demonstrated subendocardial-infarction pattern fibrosis (40 

patients) 

 Group 3: patients who showed no evidence of LGE/replacement fibrosis (49 patients) 
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A third blinded observer adjudicated when there was a lack of agreement. Patients with a 

mixed pattern of fibrosis were categorised according to the predominant pattern. LGE mass 

was calculated semi-automatically by a single operator using Circle 42 (Circle Cardiovascular 

Imaging, Calgary, Canada) as described chapter 3. 

 

6.3.5 Clinical endpoints 

The primary endpoint for the study was all-cause mortality and the secondary endpoints 

were cardiovascular and AS-related mortality. It is widely accepted in the UK that 

information obtained in the absence of a post mortem is less accurate (Roulson et al. 2005). 

We therefore kept overall death as the primary endpoint. Mortality data were obtained 

from the Office of national Statistics̶ a national database for all National Health Service 

patients in the UK, hospital notes and electronic patient records if the death occurred in a 

hospital, and contact with the patient’s GP or cardiologist. The cause of death was 

established by a review of the notes and/or death certificates by an independent blinded 

adjudication committee. An assessment was made to determine if it was a cardiovascular-

related death (relating to heart failure, arrhythmia, acute coronary syndrome or 

cerebrovascular disease) or non-cardiovascular death according to the American College of 

Cardiology/American Heart Association Task Force definitions for Cardiovascular Endpoint 

Events (Hicks et al. 2015). If the death was classified as cardiovascular, a further assessment 

was made to establish if this was related specifically to the aortic valve disease (death where 

aortic valve disease was recorded as the primary or contributory cause on death 

certificates). During the five-year follow up, data on patients undergoing aortic valve 

replacement (surgical or percutaneous) were also collected. 
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6.3.6 Statistical analysis 

Continuous covariates were summarised using the median and mean values (standard 

deviation) and compared with a t-test or a Wilcoxon rank sum test.  Categorical covariates 

were presented using frequencies and compared using an Χ-square test. In univariate 

analysis, the survival function was estimated using a Kaplan-Meier estimator curve and 

comparisons between factors were performed using a log-rank test. In multivariate analysis, 

the Cox proportional hazards model was used. All statistical analyses were considered 

significant if p<0.05. All analyses were done using R software. 

 

6.4 Results 

Patient demographics are presented in Table 6.1. A total of 143 consecutive patients (age 

68±14 years; 97 male [68%]) with moderate or severe AS (moderate=57 patients [40%]) 

were included in the study. Mean aortic valve area was 1.0 ± 0.3cm2. Eighty-one patients 

(57%) showed evidence of coronary artery disease (CAD). 

 

6.4.1 Late gadolinium enhancement pattern 

Forty-nine patients (34%) showed no evidence of gadolinium enhancement (no LGE), 

indicating the absence of replacement fibrosis. Midwall enhancement was observed in 54 

patients (38%, midwall fibrosis group) and myocardial subendocardial-infarction pattern 

fibrosis was seen in 40 patients (28%, infarction group) (as shown in Figure 3.10). Eight 

patients had both myocardial fibrosis and an infarction pattern and were categorised 

according to the predominant pattern: seven were classified into the infarction group and 

one into the midwall group. Interobserver agreement in determining the appropriate 

grouping of the patients was very good, with a kappa value of 0.89. 
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Characteristic 

No LGE 

(n = 49) 

Midwall LGE 

(n = 54) 

Infarct LGE 

(n = 40) 

P 

Value 

Characteristic 

No LGE 

(n = 49) 

Midwall LGE 

(n = 54) 

Infarct LGE 

(n = 40) P Value 

Age (years) 64 ± 16 70 ± 11 70 ± 13 0.03 

Male 26 (53%) 39 (72%) 32 (80%) 0.02 

Clinical history and investigations 

   AF 10 (20%) 10 (19%) 7 (18%) 0.92 

Diabetes mellitus 12 (24%) 10 (19%) 13 (33%) 0.38 

Hypertension 27 (55%) 30 (56%) 20 (50%) 0.84 

Bicuspid aortic valve 14 (29%) 9 (17%) 9 (23%) 0.40 

Documented CAD 18 (37%) 23 (41%) 39 (98%) <0.01 

Previous PCI 5 (11%) 5 (9%) 12 (30%) 0.01 

Previous CABG 10 (20%) 4 (7%) 11 (28%) 0.04 

Medication use 

   ACE inhibitor 27 (55%) 26 (48%) 24 (60%) 0.48 

Beta-blocker 27 (55%) 14 (26%) 20 (50%) <0.01 

Statins 33 (67%) 32 (60%) 33 (83%) 0.08 

Diuretic use 7 (14%) 19 (35%) 16 (41%) 0.01 

Imaging parameters 

AVA by CMR (cm2) 1.05 ± 0.37 1.00 ± 0.31 0.91 ± 0.26 0.11 

Peak AV  echo gradient 

(mmHg) 70 ± 26 70 ± 26 69 ± 16 0.99 

Severe aortic stenosis 26 (53%) 27 (50%) 26 (65%) 0.353 

LVEF (%) 69 ± 13 58 ± 21 44 ± 18 <0.01 
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Table 6.1. Patient demographics and CMR characteristics. Values are mean ± standard deviation 

(SD), or %. ACE=angiotensin-converting enzyme; AF=atrial fibrillation; AV=aortic valve; AVA=aortic 

valve area; CABG=coronary artery bypass graft; CAD=coronary artery disease; CMR=cardiovascular 

magnetic resonance; LA=left atrial; LGE=late gadolinium enhancement; % LGE mass=percentage of 

total left ventricular mass; LV=left ventricular; LVEF=left ventricular ejection fraction; LVEDV=left 

ventricular end-diastolic volume; PCI=percutaneous coronary intervention; RVEF=right ventricular 

ejection fraction. 

 

Autopsies were carried out on two patients who died and allowed comparison of the 

histopathological and CMR scan results. One patient had midwall LGE and the other no LGE, 

and in both cases, the histopathological results correlated with the CMR image (Figure 6.1).  

 

Figure 6.1. Cardiovascular magnetic resonance (CMR) image and histology from a patient with 

midwall fibrosis.  Panel A: A CMR scan of a patient with midwall fibrosis (white arrows). Panel B: A 

Ind LA volume (ml/m
2
) 62 ±  22 68 ± 30 67 ± 22 0.48 

Indexed LVEDV (ml/m
2
) 83 ± 28 96 ±  39 106 ± 32 <0.01 

Indexed LV mass (g/m
2
) 96 ± 25 119 ± 34 100 ± 23 <0.01 

Wall thickness (mm) 14.5 ± 2.5 15.8 ± 2.9 13.6 ± 3.0 <0.01 

RVEF (%) 58 ± 13 57 ± 12 55 ± 14 0.45 

% LGE mass 0 5.2 7.3 — 
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haematoxylin and eosin stain of the same patient with evidence of replacement fibrosis 

(indicated by blue arrows), correlating with the CMR scan findings.  

 

The severity of AS and the presence of cardiovascular risk factors were similar between the 

three groups, even though the no-LGE group were younger, included more females and 

were less likely to be receiving diuretics. The subendocardial-infarction pattern fibrosis 

group had more coronary artery disease (CAD), lower LV ejection fraction (EF) and higher 

indexed LV volumes than the other groups. Patients with midwall fibrosis had higher 

indexed LV mass (p=0.001) despite the fact that AS severity and hypertension prevalence 

were similar amongst all groups. LV EF was lower (p=0.007) in the group with midwall 

fibrosis when compared with the group with no LGE, despite a similar presence of CAD. The 

LA volumes were analysed as a surrogate for diastolic dysfunction (Tsang et al. 2002) and 

there was no difference between the three groups (p=0.48). 

 

6.4.2 Mortality data 

During the follow-up period (median five years [IQR 2.5, 5] years), a total of 44 of the 144 

(31%) patients died, 33 (23%) of a cardiovascular-related death and 23 (16%) of an AS-

related death. Eighty-seven (61%) underwent aortic valve replacement (11 percutaneously) 

with no difference in uptake between the three groups (p=0.84). Four patients (3%), two 

each from the midwall and subendocardial-infarction pattern fibrosis groups were lost to 

follow up and censored at the last known date of being alive. Of the 44 patients who died, 

21 belonged in the midwall fibrosis group (21/54, 39%) 16 in the subendocardial-infarction 

pattern group (16/40, 40%) and seven in the no-LGE group (7/49, 14%). Ten patients had 

undergone aortic valve replacement (AVR), four (19%) from the midwall fibrosis group; four 
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(25%) from the subendocardial-infarction pattern group; and two (29%) from the no-LGE 

group with no difference between groups (p=0.56).  

 

Univariate analysis showed that patients with midwall fibrosis had a 2.5-fold increase in 

mortality when compared with the no-LGE group. Patients with subendocardial-infarction 

pattern fibrosis had a 2.7-fold increase in the risk of mortality when compared with the no-

LGE (Table 6.2). The total burden of fibrosis was also associated with mortality: for every 1% 

increase in the amount of fibrosis, there was a 6% increase in mortality. Lower LV EF was 

also associated with a higher mortality rate (Table 6.2 showing univariate analysis and 

Figure 6.2 showing Kaplan-Meier survival curves).  

Variable Hazard Ratio 95% Confidence Interval P value 

Age 1.04 1.01 1.07 <0.01 

Male 0.74 0.40 1.35  0.32 

Diabetes Mellitus 1.01 0.50 2.06  0.98 

Hypertension 1.21 0.66 2.23  0.54 

Hypercholesterolaemia 0.88 0.48 1.64  0.70 

Documented CAD 1.71 0.91 3.19  0.10 

ACE Inhibitors 1.28 0.68 2.42  0.44 

Beta blockers 1.36 0.74 2.51  0.32 

LBBB 0.51 0.12 2.12  0.35 

RBBB 0.94 0.29 3.03  0.91 
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LV EF (%) 0.96 0.95 0.98 <0.01 

AV area (cm
2
) 0.62 0.24 1.62   0.33 

Indexed mass (g/m
2
) 1.01 0.99 1.02   0.11 

Indexed LVEDV (mL/m
2
) 1.01 1.00 1.02 <0.01 

Indexed LA volume 

(mL/m
2
) 

1.01 1.00 1.02   0.01 

Wall thickness (mm) 0.88 0.79 0.97   0.01 

LGE pattern     

No LGE     -     -     -     - 

Midwall LGE 2.55 1.28 5.15 <0.01 

Infarct LGE 2.71 1.31 5.62 <0.01 

% LGE mass 1.07 1.02 1.12  0.01 

AVR post CMR 0.13 0.07 0.27 <0.01 

Table 6.2. Variables associated with all-cause mortality.  Age at time of scan, left ventricular ejection 

fraction (LV EF), indexed LVEDV, indexed LA volume, wall thickness and pattern of fibrosis (midwall 

or infarction) showed significant association with outcome.  

ACE=angiotensin-converting enzyme; AV=aortic valve; CAD=coronary artery disease; LA=left atrial; 

LGE=late gadolinium enhancement; % LGE mass=percentage of total left ventricular mass; LV=left 

ventricular; LBBB=left bundle branch block, LV EF=left ventricular ejection fraction; LVEDV=left 

ventricular end-diastolic volume; RBBB=right bundle branch block. 
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Figure 6.2. Kaplan-Meier survival estimator for all-cause mortality according to late gadolinium 

enhancement (LGE) pattern. The blue colour curve corresponds to the no-LGE group showing the 

best survival. The red colour curve corresponds to the midwall group and the green colour curve 

corresponds to the subendocardial-infarction pattern fibrosis group and both show worse survival 

when compared with the no-LGE group (p=0.005 and p=0.006 respectively).  

 

Following multivariable analysis, LV EF, the presence of midwall fibrosis, age and maximal 

wall thickness remained significant predictors of survival, but not subendocardial-infarction 

pattern fibrosis (Table 6.3). 
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 Hazard Ratio 95% Confidence Interval P value 

Age at time of scan (years) 1.03 1.01 1.06 0.04 

Indexed LVEDV (mL/m
2
) 0.99 0.98 1.01 0.44 

Infarction  1.34 0.31 2.28 0.56 

LV EF (%) 0.97 0.94 0.99 0.01 

Midwall fibrosis 2.64 1.07 2.88 0.03 

Wall thickness (mm) 0.88 0.77 0.99 0.03 

Table 6.3. Multivariable analysis of predictors of outcome. Age at time of scan, Left ventricular 

ejection fraction (LV EF), wall thickness and midwall fibrosis remained independent predictors of 

survival. LV EF=left ventricular ejection fraction; indexed LVEDV=indexed left ventricular end-

diastolic volume. 

 

Furthermore, 33 patients suffered a cardiovascular-related death as identified by an 

independent committee. Table 6.4 indicates the positive univariate predictors for 

cardiovascular mortality, mirroring the findings for the overall cause of death in this cohort.  
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Variable Hazard Ratio 95% Confidence Interval P value 

Age at time of scan 
(years) 

1.06 1.03 1.08 <0.01 

Documented CAD 1.97 1.11 3.50   0.02 

LV EF (%) 0.97 0.95 0.98 <0.01 

Indexed LVEDV (mL/m
2
) 1.01 1.00 1.02   0.01 

Ind LA volume (mL/m
2
) 1.01 1.00 1.02   0.01 

Wall thickness (mm) 0.88 0.80 0.97   0.01 

LGE pattern     

No LGE    -    -    -    - 
 

Midwall LGE 2.57 1.28 5.15   0.01 

Infarct LGE 2.71 1.24 5.62   0.01 

% LGE mass 1.03 1.01 1.06   0.02 

AVR post CMR 0.15 0.09 0.27 <0.01 

Table 6.4. The positive univariate predictors for cardiovascular death. Left ventricular ejection 

fraction (LV EF), wall thickness and midwall fibrosis remained independent predictors of survival. LV 

EF= left ventricular ejection fraction; indexed LVEDV=indexed left ventricular end-diastolic volume. 

 

Using Kaplan-Meier survival estimator curves, patients in both the midwall and infarction 

groups experienced more cardiovascular-related deaths than the no-LGE group (Figure 6.3).  
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Figure 6.3. Kaplan Meier survival estimator for cardiovascular mortality according to the pattern of 

late gadolinium enhancement (LGE). Patients in both the midwall fibrosis group (red colour) and the 

infarction group (green colour) were significantly associated with a worse outcome.  

 

Finally, there were 23 AS-related deaths, which followed a similar pattern to all-cause 

mortality: AS-related death was more common in patients with midwall fibrosis (12/54 

[22%]) and infarction (8/40 [20%]) compared with the no-LGE group (3/49 [6%]), both 

p<0.05 (Figure 6.5). 
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Figure 6.4. Kaplan Meier survival estimator for aortic stenosis-related mortality according to the 

pattern of late gadolinium enhancement (LGE). Patients with both midwall fibrosis (red colour) and 

infarction (green colour) remained significantly associated with a worse outcome, p=0.024 and 

p=0.049 respectively.  

 

Using Cox proportional hazard model analysis and the all-cause mortality information from 

this population, we estimated the five-year survival for patients with AS, according to the 

combined effect of LGE pattern and the LV EF as shown in Figure 6.5. This confirmed the 

finding that patients with midwall fibrosis have a worse prognosis compared with those with 

no LGE (and to those where fibrosis status is unknown) for a specific EF, independently of 
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the EF value. If, for example, the fibrosis status is unknown and the EF=50% then five-year 

survival is 65%. If, however, we know that the same patient with EF=50% has no evidence of 

midwall fibrosis on the CMR LGE scan, then survival increases to 77%.  Correspondingly, if 

this patient with EF=50% was shown to have midwall fibrosis on the CMR LGE scan, then 

survival reduces to 55%. This represents a relative decrease in survival of 29% for a patient 

with the same EF, and presence rather than absence of midwall myocardial fibrosis.  

 

 Currently, European and American guidelines recommend intervention in patients with 

asymptomatic AS only if EF<50% (Nishimura et al. 2014; Vahanian et al. 2012). However, this 

does not distinguish between the presence or absence of fibrosis. Our results support the 

finding that the risks that exist in patients with unknown fibrosis pattern and EF=50%, are 

equal to patients with midwall fibrosis and EF=60% and patients with no fibrosis and 

EF=35% as demonstrated in Figure 6.6. Although our data are taken from a mixed cohort of 

patients with AS, it could be potentially important to consider incorporating fibrosis as a 

measure of decompensation in patients with AS into the current threshold for the use of EF 

for intervention, as it can become a valuable tool in survival risk prediction. 
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Figure 6.5. Five-year survival according to the pattern of late gadolinium enhancement (LGE) in 

patients with aortic stenosis. The no-LGE patients (blue line) fared better when compared with 

patients with midwall fibrosis (red line) or patients where fibrosis presence/absence is not known for 

any given ejection fraction (EF). For example, if the fibrosis status is unknown, survival prediction 

based on EF alone is possible for a patient with EF=50% this is 65%. If this patient has fibrosis 

however, the survival is estimated at 55%, and if this patient did not have fibrosis, survival would be 

77%. This relationship holds true independent of whether the EF is above or below 50% (indicated by 

the orange line).  

 

6.5 Discussion 

Our study investigated patients with AS who underwent a CMR scan with gadolinium 

contrast administration and followed up for five years. Reports on patients with AS and 

shorter duration follow up have shown that midwall fibrosis is an independent predictor of 
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adverse events (Dweck et al. 2011; Barone-Rochette et al. 2014). In this study, we confirmed 

that even at a longer follow-up period, midwall fibrosis remains an independent predictor 

associated with worse overall mortality on both univariate and multivariable analysis.  

However, with longer follow up, the risk associated with midwall fibrosis has reduced, now 

portending only a 2.6 risk increase in mortality compared with up to a six-fold increase 

demonstrated at shorter follow up (Dweck et al. 2011). Furthermore, increased risk was also 

seen in cardiovascular and AS-related deaths. For the primary endpoint of overall mortality, 

patients with subendocardial-infarction pattern fibrosis had worse mortality on univariate 

analysis as well, with a hazard ratio of 2.6, but this failed to reach significance on 

multivariable analysis. Likewise, subendocardial-infarction pattern fibrosis portends an 

increased risk of death from cardiovascular or AS-related causes on univariate analysis. 

 

It is also of value to recognise that patients with dual pathology, having both AS and a 

previous myocardial infarction, do not have a worse outcome than patients with midwall 

fibrosis alone. This is particularly interesting as it suggests that patients with one condition 

(AS) who have midwall fibrosis, carry a similar prognosis to patients with two conditions (AS 

and myocardial infarction, an additional life-shortening pathology). This is despite the fact 

that patients with subendocardial-infarction pattern fibrosis had a more dilated LV and 

lower LV EF; yet long-term mortality remained similar when compared with patients with 

midwall fibrosis.  

 

Another key finding from this study is that on multivariate analysis, subendocardial-

infarction pattern fibrosis loses its significance while midwall fibrosis does not. This brings 

into question the guideline-based cut off for offering surgery in (asymptomatic) patients 
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with EF<50% on the basis of decompensation and risk, as we have now demonstrated that 

patients with no fibrosis and EF~35% have the same risk as patients with fibrosis and 

EF~60%. 

 

Despite significant research in the AS arena, it remains unclear why some patients with AS 

show evidence of midwall fibrosis while others with the same degree of stenosis do not. It 

has been postulated that this midwall fibrosis can be secondary to direct mechanical forces 

(Cheng et al. 1995; Leri et al. 1998) and angiotensin II (Gonzalez et al. 2002b; López et al. 

2007; Leri et al. 1998) as well as chronic ischaemia from the increased myocardial mass and 

afterload leading to increased myocardial oxygen demand; however the capillary bed failing 

to expand accordingly to increase oxygen supplementation and the capillary flow reserve is 

reduced, thereby leading to ischaemia.  

 

It is also possible that the overall risk associated with midwall fibrosis relates to increased 

arrhythmogenicity directly relating to the midwall fibrotic scar which can act as a source for 

re-entrant tachyarrhythmias. Fibrosis can serve as a substrate for arrhythmia, and increased 

arrhythmia burden in patients with midwall fibrosis in other pathologies such as dilated 

cardiomyopathy (DCM) has been documented more recently (Gulati et al. 2013). This is not 

something that our study was planned to address. It would be less accurate to attempt to 

further classify cardiovascular deaths into those of sudden origin without appropriate 

monitoring at the time of death. Our suggestion therefore that midwall fibrosis could lead to 

increased burden of arrhythmogenicity can only be regarded as hypothesis generating at 

present.  
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We also observed the fact that having an aortic valve intervention was associated with a 

better prognosis. This also appeared to improve the poor outcome associated with midwall 

enhancement. However, some of the patients with midwall fibrosis who died did not fulfil 

criteria for surgery as they were asymptomatic, with EF>50%. It therefore raises the 

question of whether patients with AS and midwall fibrosis should be operated on earlier 

even if they do not fulfil conventional criteria. Although EF is a good predictor of survival 

and hence currently included in ESC/ACC guidelines when considering intervention, our 

work also allows us to appreciate some limitations when considering EF alone. If, however, 

the value of EF cut off of 50% is taken purely on the basis of risk of death without 

intervention then perhaps this is not applicable to the patients with midwall fibrosis. An 

even higher EF threshold should be potentially considered for patients with AS who have 

midwall fibrosis. This is again speculative and this study was not undertaken to address this 

issue. 

 

6.5.1 Study limitations 

As this is a single-centre study, we cannot extrapolate the results to other populations. Only 

a multicentre study with more participants would enable us to confirm the generalisability 

of our results.  This study was not an interventional one and we did not further categorise 

cardiovascular deaths into those of sudden cardiovascular death. We felt that in the modern 

era of implantable loop recorders and continuous monitoring this should be best addressed 

in a more definitive way. Likewise, we chose overall mortality rather than cardiovascular 

mortality in particular as we felt that this was more clinically appropriate, and because the 

lack of a post-mortem meant that we could not confirm an accurate diagnosis. Furthermore, 

although we have found a worse prognosis in patients with midwall fibrosis and a better 
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prognosis in patients who had an intervention, we are not able to prove causality as this was 

not part of our original hypothesis. In addition, we did not include subsequent intervention 

in our multivariable model despite being significantly associated with survival on univariate 

analysis, as we wanted to address the importance of outcome predictors at the time of the 

CMR scan and not including any subsequent interventions. Another potential limitation was 

the lack of T1 mapping. When we started this study, single breath hold T1 mapping 

sequences were not available and furthermore no study had shown to date an incremental 

risk associated with T1 mapping when LGE is included in a multivariable model with AS 

patients. Also, LGE is more standardised and readily available than T1 mapping throughout 

the world. Finally, in our institution all patients with severe or symptomatic AS are referred 

for CMR scanning. However, some patients with asymptomatic AS with moderate stenosis 

were also referred, which might have introduced some referral bias in the group, another 

potential limitation.  

 

6.6 Conclusions 

This is the first study to show the long-term association between patients with midwall 

fibrosis and AS and survival. This association has incremental value for the use of EF. The 

presence of midwall fibrosis is likely to represent an earlier stage of myocardial 

decompensation and therefore we believe that there is now equipoise in investigating both 

earlier intervention and antifibrotic therapy in order to improve survival in such patients. 

Patients with no LGE have a better prognosis, however patients who underwent valve 

replacement also appear to have an improved prognosis. It therefore remains to be seen 

whether intervention ameliorates the worse outcome associated with AS, particularly if 

offered earlier in those patients with midwall fibrosis. Until future studies address this issue 
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fully, we feel that clinicians could consider midwall fibrosis as an additional factor indicating 

a worse prognosis and follow up such patients more closely for early signs of 

decompensation, which could indicate when intervention might be appropriate. 
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Chapter 7 

The Prognostic Significance of Myocardial Fibrosis in Aortic Stenosis 

Following Aortic Valve Surgery  

 

7.1 Introduction 

The potential prognostic role of assessing of myocardial replacement fibrosis in patients 

with cardiac conditions has been reported in multiple cardiac pathologies (Gulati et al. 2013; 

O’Hanlon et al. 2010) and especially with aortic stenosis (AS) (Quarto et al. 2012).  In chapter 

6, we demonstrated that the presence of midwall fibrosis in a mixed cohort of patients with 

AS conferred an increased risk in long-term survival. However, what remains to be seen is 

whether this is also true in patients who have a clinical indication for aortic valve 

replacement (AVR) and whether this information could therefore be used to guide decision 

making in patients under consideration for AVR. We hypothesised that patients with 

evidence of midwall fibrosis on cardiovascular magnetic resonance (CMR) scan prior to AVR 

have a worse overall mortality following surgery and midwall fibrosis is therefore an 

independent adverse predictor. We compared survival outcomes in patients who had a CMR 

scan and subsequently underwent AVR within 12 months to assess whether the presence of 

myocardial replacement fibrosis remained a predictor of adverse prognosis following AVR.  

 

7.2 Methods 

One hundred and fifty patients from the Royal Brompton Hospital were recruited between 

2003 and 2015. The methodology for this study, including major selection, recruitment and 

inclusion/exclusion criteria, have been described in chapter 3. In brief, patients with 

moderate or severe AS scheduled for AVR or AVR with coronary artery bypass (CABG) 
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grafting were included. Patients with severe aortic regurgitation were excluded, however 

patients with moderate regurgitation were included if AS was the dominant lesion. Patients 

with any other severe valvular lesion were excluded. Patients scheduled for multi-valve 

surgery (e.g. mitral valve replacement, tricuspid valve anuloplasty) were also excluded. 

Patients who had undergone any prior valvular operation were excluded, but patients with a 

prior CABG were included. The study was conducted in accordance with the Declaration of 

Helsinki, after approval from the local Research Ethics committee in 2003 and written 

patient consent.  

 

Following the CMR scan, the patients were categorised by blinded operators into three 

groups: no fibrosis/late gadolinium enhancement (LGE) indicating no evidence of myocardial 

replacement fibrosis; midwall enhancement indicating midwall fibrosis; and subendocardial-

infarction pattern enhancement indicating subendocardial fibrosis likely secondary to 

coronary artery occlusion or embolisation. The primary endpoint was overall mortality. 

 

Univariate and multivariable analyses were used to identify predictors for survival. Patient 

survival was estimated from the date of the surgery and identified from the Office of 

National Statistics, hospital notes and electronic records and information received from the 

patients’ GPs and cardiologists. The CMR scan was undertaken as described in chapter 6.  

Statistical analyses were performed using IBM SPSS version 22 (IBM Corporation, Armonk, 

New York) software. All tests were two-sided, and a p <0.05 was considered significant. 

Continuous variables are expressed as mean ± standard deviation (SD); categorical variables, 

as counts and percentages. Hazard ratios (HR) are expressed as mean with 95% confidence 

interval [CI]). Survival is shown using Kaplan-Meier estimator curves. 
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7.3 Results 

One hundred and fifty patients were included, mean age 67 ± 14 years old, 106 (71%) male. 

Patient demographics are shown in Table 7.1. Out of the 150 patients, 67 (44%) had no 

fibrosis/LGE; 40 (27%) had midwall enhancement; and 43 (29%) had infarction pattern 

fibrosis. Patients with midwall and subendocardial-infarction pattern enhancement also had 

significantly worse left ventricular ejection fraction (LV EF) than patients with no fibrosis (no 

fibrosis/LGE; midwall fibrosis; subendocardial-infarction pattern fibrosis= 67%; 55%; 53% 

respectively, p<0.01). 

 

During a median follow up of 6.7 years (interquartile range [IQR] 4.6-8.2) a total of 34 

patients died: 10 patients (15%) from the no fibrosis/LGE group; 13 (33%) from the midwall 

fibrosis group; and 11 (26%) from the subendocardial-infarction pattern group. 
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Variable No LGE 

(n=67) 

Midwall LGE 

(n=40) 

Infarction LGE 

(n=43) 

P value 

Demographics 

Age (years) 67 ±  14 65 ± 19 68 ± 17   0.79 

Male  48 (72) 27 (68) 31 (72)   0.83 

Medical History 

AF 14 (21) 11 (28) 4 (9)   0.21 

Diabetes 

mellitus 

18 (27) 17 (43) 15 (35)   0.32 

Hypertension 37 (55) 4 (10) 20 (47)   0.63 

Known CAD 29 (43) 19 (48) 41 (95) <0.01 

Creatinine 93 ± 34 102 ± 48 92 ± 25   0.07 

Other Parameters 

NYHA average 2.4 2.5 2.5   0.76 

LBBB 8 (12) 6 (15) 5   0.80 

Euroscore II 2.3 3.5 2.7 <0.01 

Medication      

ACE I 40 (60) 22 (55) 23 (53)   0.80 

Beta-blocker 39 (58) 10 (25) 21 (49)   0.01 

Statin 47 (70) 30 (75) 33 (77)   0.19 

Diuretic 24 (36) 18 (45) 18 (42)   0.64 

Imaging     

Peak AV gradient 

(echo) 

74 ± 26 63 ± 28 57 ± 27   0.02 

AVA area CMR 0.92 ± 0.3 1.0 ± 0.3 0.92 ± 0.3   0.10 

LVEDV 170 ± 61 177 ± 43 178 ± 55   0.55 

LVESV 74 ± 55 89 ± 47 86 ± 43   0.30 

LV EF 67 ± 18 55 ± 21 53 ± 20 <0.01 

LV mass indexed 95 ± 31 111 ± 30 99 ± 21   0.02 

RV EF 62 ± 11 56 ± 14 62 ± 15   0.04 

LA volume 113 ± 54 127 ± 91 108 ± 51   0.42 
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Table 7.1. Patient demographics. Values are mean ± standard deviation (SD) or n (%). ACE I= 

angiotensin-converting-enzyme inhibitor; AF=atrial fibrillation; AVA=aortic valve area by CMR (cm2); 

AV=aortic valve; CAD=coronary artery disease; CMR=cardiovascular magnetic resonance; EF=ejection 

fraction (%); LA=left atrium; LBBB=left bundle branch block; LVEDV=left ventricular end-diastolic 

volume; LVESV=left ventricular end-systolic volume; LV=left ventricle, NYHA=New York Heart 

Association functional classification RV= right ventricle. 

 

The role of midwall fibrosis as a predictor of survival was also supported by Kaplan-Meir 

survival curve estimates showing that the presence of midwall fibrosis was associated with 

worse survival when compared with those patients with no fibrosis/LGE (HR=2.8, 95% CI 

1.2-6.8, p=0.04). There was no evidence that patients with infarction pattern fibrosis had 

different survival rates when compared with those without LGE (HR 2.5, 95% CI 0.98-6.22, 

p=0.13), as shown in Figure 7.1.  

 

Figure 7.1. Kaplan-Meier curves of survival based on presence or absence of midwall or infarction 

pattern fibrosis. Patients with midwall fibrosis (red line) had significantly different survival outcomes 

than patients without any LGE (green line) (HR=2.8, 95% CI 1.2-6.8, p=0.04) whereas the patients 

with subendocardial-infarction pattern fibrosis did not appear to have a statistically different survival 

than the patients with no LGE (HR 2.5, 95% CI 0.98-6.22, p=0.13). 
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Four predictors based on clinical applicability, strength of prediction on univariate analysis 

(Table 7.2) and a consideration of the association between various parameters (e.g. LV EF 

and LV SV) were included subsequently in multivariable model. 

Variable Hazard ratio  95% Confidence interval  P value 

Age at time of scan 1.06 1.03 1.10         <0.01 

Male 0.63 0.21 1.88 0.42 

Diabetes 1.51 0.73 3.14 0.28 

Hypertension 1.15 0.55 2.40 0.72 

Documented CAD 1.78 0.89 3.53 0.11 

ACE I 0.63 0.31 1.30 0.21 

Beta-blockers 1.53 0.74 3.14 0.25 

LBBB 0.79 0.24 2.65 0.70 

LV EF 0.98 0.96 0.99         <0.01 

AV area (by CMR) 1.24 0.38 4.02 0.73 

Peak gradient (Echo) 0.97 0.95 0.99        <0.01 

LVEDV 0.99 0.99 1.00 0.15 

LVESV 1.00 0.99 1.01 0.96 

LV SV 0.98 0.96 0.99        <0.01 

<0.01 LV wall thickness 

(mm) 

0.96 0.81 1.13 0.59 

RV EF 0.97 0.93 0.99 0.04 

LA volume 1.00 0.99 1.01 0.08 

NYHA 1.98 1.07 3.67 0.03 

LGE pattern     

No LGE - - - - 

Midwall LGE 2.65 1.13 6.21 0.03 

Infarction LGE 1.11 0.88 1.39 0.39 
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Table 7.2. Univariate predictors of outcome. On this univariate analysis, age at time of scan, left 

ventricular ejection fraction (LV EF), peak gradient by echo, left ventricle systolic volume (LV SV), 

right ventricular ejection fraction (RV EF) and presence of midwall late gadolinium enhancement 

(LGE) were predictors of outcome. 

 

The multivariable model (Table 7.3) supported the finding that when the LV EF is included in 

the model, the presence of midwall fibrosis no longer remains significant for this selected 

cohort of patients with AS who had AVR. In this cohort, there was a significant difference 

between patients who had no LGE, midwall and infarction pattern fibrosis and their EF, with 

corresponding values of EF=67%, 55% and 53% respectively, p<0.01. 

 

Variable Hazard Ratio 95% Confidence Interval P value 

Age at time of scan 1.05 0.99 0.12 0.09 

LV EF 0.96 0.93 0.99 0.02 

Midwall fibrosis 1.31 0.37 4.67 0.68 

NYHA 1.78 0.78 4.06 0.18 

Table 7.3. Multivariable analysis. On multivariable analysis, only left ventricular ejection fraction (LV 

EF) appeared to be associated with prognosis, with higher EF conferring better prognosis.  

 

Patients with higher EF have significantly better outcomes as shown in the Kaplan-Meier 

estimator curves comparing the tertiles of EF; with upper tertile EF being>70% and lower 

tertile EF being <55% (Figure 7.2). Therefore, when midwall fibrosis and EF are compared 

directly, the EF appears to be a stronger predictor than midwall fibrosis which drops out of 

the model.  
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Figure 7.2. Ejection fraction (EF) tertiles and survival. Higher tertile EF≥70%; lower tertile EF≤55%. A 

reduced EF when moving from both the higher tertile to the lower tertile (HR=2.9, 95% CI=1.24-6.63, 

p=0.02) and from the higher tertile to the mid tertile (HR=2.6, CI=1.04-6.37, p=0.04) was associated 

with an adverse prognosis, but not when moving from the mid tertile to the lower tertile (HR=1.2, 

95% CI=0.58-2.5, p=0.60).   

 

7.4 Discussion 

In this selected cohort of patients scheduled for AVR, we confirmed that midwall fibrosis 

was associated with worse EF despite similar degree of AS severity. Univariate analysis 

demonstrated that the presence of midwall fibrosis and reduced EF were associated with 

increased mortality. When midwall fibrosis was included in a multivariable model with age, 

NYHA class and EF, only the EF remains significantly associated with outcome. 

 

There has been only one previous report investigating the role of midwall fibrosis and EF in 

the survival of patients with AS undergoing AVR (Barone-Rochette et al. 2014). In their 

paper, Barone-Rochette et al. included 154 patients with AS scheduled for AVR, and 

concluded that the visual presence of midwall enhancement on CMR scans (compared with 
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its absence) and NYHA class were the only two predictors of survival. Our work had a 

median follow up of 6.7 years, while the work by Barone-Rochette et al. had a median 

follow up of only 2.9 years. Indeed, if we restrict the follow up of our patients to a maximum 

of three years, acknowledging the reduction in power associated with this, we see that 5/67 

(7%) patients in the no fibrosis/LGE group and 7/40 (18%) in the midwall group (p=0.81) 

died, potentially indicating that the presence of midwall fibrosis has a greater impact in the 

short-term period and that we were potentially underpowered to detect a significant 

difference (Figure 7.3). 

 

Figure 7.3. Kaplan-Meier estimator curves for patients with follow up censored at three years. 

Despite the low number of events during this period (n=12), there is a trend in the patients with 

midwall fibrosis having worse prognosis, HR=2.70, 95% CI=0.855-8.49, p=0.09. 

 

The mortality rate in our study would also appear to be lower than the published study; at 

6.7 years (median) follow up, 34/150 patients  (22.6%, 3.3% per year) died in our cohort 

compared to 21/154 (13.6%, 4.7% per year) over the 2.9 median years follow up observed 

by Barone-Rochette et al. Although it is not possible to directly compare the death rate over 

a different period of time, this would support the fact that the two studies are comparing 

different outcomes, one measuring short to medium term outcome while our work 
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measured longer term outcome, which in itself could potentially explain the different results 

seen.  

Another possible reason for our negative result is that the patients who had fulfilled the 

clinical criteria for surgery (Nishimura et al. 2014; Vahanian et al. 2012) had already 

progressed down the decompensation ladder of AS, with impaired systolic function. As such, 

EF becomes the dominant factor for survival. Our work would also support that AVR 

potentially ameliorates the excess risk seen in a mixed cohort of patients with AS (as 

identified in chapter 6) and we could therefore argue that earlier surgery might be indicated 

in patients with midwall fibrosis, even before the EF shows any evidence of 

decompensation. Large multicentre randomised studies, particularly focused on 

asymptomatic patients who do not fulfil the criteria for surgery, are warranted in order to 

investigate this further, and identify whether imaging for fibrosis might provide useful 

information to guide the timing of surgery. This work also supports the finding that a 

reduction in EF per se is associated with a worse outcome independently of the absolute EF 

value. Current guidelines state that in asymptomatic patients, surgery should only be 

considered when EF<50%. This data would potentially support that a decline in EF, even 

when it is still >50% should initiate a consideration of surgery.   

 

 7.4.1 Study limitations 

As the survival rate in our cohort appeared to be longer following AVR compared with 

published research, this led to fewer events in the follow-up period. Because of this, our 

study might be underpowered to identify the true effect of the presence or absence of 

midwall fibrosis. Furthermore, as our patients had been referred for a clinical CMR scan, 

even if this was based on a local guideline, it is possible that this introduced a referral bias. 
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Finally, we included patients who had AVR up to 12 months following the CMR scan. It is 

therefore possible that some patients who had no LGE initially might have developed 

fibrosis during this period something that could have affected our results.  

 

7.5 Conclusions 

We investigated the prognostic factors in a cohort of AS patients scheduled for AVR, 

including CMR scan data and patient survival. We have shown that although a reduction in 

EF is associated with worse long-term outcomes, there was no evidence to support the 

hypothesis that the presence of midwall fibrosis portends significantly worse long-term 

outcome.  
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Chapter 8 

Lipoprotein(a) in Patients with Aortic Stenosis: Insights from Cardiovascular 

Magnetic Resonance Imaging 

 

8.1 Introduction  

Aortic stenosis (AS) is the most common age-related valvular pathology. Symptomatic 

patients with severe AS have an adverse prognosis and there is therefore a need to identify 

markers that are mechanistically associated with disease progression. Recently, there has 

been much interest in the potential role of Lipoprotein(a) [Lp(a)], a  lipoprotein subclass first 

detected by Berg in 1963 (Berg 1963) and whose physiological function still remains elusive 

(Kostner et al. 2013). Lp(a) consists of a cholesterol-rich low-density lipoprotein (LDL) 

particle with one molecule of apolipoprotein B100 and an additional protein, 

apolipoprotein(a), attached via a disulphide bond (Nordestgaard et al. 2010; Dubé et al. 

2012; Reiner et al. 2011). Increased levels of Lp(a) have been associated with an increased 

risk of calcification of the aortic valve, leading to AS (Thanassoulis et al. 2013; Kamstrup et 

al. 2014). Lp(a) has also been associated with an increase in the rate of progression of AS, 

and the requirement for intervention to relieve the pressure overload (Capoulade et al. 

2015).  

 

Various mechanisms have been proposed as potential explanations for the association 

between Lp(a) and aortic valve calcification and stenosis. One such mechanism suggests that 

after transfer from the bloodstream into the wall of the aortic valve cusps, Lp(a) leads to 

cholesterol deposition in a manner similar to low-density lipoprotein (LDL) cholesterol. This 

possibility is supported by the similarity of the structure of Lp(a)  to LDL, particularly as Lp(a) 
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consists of a low-density LDL cholesterol-rich particle bound covalently to apolipoprotein(a), 

leading to thickening of the aortic valve cusps (Nordestgaard et al. 2010). Another possible 

mechanism relates to Lp(a) promoting thrombosis by competing with plasminogen and 

preventing plasmin from dissolving fibrous clots. This could lead to fibrin deposition and 

aortic valve calcification (Simon et al. 1991). A further mechanism suggests that Lp(a) may  

bind to fibrin and deliver cholesterol to sites of tissue injury,  thus promoting calcification in 

patients with mild AS (Nordestgaard & Langsted 2015; Brown & Goldstein 1987). In addition, 

it has recently been proposed that autotaxin derived from Lp(a) could promote 

inflammation and mineralisation, in turn promoting valve stenosis (Bouchareb et al. 2015). 

 

Aortic stenosis is not merely a pathology of the valve, it affects the left ventricular 

myocardium as well (Weidemann et al. 2009; Azevedo et al. 2010; Dweck et al. 2012; Chin 

et al. 2014). As we have seen in chapter 6, only 34% of patients with moderate or severe AS 

had normal myocardium when assessed using a cardiovascular magnetic resonance (CMR) 

imaging, while 38% showed evidence of midwall myocardial fibrosis and 28% of myocardial 

subendocardial-infarction pattern fibrosis. Although the mechanism through which Lp(a) 

promotes aortic calcification and stenosis is unclear (Nordestgaard & Langsted 2015), if an 

association between Lp(a) and myocardial fibrosis were to be shown, this could have clinical 

implications as patients with fibrosis have a worse outcome as seen in chapter 6. 

Furthermore, this finding could provide an explanation as to why some patients develop 

fibrosis while others with the same degree of valve stenosis do not, thus allowing us to 

better risk-stratify patients from the outpatient setting.  
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As Lp(a) can affect multiple pathways at a cellular level it is not clear what contribution, if 

any, it might have to the development of myocardial fibrosis. On the one hand, Lp(a) can 

compete with plasminogen for binding to lysine residues on the surface of fibrin, leading to 

a reduction of plasmin generation (Anglés-Cano et al. 2001) and associated fibrinolysis. This 

impairment of clot lysis can then lead to an increased accumulation of cholesterol (Anglés-

Cano et al. 1994) and (micro) thrombosis, thus increasing the risk of myocardial fibrosis.  On 

the other hand, Lp(a) has been shown to decrease the level of transforming growth factor 

beta (TGF- β) (Grainger et al. 1994); a factor promoting myocardial fibrosis in patients with 

AS (Dweck et al. 2012) and other conditions (Teekakirikul et al. 2010), therefore leading to a 

reduced risk of fibrosis.  

 

The potential association between Lp(a) and myocardial fibrosis in patients with AS has not 

been previously researched. In this chapter we investigated whether myocardial fibrosis was 

associated with higher levels of Lp(a) and compared the Lp(a) values in the groups of 

patients with mild/moderate and severe AS.  

 

8.2 Methods 

Between 2011 and 2013, consecutive patients with AS who underwent CMR scanning with 

late gadolinium enhancement (LGE) were included. The degree of severity of AS was defined 

according to American College of Cardiology/American Heart Association criteria (Nishimura 

et al. 2014). Patients with a clinical suspicion or evidence of current infection or acute 

coronary syndrome were excluded. The study was approved by the National Ethics 

Committee and the Institutional Review Board and undertaken in accordance with the 

ethical standards of the Declaration of Helsinki.  Written patient consent was obtained. 
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Blood tests were collected on the same day as the CMR scan and analysed as one batch in a 

Biochemistry-approved laboratory.    

The inclusion and exclusion criteria have been discussed in chapter 3. In brief, all patients 

with severe AS and patients with milder AS at the clinician’s discretion were referred for 

CMR. Exclusion criteria included disseminated malignancy, severe aortic regurgitation, 

moderate or severe mitral regurgitation/stenosis, prior valve replacement,  patients with 

contraindications to CMR scanning (including having a pacemaker and defibrillator 

implantation) and estimated glomerular filtration rate  of <30 ml/min (Cockcroft-Gault 

equation). 

 

8.2.1 Data collection 

Demographic characteristics and past medical history were collected from the patients and 

their hospital or community records on the day of the CMR scan.  All medical conditions and 

prescribed medication were recorded. The presence of coronary artery disease was defined 

as prior coronary revascularization or the presence of significant coronary artery stenosis, as 

assessed by invasive or computed tomography coronary angiography with >50% lumen 

diameter narrowing of a vessel of 2mm diameter or greater. 

 

8.2.2 Cardiovascular magnetic resonance 

The CMR scanning was performed using a 1.5T scanner (Magnetom Sonata or Avanto, 

Siemens, Erlangen, Germany) and a standardised protocol as described in chapter 3.  
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8.3.3 Image analysis 

Image analysis was undertaken using dedicated software (CMR Tools, Cardiovascular 

Imaging Solutions, London, UK) for volumes and ejection fraction, mass and 

presence/pattern of fibrosis, as described in chapter 3.  

 

8.3.4 Lipoprotein(a) 

Lp(a) was measured using Sentinel Diagnostics Lp(a) Ultra, an isoform independent latex 

immunoassay developed for assessing Lp(a) levels. When an antigen-antibody reaction 

occurred between Lp(a) in a sample and the anti-Lp(a) antibody, this resulted in 

agglutination detected as an absorbance change, with the magnitude of the change being 

proportional to the quantity of Lp(a) contained in the sample.  This analysis was carried out 

on serum from our patients taken on the day of the CMR scan and stored in a dedicated 

space in a biobank freezer at -80oC until the day of analysis.  

 

8.3.5 Statistical analysis 

Baseline patient characteristics are presented as mean and standard deviation for 

continuous variables, number (percentage) for categorical variables, and median (inter-

quartile range [IQR]) for non-parametric continuous variables, as appropriate. All analyses 

were undertaken using Stata 14.0 software (College Station, Texas, USA). The groups of 

patients with mild and moderate AS were merged into one group to increase numbers and 

they were compared directly with the group of patients with severe AS. Mann-Whitney U 

tests were used to assess whether there was any evidence of an association between Lp(a) 

and AS severity (mild/moderate or severe), and also between Lp(a) and the presence or 

absence of myocardial fibrosis. Finally, univariate and multivariable linear regression 
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analyses were undertaken to identify possible predictors of Lp(a). A p <0.05 was taken as 

significant, utilising the Bonferroni correction for multiple comparisons.  

 

 

8.4 Results 

In total, 110 patients with mild/moderate or severe AS who completed a CMR examination 

were recruited. Patient baseline characteristics are shown in Table 8.1 and baseline 

pharmacotherapy is shown in Table 8.2.  

Demographics Patients (SD or %) 

Age, years 76 ± 10 

Male, n (%) 77 (70.0) 

Hypertension, n (%) 59 (53.6) 

Diabetes mellitus, n (%) 25 (22.7) 

Current smoker, n (%) 5 (4.6) 

Any coronary artery disease, n (%) 41 (37.3) 

Previous stroke, n (%) 3 (2.7) 

Atrial fibrillation, n (%) 11 (10) 

Hypercholesterolaemia, n (%) 70 (63.6) 

NYHA ≥ II 83 (75.4) 

Caucasian 98 (89.1) 

Table 8.1. Patient characteristics. 
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Medical therapy Patients ( %) 

Aspirin, n (%) 64 (58.2) 

Clopidogrel, n (%) 16 (14.5) 

ACE I/ARB, n (%) 52 (47.3) 

Beta blocker, n (%) 46 (41.8) 

Calcium channel blocker, n (%) 16 (14.5) 

Diuretic, n (%) 58 (52.7) 

Warfarin, n (%) 10 (9.1) 

Amiodarone, n (%) 4 (3.6) 

Statin, n (%) 74 (67.3) 

Table 8.2. Baseline pharmacotherapy of patients at the time of the cardiac magnetic resonance 

(CMR) study. 

 

8.4.1 CMR assessment of myocardial fibrosis 

Of the cohort, 36 patients (32.7%) did not show any signs of LGE, indicating that there was 

no macroscopic myocardial replacement fibrosis. A total of 38 (34.6%) patients had midwall 

enhancement suggestive of midwall fibrosis, and 36 (32.7%) patients showed evidence of 

subendocardial myocardial fibrosis, a pattern typical for myocardial infarction. CMR 

scanning and biochemical data are shown in Table 8.3. 
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Biochemical and CMR data Patients (IQR, SD or %) 

Lp(a), mg/L, median (IQR) 309  (78-688) 

Creatinine, μmol/L 99 ±  35 

CMR aortic valve area, cm
2
 0.9 ±  0.3 

LVEF, % 58.6 ± 16 

LV Mass, g 167 ± 54 

CMR myocardial tissue characterisation  

• No myocardial fibrosis, n (%) 36 (32.7) 

• Midwall fibrosis, n (%) 38 (34.6) 

• Infarction pattern fibrosis, n 

(%) 

36 (32.7) 

Lp(a) by CMR fibrosis group  

• No myocardial fibrosis, mg/L 216 (55-790) 

• Midwall fibrosis, mg/L 287 (72-531) 

• Infarction pattern fibrosis, mg/L 418 (123-688) 

Table 8.3. Patient biochemical and cardiac magnetic resonance (CMR) characteristics. Of the 

patients with no fibrosis, 6 (16.2%) had a history of coronary artery disease (CAD); from the midwall 

fibrosis group, 12 (30%) were known to have CAD; and from the infarction pattern fibrosis, group 23 

(63.9%) were known to have CAD. IQR=interquartile range. 
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 8.4.2 Lipoprotein(a) level 

There was no significant difference between the Lp(a) level seen in the patients in the mild, 

moderate and  severe AS groups: values 541 (91-1043), 368 (94-619) and 242 (72-700), 

respectively as shown in Figure 8.1.  

 

Figure 8.1. Box-plots of groups of patients with mild, moderate and severe aortic stenosis (AS) and 

lipoprotein(a) (Lp[a]) level,  showing no significant difference between the groups by severity of AS 

and Lp(a) levels.  

 

The concentration of Lp(a) seen in patients with mild/moderate AS (Aortic valve area, 

AVA=1.0-2.5cm2) and severe AS (AVA<1.0cm2) was compared using the Mann-Whitney U 

test. The median value for the group with mild/moderate AS was 384mg/L (91-656), and for 

the group with severe AS it was 242 mg/L (72-700). There was no significant difference 
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between the severity of AS (mild/moderate vs severe) and the level of Lp(a), p=0.64 as 

shown in Figure 8.2.  

 

Figure 8.2. Box-plots of lipoprotein(a) (Lp[a]) concentration in groups of patients with 

mild/moderate and severe aortic stenosis (AS). There was no difference in the level of Lp(a) in the 

patients whether they had mild/moderate or severe AS. 

 

We further evaluated whether Lp(a) was associated with midwall or infarction pattern 

fibrosis. As there was no difference between the groups with mild/moderate and severe AS 

and Lp(a) level,  these were merged for subsequent analysis. No association between the 

presence and absence of fibrosis and Lp(a) was identified, as shown in Figure 8.3. 
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Figure 8.3. Values in the three groups (no fibrosis/no gadolinium, midwall, infarction) were 

compared and no significant difference between the groups was found. 

 

In addition, we evaluated possible associations between other potential adverse predictors 

in AS with Lp(a) value. Univariate linear analysis per Lp(a) 100mg/L was undertaken between 

patients in the midwall fibrosis vs. no fibrosis; infarction pattern fibrosis vs. no fibrosis; and 

any fibrosis (midwall or infarction) vs. no fibrosis. No association was found between Lp(a) 

and either fibrosis pattern (midwall p=0.77; infraction pattern p=0.62; any fibrosis p=0.91). 

There was no correlation between Lp(a) and any other parameters including left ventricular 

ejection fraction (LVEF) (Spearman correlation 0.14, p=0.14), LV hypertrophy (Mann-

Whitney U Test p=0.22), LV mass (correlation 0.04, p=0.68), gender (female median = 577, 

[IQR 111-741], men 172 (72-558), Mann-Whitney U test p=0.10);  age (Spearman correlation 

0.03, p=0.72); aortic valve area (Spearman correlation 0.09, p=0.35),  evidence of pre-
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existing coronary artery disease (Mann-Whitney U test p=0.61) or C-Reactive Protein 

(Spearman correlation 0.16, p=0.13).  

 

8.5 Discussion 

Interest in the role of Lp(a) in AS has been increasing as Lp(a) has been shown to be causally 

associated with increased calcification and the need for aortic valve replacement 

(Capoulade et al. 2015; Hung & Tsimikas 2014). However, the mechanism by which Lp(a) 

might promote this remains unclear. Critically, it also remains to be seen whether Lp(a) is 

associated with an increased likelihood of myocardial changes as reflected by increased 

myocardial fibrosis. In addition, from a clinical perspective it must be determined if lowering 

the Lp(a) level in patients with mild/moderate AS might alter the rate of stenosis 

progression and the subsequent need for intervention. An initial pilot study to investigate 

this question is currently recruiting participants: the Early Aortic Valve Lipoprotein(a) 

Lowering Trial (EAVaLL)(Kotar & Thanassoulis 2015). Patients with aortic sclerosis or mild 

stenosis are being randomised to a niacin group or placebo. The primary end-point is a 

calcium score progression by cardiac computed tomography (CT) in the patients randomised 

to niacin vs. placebo at two years. Therefore, Lp(a) could provide a novel therapeutic target 

in addressing this clinically unmet need. At the same time, myocardial fibrosis is an adverse 

predictor of survival and higher levels of Lp(a) could potentially lead to increased or 

decreased myocardial fibrosis, depending on the dominant signalling pathway.   

 

This is the first study to explore the potential mechanistic role of Lp(a) in contributing to LV 

myocardial fibrosis. We found no evidence to support an association between Lp(a) and 

ventricular fibrosis. Moreover, in the patients with CMR evidence of myocardial infarction, 
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the Lp(a) level was not significantly different to the other groups, supporting a finding that 

Lp(a) mediated thrombosis is less likely to be implicated, perhaps as the Lp(a) level is not 

very high. Furthermore, it is also likely that the two opposing mechanisms influenced by 

Lp(a), one promoting and one reducing fibrosis, are running in parallel, leading to an overall 

neutral effect. This finding is reassuring as it suggests that although Lp(a) increases 

calcification and the need for intervention, it is not per se associated with the increased 

arrhythmogenicity and mortality seen in patients with myocardial fibrosis.  

 

Moreover, we observed no association between the level of Lp(a) concentration and the 

severity of AS.  This lack of association could suggest  that Lp(a) might potentially have an 

initial effect in promoting early calcification; however, once beyond initial stenosis the 

calcification pathway is independent of Lp(a), explaining why in our study we observed no 

significant difference between patients with mild/moderate and severe AS.  

 

8.5.1 Study limitations 

One limitation of our study is that it is based on a single centre, with a high proportion of 

caucasian patients. It remains to be shown whether these results could be extended to 

include other races. Secondly, in AS the myocardial infarction pattern could relate to either 

atherosclerotic coronary disease or embolic disease, therefore skewing the potential effect 

of Lp(a). However, even when a history of documented CAD was adjusted for, there was no 

association between fibrosis and Lp(a) level. It is important to note however that Lp(a) is 

only significantly associated with an increased risk of myocardial infarction when present at 

levels exceeding 500mg/L (Nordestgaard et al. 2010). As the majority of the patients in our 

study had lower values, this could explain the lack of association. Thirdly, our cohort 
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included 14 patients with bicuspid aortic valves and given that Lp(a) has a genetic 

component this could have influenced the results. However, even when these 14 patients 

were excluded from the analysis, this did not influence the result outcome. Fourthly, our 

study of 110 patients is the largest study to date comparing Lp(a) and myocardial fibrosis 

assessed with CMR scanning. Despite this, there were only 38 patients in the midwall 

fibrosis group and 36 in the infarction pattern group. It is therefore possible that with higher 

numbers a small association might have been observed between Lp(a) and the pattern of 

fibrosis. We have estimated, however, that using the currently available sample size and the 

standard deviation of Lp(a), at a significance level of 0.05 there would be 80% power to 

detect a mean difference of 200 mg/L or greater between groups with mild/moderate and 

severe AS; therefore the study was powered to detect clinically relevant differences in Lp(a). 

Likewise, our mild and moderate groups had low numbers which could have stopped us 

from observing a small difference in Lp(a) level. A final limitation of our study is that we did 

not use a control group of patients without aortic stenosis, however the standard reference 

range for Lp(a) is well defined, with Lp(a) levels >500 mg/L representing a prevalence of 

>80th percentile (Tsimikas & Hall 2012). 

 

8.6 Conclusion 

In conclusion, our study shows no association between Lp(a) and LV midwall or infarction 

pattern fibrosis when compared with patients with no fibrosis, therefore suggesting that 

Lp(a) is unlikely to mediate fibrosis in patients with AS. Additionally, patients with 

mild/moderate and severe AS have similar levels of Lp(a). The mechanistic influence of Lp(a) 

in patients with AS remains unclear and future studies should aim not only to identify this, 

but also establish whether a reduction in Lp(a) in the early stages of mild AS in the patients 
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with very high Lp(a) levels, either using high dose niacin (Reiner et al. 2011), apheresis (Khan 

et al. 2015) or novel PKCS9 inhibitors (Sabatine et al. 2015) might improve stenosis 

progression and outcomes.  
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Chapter 9 

Risk Modelling for the Prediction of Myocardial Fibrosis in Aortic Stenosis: 

The Development of a Scoring System 

 

9.1 Introduction 

As reviewed in chapter 1, aortic stenosis (AS) is a common valvular pathology, leading to 

significant morbidity and mortality. Left untreated it leads to substantial pressure overload, 

ventricular dilation and decompensation. Myocardial replacement fibrosis precedes this 

phase and can be identified non-invasively using cardiovascular magnetic resonance (CMR) 

imaging. This replacement fibrosis is also associated with worse outcomes in patients with 

AS. Undertaking CMR imaging in all patients with AS is not feasible as there are not enough 

CMR scanners and it would not be cost effective. There is therefore a need for the 

development of a risk calculating tool for use in the clinical setting that reflects the 

biological processes associated with the development of myocardial fibrosis in order to 

guide treatment management. 

 We hypothesised that a clinical risk score would allow identification of patients at high risk 

of having any myocardial replacement fibrosis (midwall fibrosis or subendocardial-infarction 

pattern fibrosis). Using two separate cohorts we developed and validated a prototype risk 

score, called the “Fibrosis Risk Score” which is presented in this chapter.  

 

9.2 Methods 

Between 2011 and 2014, consecutive patients with AS who underwent a CMR scan with late 

gadolinium enhancement (LGE) were invited to take part in our study, and the results were 
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used to derive the risk score (the derivation cohort). The results of a further 26 patients 

recruited in 2015 were used to validate the risk score (the validation cohort). 

  

The study was approved by the National Ethics Committee and the Institutional Review 

Board and undertaken in accordance with the ethical standards detailed in the Declaration 

of Helsinki.  Written consent was obtained from patients in both cohorts.  

 

In our institution, CMR imaging is routinely recommended for all patients with severe AS, 

and where the clinical team requires further information regarding the severity of AS or left 

ventricular (LV) function or aortic dimensions. We excluded patients with disseminated 

malignancy, severe aortic regurgitation, moderate or severe mitral regurgitation/stenosis, 

patients with previous valve replacement operations, patients with contraindications to a 

CMR scan (including pacemaker and defibrillator implantation), and those with an estimated 

glomerular filtration rate (Cockcroft-Gault equation) of <30 ml/min.  

 

9.2.1 Data collection 

Patient demographic characteristics and medical histories were collected from the patient 

and their hospital records or community records were reviewed on the day of the CMR scan.  

All medical conditions and prescribed medications were recorded. The presence of coronary 

artery disease was defined as prior coronary revascularization or the presence of significant 

coronary artery stenosis as assessed by invasive or computed tomography coronary 

angiography by >50% lumen diameter narrowing of a vessel of 2mm diameter or greater. 
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9.2.2 Cardiovascular magnetic resonance 

Cardiovascular magnetic resonance imaging was performed using a 1.5T scanner 

(Magnetom Sonata or Avanto, Siemens, Erlangen, Germany) and a standardised protocol, as 

described in chapter 3. 

 

9.2.3 Image analysis 

Image analysis was undertaken using dedicated software (CMR Tools, Cardiovascular 

Imaging Solutions, London, UK) as described in chapter 3. 

The presence and pattern of LGE were assessed by two independent expert observers and 

used to categorise each patient according to the presence or absence of myocardial fibrosis, 

and if present, whether it was midwall fibrosis or subendocardial-infarction pattern fibrosis. 

However, the final analysis in this study was undertaken based on the presence of any 

fibrosis (midwall or subendocardial-infarction pattern). The analysis was undertaken on 

anonymised data. A third observer adjudicated if there was a disagreement between the 

initial two observers.  

 

9.2.4 Biomarker analysis 

Bloods were collected on the same day as the CMR and biomarker analysis was undertaken 

in the biochemistry laboratory at the Royal Brompton Hospital, London as described in 

chapter 3.  

 

9.2.5 Statistical analysis 

Baseline patient characteristics are presented as mean and standard deviation (SD) for 

continuous variables, number (percentage) for categorical variables, and median (inter-
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quartile range) for non-parametric continuous variables, as appropriate. All analyses were 

undertaken using Stata 14.0 (College Station, Texas, USA). Univariate and multivariable Cox 

models were created and forward stepwise selection was used to find the optimal logistic 

regression model to predict fibrosis from all of the potential predictors. This multivariable 

model was used to assign predicted probabilities of fibrosis to each patient, and checked 

using the Hosmer-Lemeshow goodness-of-fit test and the receiver operator curve (ROC) 

statistic. 

 The model was firstly internally validated using a bootstrap method.  Secondly, the model 

was used to predict the presence of any fibrosis for each patient in the validation cohort and 

how this prediction related to the CMR scan findings.   

 

9.2.6 Computer programming 

The fibrosis risk score was implemented through a dedicated website (www.ecvlab.com) 

and a mobile phone application was programmed using Python TM programming language as 

described in chapter 3. 

 

9.3 Results 

Overall, 113 patients with AS (age 78 [70, 83]; 71% males, mean valve area=0.9cm2) 

underwent CMR scanning to determine the presence of midwall fibrosis or infarction as 

shown in Figure 9.1. 

http://www.ecvlab.com/
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Figure 9.1. The cohort of patients used to derive the model. The chart shows the patients recruited 

and their pattern of fibrosis based on a CMR scan.  

 

Thirty-seven patients showed no evidence of fibrosis/LGE; 76 patients had fibrosis, 40 had 

midwall fibrosis and 36 had subendocardial-infarction pattern fibrosis. All 91 potential 

predictors available based on patient demographics, biomarker results and CMR parameters 

were included in a univariable model (Table 9.1). Those with p<0.2 were subsequently 

included in a multivariable model, as per similar previous work (Chin et al. 2015).   
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Variable Odds Ratio 95% Confidence Interval P value 

NT-Pro BNP (per log pg/mL) 1.83 1.33 2.51    <0.01 

BNP (per log pg/mL) 2.16 1.32 3.55    <0.01 

LV EF (per 10%) 0.61 0.45 0.84    <0.01 

Platelets (per 100) 0.33 0.14 0.73    <0.01 

Age (per 10 years) 1.64 1.10 2.43 0.01 

LV ESV (per 10) 1.12 1.02 1.23 0.02 

Euroscore II (per 1) 1.28 1.04 1.57 0.02 

LA Volume (per 100 mm) 3.03 1.21 7.58 0.02 

OPG (per log pmol/L) 3.20 1.17 8.80 0.02 

Bilirubin (per μmol/L) 1.11 1.01 1.22 0.03 

LA vol indexed (per 100mL) 6.09 1.16 31.88 0.03 

LA area 4Ch (per 100mm) 1.06 1.00 1.12 0.03 

BMI (per kg/m2) 0.92 0.84 1.00 0.05 

OPN (per log ng/mL) 2.81 0.99 7.98 0.05 

Albumin (per g/L) 0.89 0.79 1.00 0.06 

Urea (per mmol/L) 1.15 1.00 1.32 0.06 

LV EDV (per 10) 1.07 1.00 1.15 0.06 

Creatinine (per 10 μmol/L) 1.16 0.99 1.35 0.06 

Sodium (per mmol/L) 0.89 0.78 1.01 0.07 

LV mass (per 10g/m2) 1.08 0.99 1.17 0.08 

LA area 2Ch (per 100 mm) 1.04 0.99 1.10 0.08 

Troponin I (per log µg/L) 2.21 0.88 5.57 0.09 

Wall thickness (per mm) 1.13 0.96 1.34 0.14 

Echo PG (per 10) 0.90 0.79 1.04 0.15 

Echo MG (per 10) 0.86 0.70 1.07 0.17 
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Height (per 10cm) 1.27 0.88 1.84 0.20 

ALT (per 10 U/L) 1.25 0.88 1.77 0.21 

Potassium (per mmol/L) 1.89 0.68 5.23 0.22 

Echo V max (per 1) 0.77 0.49 1.21 0.25 

Q wave on ECG 1.33 0.67 1.44 0.25 

Systolic BP (per 10mmHg) 0.90 0.74 1.09 0.28 

ST2 (per log ng/ml) 1.58 0.66 3.76 0.30 

Diastolic BP (per 10mmHg) 0.85 0.61 1.19 0.35 

CRP (per 10mg/L) 1.12 0.86 1.47 0.38 

Stroke Volume (per 10) 0.93 0.80 1.09 0.39 

Weight (per 10kg) 0.90 0.72 1.14 0.39 

BSA (per 1) 0.57 0.16 2.07 0.40 

RV EF (per 10%) 0.87 0.62 1.21 0.40 

Vitamin D (per 10nmol/L) 0.91 0.73 1.13 0.41 

Echo valve area (per 0.1) 1.05 0.94 1.18 0.41 

Pulse (per 10) 1.14 0.83 1.56 0.42 

Peak A (per 10) 1.05 0.92 1.19 0.47 

ALP (per 10 U/L) 1.05 0.91 1.21 0.49 

PCV (pr %) 0.97 0.89 1.06 0.51 

CMR area (per 0.1) 0.96 0.83 1.11 0.58 

HB (per g/dL) 0.93 0.73 1.19 0.58 

Corr. calcium (per 0.1mmol/L) 0.94 0.64 1.39 0.76 

Lp(a) (per 100mg/dL) 1.01 0.90 1.12 0.91 

STS mortality (per 1) 0.99 0.85 1.17 0.94 

LA length (per 10mm) 0.99 0.67 1.46 0.96 

Table 9.1. Univariate predictors of fibrosis. The table shows the variables associated with the 

presence of any fibrosis. 
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In a multivariable model, platelet count, urea, LVEF and NT-Pro BNP remained significant 

(Table 9.2).  

Variable Odds Ratio 95% Confidence Interval P value 

Platelets (per 10) 0.84 0.75 0.94    <0.01 

Urea (≥ 7.5mmol/L) 4.03 1.24 13.15 0.02 

LV EF (per %) 0.94 0.89 0.99 0.02 

NT Pro BNP (≥  450 pg/mL) 3.75 1.06 13.34 0.04 

Table 9.2. Multivariable predictors of fibrosis. In a multivariable model, platelets, urea, LVEF and NT-

Pro BNP were associated with any fibrosis.  

 

The final multivariable model was used to develop a clinical prediction model to assign a 

predicted probability of fibrosis to each patient. This was based on the three biomarkers and 

the LVEF as follows: 

 

Risk of any fibrosis= [911.32 * (0.84(Platelets/10) ) * (4.03Urea) * (0.94LVEF) * (3.75NT-Pro BNP)]     
                                  /1 + [911.32 * (0.84(Platelets/10) ) * (4.03Urea) * (0.94LVEF) * (3.75NT-Pro 

BNP)] 

 

 A histogram of these probabilities can be seen in Figure 9.2, indicating whether the patients 

did have (red bar) or did not have (blue bar) fibrosis. 
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Figure 9.2. Histogram of the probability of fibrosis. The model is based on the platelet count, urea 

level, NT-Pro BNP level and left ventricular ejection fraction (LV EF), from which the probability of 

any fibrosis can be calculated for each patient.  The sensitivity is shown in green and the specificity in 

golden-brown. The red bar represents patients who had fibrosis on CMR scanning, and the blue bar 

represents patients who did not have fibrosis.  

 

Depending on the clinical setting, the model allows for variable cut-off values to adjust 

sensitivity and specificity according to clinical requirements. For example, a probability cut-

off of 0.50 will give 90% sensitivity of predicting any fibrosis with 55% specificity, whereas a 

cut-off value of 0.90 will give 50% sensitivity with a specificity of 93%. Examples of patient 

risk of fibrosis can be seen in Figure 9.3.  
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Figure 9.3. Predicting the risk for fibrosis using the model. The figure shows that a patient with 

platelets=350, urea=7, LVEF=50% and NT-Pro BNP=250 has an 8% risk of fibrosis. If this value (0.08) 

was used as a cut off on the histogram in Figure 9.2, the sensitivity would be 100% and 10% 

specificity in predicting fibrosis. Conversely, if a patient has platelets=220, urea=11, LVEF=40% and 

NT-Pro BNP=360, then the probability of fibrosis is 87%. If this value (0.87) was used as a cut-off, 
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then the model would have 50% sensitivity and 92% specificity to detect fibrosis. The values can be 

automatically calculated from www.ecvlab.com once the four variables are inserted. 

  

9.3.1 Internal validation 

A Hosmer-Lemeshow goodness-of-fit test indicated acceptable calibration of the model 

(p=0.44). The receiver operating characteristic (ROC) was 0.86, suggesting good 

discrimination. A bootstrap method was used to internally validate the discrimination of the 

model and the bias was estimated to be 3.9% (95% confidence interval [CI] 0.2%-9.9%) 

suggesting only a small amount of bias. 

 

9.3.2 External validation  

The 2015 cohort of patients was used as an external validation cohort for the model: 26 

patients were included, and the model was used to identify/predict the risk of fibrosis.  

This percentage risk of fibrosis was divided into quartiles as shown in Table 9.3 and 

correlated well with the true presence or absence of fibrosis based on the CMR scans.  For 

this external validation cohort, the ROC was 0.73. However, in view of the small number of 

patients, the confidence interval was relatively large (95% CI 0.50-0.97). Nonetheless, this 

process supported the findings of the internal validation. Despite this, further full external 

validation is required in order to corroborate these findings fully.  

 

http://www.ecvlab.com/
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Table 9.3. Fibrosis risk prediction. How the fibrosis risk predicted was associated with the true 

presence or absence of fibrosis.  

 

9.4 Risk Score Model Dissemination 

In the current era of social media and widely available access to the internet, it is 

particularly important to disseminate the results in an easy and readily available forum. 

Therefore, in order to increase awareness of this model and the dissemination of its use, a 

dedicated website has been created (www.ecvlab.com) as well as an application that can be 

downloaded onto a mobile phone. This is a unique feature of the current work, and it is 

freely available, giving everyone the opportunity to calculate the risk score in any outpatient 

environment. An example of utilisation though a mobile phone application is shown in 

Figure 9.4. 

 

http://www.ecvlab.com/


205 
 

Figure 9.4. A fibrosis risk score calculator. As part of this PhD thesis, a fibrosis risk score calculator 

has been created and is freely available on the internet to allow estimation of the risk of fibrosis. The 

same score can be made available through an “app” on mobile phones-fourth column far right 

“app”. The image above is from a mobile phone screenshot showing the application ("app") for 

fibrosis risk score (FR Score) available for download from our dedicated website, www.ECVlab.com. 

This can be used to enhance the availability of the score and increase its use in clinical and research 

practice.  

 

9.5 Discussion 

Using a large cohort of patients with AS and who had undergone CMR scanning to 

determine myocardial fibrosis, we identified, internally validated and externally confirmed a 

risk score for fibrosis based on simple imaging and biomarker parameters. Current 

guidelines recommend intervention to relieve the stenosis in the presence of symptoms or 

LV EF <50% (Nishimura et al. 2014; Vahanian et al. 2012). However, these guidelines are 

potentially limited because they allow patients to decompensate before they are eligible for 

intervention, and subsequently they have a poorer response to treatment. Therefore, 

appropriate use of CMR scanning to identify earlier signs of decompensation, potentially 

including fibrosis, might enable better monitoring and appropriate intervention for such 

patients (Chin et al. 2015). CMR represents an excellent imaging modality for such patients 

as it is safe and radiation-free and also gives information on the valve (gradient, anatomy, 

valve area), the aorta (size, coarctation) and the myocardium (LV and RV function, left atrial 

(LA) size, myocardial thickness and fibrosis). However, not all patients can undergo a CMR 

study and, crucially, its use is limited by clinical availability in many parts of the country and 

indeed the world. Therefore, a simple risk score to predict fibrosis is an important step as it 

has two potential uses:  

 

http://www.ecvlab.com/
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1. The score can be used to streamline the use of CMR scanning and gadolinium in 

patients with AS. The flexibility and versatility of the model allows it to be modified 

to support different clinical environments and needs. For example, where a CMR 

scan is easy to obtain, a low cut-off value of fibrosis risk (e.g. 20%) could be used to 

allow increased sensitivity (95% in this case), whereas when it is difficult to access, a 

high cut-off (e.g. 90%) will allow high specificity (93%). Furthermore, even if the 

patients do undergo a CMR scan, if the need for gadolinium is negated (by correctly 

estimating the presence/absence of fibrosis in advance), then the duration of the 

scan could be quicker and not require intravenous cannulation or contrast 

administration, which can reduce both the time of the scan and the cost.  

2. This model has the potential to be used as a serial early marker of decompensation, 

allowing annual monitoring of patients with asymptomatic AS. Once the percentage 

risk increases, it would be suggestive of decompensation and a CMR scan can be 

arranged and the patient potentially considered for surgery. However, this will need 

to be fully validated in a prospective study. 

 

9.5.1 Study limitations 

Although the model is designed to “predict” the presence of myocardial fibrosis, it is not 

clear whether the potential impact on management and subsequent intervention would 

improve outcomes. Although it would be logical to assume this given the evidence of worse 

outcome in the patients with fibrosis (Dweck et al. 2011; Vassiliou et al. 2014; Barone-

Rochette et al. 2014) it needs to be confirmed either in a prospective study or 

retrospectively in multi-centre work where both CMR scanning and biomarker parameters 

are available from the time of the CMR. The midwall and infarction fibrosis groups were 
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merged in order to provide adequate power, however, a separate model for each of these 

pathologies might have better sensitivity and specificity. Nonetheless, both midwall and 

infarction fibrosis have similarly adverse prognosis on univariate analysis, as seen in chapter 

6, justifying using a combined approach. In addition, although our model has shown strong 

internal validation and good external association from a separate small cohort in our 

institution, we did not have large external validation from a separate institution which is the 

gold standard for any risk model. Finally, this work was carried out in a single institution 

with a predominantly caucasian patient population, therefore it remains to be seen if it 

would be applicable in other populations.  

 

9.6 Conclusion 

We have developed, internally validated and externally confirmed, a flexible fibrosis risk 

score model, which could be used in clinical practice to reduce the need for CMR scanning, 

but also through serial monitoring identify patients at risk of early decompensation. The 

model is versatile and can be adjusted according to the clinical need. Prior to full 

implementation in clinical practice however, a full external validation and investigation into 

the association of this model with longer-term clinical outcomes should be considered.  
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Chapter 10  

Conclusion and Future Directions 

 

The work in this thesis has addressed many important questions about the role of imaging 

and the identification of fibrosis in patients with aortic stenosis (AS). However, many more 

questions have been generated, which will need to be considered in the future in order to 

establish the optimal management of patients with AS. Some of these questions are 

discussed in this chapter. 

 

10.1 Phantom work for T1 mapping 

In chapter 4, we successfully prepared phantoms to mimic native and post-gadolinium (Gd) 

blood and myocardium T1 values in a standard biochemistry laboratory. Any hospital using 

T1 mapping could prepare their own phantoms for quality assurance purposes. Our 

preparation has been easy to replicate, and crucially, has been stable for up to one year. 

This work has demonstrated that both temperature and heart rate variability affect the T1 

values and therefore these need to be considered when imaging phantoms, especially when 

systems are being calibrated. In the future, all units utilising T1 mapping either for clinical 

scans or research should undertake routine scanning of phantoms, potentially at a monthly 

interval, given the stability of the phantoms we have shown. This will enable safeguarding 

against expected or unexpected upgrades, but also allow comparison of longitudinal values 

in the same patients if this becomes an important research or clinical question.  
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10.2 New MOLLI sequences for interstitial fibrosis 

From a technical perspective, multiple MOdified Look-Locker Inversion-recovery (MOLLI) 

sequences are now being used for research and in the clinical setting, many of these are 

without robust validation. In chapter 5, we provided validation for the accuracy and 

precision of the specific 11 heart beat MOLLI sequence used in this study, and optimised an 

imaging protocol to allow best results. However, as there are many sequences across the 

various vendors, T1 mapping values are not standardised. Some vendors offer multiple T1 

mapping sequences which do not even have absolute agreement between them. The 

Siemens 448B and Siemens 448C for example have an absolute difference of ~50ms in the 

native state. A value of 1000ms might therefore be completely normal using one sequence 

but abnormal using the other one. The sequences cannot therefore be considered 

interchangeable, and care should be taken by clinicians who are given a T1 value to 

interpret without further information about the sequence used. This increases the risk of 

incorrect interpretation. All sites using T1 mapping must carry out scanning of healthy 

volunteers across all age groups in order to define normal ranges for the particular 

sequence/scanner/post-processing utilised. In addition, the use of phantoms such as the 

ones we describe, makes it possible to standardise all the vendors and sequences used by 

introducing an algorithm to estimate results for each specific scanner/sequence/post 

processing. This would result in something equivalent to prothrombin time and the 

international normalised ratio. There will be one universal result, independent of the 

imaging T1 method. However, this will be both time consuming and carry a financial burden, 

therefore the T1 mapping Consensus Group (Moon et al. 2013) should be encouraged to 

consider and provide advice in the next review meeting. In addition, the development of 

whole heart non-breath-hold MOLLI sequences would should also help by making it easier 
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to undertake even in breathless patients and potentially further improving accuracy and 

precision.  

 

10.3 Prognostic role of late gadolinium enhancement in aortic stenosis 

In chapter 6, we demonstrated that the role of late gadolinium enhancement (LGE) is 

prognostic in the long-term follow up of a mixed cohort of patients with AS. This is an 

important finding, as midwall fibrosis had an additive adverse prognostic effect on the 

ejection fraction. It suggests that the fibrosis is associated with a worse outcome and 

indicates an early phase of decompensation, thus identifying a cohort of patients who are 

more at risk. However, simply identifying an association that leads to adverse outcomes will 

not lead to better survival for those patients without an intervention. We need to establish 

why these patients die, and importantly, whether this is mediated via arrhythmia or heart 

failure. Future researchers could consider using implantable loop recorders in asymptomatic 

patients with severe AS, as well as patients who have undergone aortic valve replacement, 

to see whether the arrhythmia burden corresponds with midwall fibrosis. A risk score could 

subsequently be utilised to identify patients who will be at a high risk of arrhythmia who 

might benefit from earlier surgery or prophylactic implantable defibrillators following 

surgery as well as closer follow up after surgery. 

  

In chapter 7, we found that fibrosis failed to show a significant additive role in predicting the 

outcome in a multivariable model, including ejection fraction, in patients who had 

undergone surgical aortic valve replacement (AVR), although it was significant in univariate 

analysis. It is possible that as our sample was small and therefore underpowered. However, 

it is also possible that surgical intervention ameliorates the risk associated with the fibrosis, 
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supporting the finding that earlier intervention might be appropriate in patients with 

midwall fibrosis. Larger studies should therefore be undertaken with patients who undergo 

surgery in order to fully assess whether the procedure truly ameliorates the risk associated 

with midwall fibrosis. Our work suggests that a group of approximately 400 patients will be 

required in order to show the true effect of midwall fibrosis in the AVR population, 

something that is not easy to achieve through a single centre. Recently, the British Society of 

Cardiovascular Magnetic Resonance (BSCMR) has identified six centres (our institution, the 

Royal Brompton, being one of them) to contribute data to a retrospective registry on 

patients who have undergone cardiac magnetic resonance (CMR) scanning, and AS, and are 

undergoing intervention. We hope to gather data from around 600 patients. This should 

address the true role of midwall fibrosis in such patients. 

In addition, a lot of weight is currently assigned to the guidelines on symptomatology and 

reduced ejection fraction before someone is considered for surgery. It could be that the 

fibrosis should also be considered as an additional imaging marker leading to consideration 

of surgery independently of the ejection fraction.  A randomised study of asymptomatic 

patients with midwall fibrosis divided into ‘early’ (decided upon identification of midwall 

fibrosis) or ‘late’ (conventional time when symptoms noted) surgery is currently being 

initiated under the leadership of Dr Dweck and Professor Newby from Edinburgh University. 

It plans to address whether patients will have better survival and remodelling if intervention 

occurs earlier. The Royal Brompton is a collaborator site for this important study. 

 

Furthermore, technical improvements are being made in LGE methods, for example  new 

sequences to image in the late phase following gadolinium, as recently utilised in the 
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amyloid population (Fontana et al. 2015). They showed increased sensitivity and specificity 

which could lead to a higher and more accurate diagnostic yield and prognostic value.  

 

10.4 The role of T1 mapping in aortic stenosis and other cardiac pathologies 

The work in this thesis focused on the technical aspects of T1 mapping and identifying the 

best imaging protocol for the sequence. However, ultimately it was important to identify the 

true role of T1 mapping in cardiac conditions and at present this remains less clear. 

Although having higher extracellular volume fraction (ECV) carries a worse outcome (Wong 

et al. 2012; Wong et al. 2014), and a value of absolute 3% difference appears to portend up 

to a relative 50% worse prognosis at the 10-month follow up, what remains unclear is the 

additive value of ECV in patients who already have evidence of LGE, either in a 

subendocardial or midwall pattern. We therefore need to establish, probably through 

collaborative networks, the true prognostic role of ECV in patients with and without LGE. 

Moreover, it is crucial to determine if high ECV values can be reduced with antifibrotic 

therapy (or surgery in the context of AS), indicating that interstitial fibrosis could be 

reduced. At the moment this remains unclear. Some early data suggest that interstitial 

fibrosis in AS might not reduce one year after surgery (Treibel et al. 2016), however this 

needs to be substantiated. Furthermore, it would also be important to assess whether 

antifibrotic change (e.g. antimineralocorticoid therapy) can either reduce or delay the 

progression of interstitial fibrosis. Animal models would potentially be ideal for such initial 

work (Stuckey et al. 2014). 

 

Independent of the possible prognostic role T1 mapping plays, it does have two robust 

clinical indications at present, which can be extremely beneficial for some patients: 
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1. Native T1 mapping allows the detection of fibrosis without the need for Gd contrast. 

Although this might not be as accurate as when Gd is given for LGE and post-Gd T1 

mapping, in some patients (those with severe renal failure or pregnant women who 

defer Gd use, patients without peripheral cannulation options, or even children), 

native T1 mapping can provide an estimate of possible fibrosis burden. This can also 

reduce the scan time significantly in locations where there is significant demand on 

the scanner as patients could only receive the Gd if the native T1 is abnormal. This 

would not be an ideal scenario, however in many countries (e.g. South Asia) where 

scanning time is so limited, this approach might represent a pragmatic option and 

some research suggests that this might be a possible approach (Kali A et al. 2015). 

2. In patients with hypertrophied myocardium, it can allow the distinction between 

pathology that merits specific treatment (e.g. amyloid or Fabry’s disease) and 

patients with hypertrophic cardiomyopathy or hypertensive heart disease. At the 

individual level, distinguishing Fabry’s disease from hypertrophic cardiomyopathy or 

amyloid can lead to both symptomatic and prognostic improvement with 

appropriate therapy.  Therefore, while the overall number of patients where T1 can 

independently affect management by correctly identifying amyloid or Fabry’s disease 

will be small, for the individual patients, the benefit will be immense. 

 

10.5 The role of biomarkers in patients with aortic stenosis 

In an era where cost-effectiveness is crucial, blood biomarkers could potentially provide a 

means of identifying early decompensation in patients with AS. Although CMR scans can 

pick up signs of early decompensation, and indeed will pick up increasing ECV longitudinally, 

repeated CMR scans are costly and unlikely to be possible outside big CMR units. A cheaper, 
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yet effective, alternative therefore needs to be available. Blood biomarkers appear to offer 

a cheap, non-invasive and robust alternative. 

 

 10.5.1 Lipoprotein(a) in aortic stenosis 

In chapter 8, we saw that lipoprotein(a) [Lp(a)] was not associated with either the severity 

of aortic valve disease or fibrosis. Prior research had shown that Lp(a) was associated with 

valve calcification and the need for valve surgery. The question that now needs to be 

investigated further is whether lowering Lp(a) levels in patients with AS delays the need for 

intervention. 

  

 10.5.2 Role of a clinical score for risk stratification in aortic stenosis 

In chapter 9, we identified a novel risk score which determines the probability of the 

presence of any myocardial fibrosis. This model could be further validated and utilised in 

clinical practice to streamline the use of CMR imaging. Furthermore, such a model based on 

biomarkers could be utilised in asymptomatic patients (who do not fulfil the criteria for 

aortic intervention) over a longer period to see whether it could “inform” with deciding the 

timing of intervention. Initially a prospective observational study can be conducted to 

identify an absolute percentage risk associated with increasing rate of intervention. From 

there on, using this identified risk threshold patients could be randomised to earlier surgery 

(based on the risk percentage) or conventional surgery based on identification of symptoms. 

Using our model as an example, if all patients who have risk of fibrosis >70% were to require 

intervention within the next 12 months, then once patients reach this threshold they should 

be considered and referred for surgery earlier even if asymptomatic. Our model is a simple 

one directed at identifying fibrosis, however further panels could be utilised with more 
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extensive biomarker assays (McGinn et al. 2016) to establish a network of biomarkers 

associated with decompensation or time of intervention. If successful, such a model could 

lead to all the basic biochemical investigations being done in the community, with patients 

being referred to the specialists once/if the biomarkers change significantly. This will ensure 

that resources are used appropriately and importantly patients are offered surgery on time, 

allowing the best prognostic and symptomatic benefit following surgery. 

 

10.6 Conclusion 

In summary, while there has been significant improvement in the imaging of patients with 

AS leading to increased understanding of the pathophysiology, there are still questions to be 

addressed. The main challenge remains to identify survival predictors as well as a 

mechanism for identifying the optimal time for intervention. Further research, through 

bigger collaborative projects, could address these questions in the future.  
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Appendix I 

Ethics approved advertisement for recruiting volunteers. 
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HEART VALVE RESEARCH 

 

VOLUNTEERS 

For medical heart research  

CARDIOVASCULAR MAGNETIC RESONANCE IMAGING STUDIES 

If you are aged 18-80 you might be eligible for  

our heart related study using Magnetic Resonance imaging. 

It does not matter if you have any medical conditions or not. 

Further information about our work can be found at: 

www.valvesurgery.co.uk 

      If you are interested in participating please do let us know 

through the website above or  

at email [insert email] or telephone [insert telephone]. 

 

 

 

 

  

http://www.valvesurgery.co.uk/
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Appendix II  

Participant annual questionnaire 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



240 
 

 

 

 
Name:____________________ Hospital no: ____________  Date of scan:____________   
DOB____________ 
 
GP or Practice name 
_________________________________________________________________________ 
 
GP address________________________________________________________________ 
 
GP Postcode__________________________      
      
Ethnicity:   □ White     □ Afro-Caribbean     □ Asian     □ Chinese     □ Other 

 

Current SYMPTOMS No Yes Uncertain 

Chest tightness/discomfort No □ Yes □ Uncertain □ 

Shortness of breath No □ Yes □ Uncertain □ 

Blackouts No □ Yes □ Uncertain □ 

Fatigue No □ Yes □ Uncertain □ 

Ankle swelling No □ Yes □ Uncertain □ 

Exercise capacity (please circle) Normal  Mildly 
impaired 

Moderately 
impaired 

Severely 
impaired 

RISK FACTORS 
 

No Yes If yes, for how long? 

Do you have coronary artery 
disease? No Yes 

If yes, when was it diagnosed 
(approximate 
date/year)?____________ 

Do you have high blood pressure? 
 

No Yes □ <1 yr    □ 1-5 yrs    □ >5 yrs 

Do you have high cholesterol?  
 

No Yes □ <1 yr    □ 1-5 yrs    □ >5 yrs 

Are you diabetic? 
 

No Yes □ <1 yr    □ 1-5 yrs    □ >5 yrs 

Smoking - do you smoke? 
                                                    

□ Never 
□ Ex-smoker 
Stopped -  

□ Yes 

Do you have atrial fibrillation (an 
irregular heart rhythm)  

No Yes  

If yes, when was it diagnosed 
(date/year)?_________________
___ 
Do you know if the irregular 
rhythm is all the time? YES/NO or 
some f the time YES/NO 

Do you have a relative with heart disease or who died suddenly under the age of 55yrs? 
No □ Yes □ Uncertain □  - Please give details 

Questionnaire 
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What previous heart 
investigations have you had? 

   
If yes, please give details (e.g., normal 
or abnormal study and where/date 
done ) 

- Echocardiogram 
 

No□ Yes □  

- Treadmill exercise test No□ Yes □  

- 24 hour rhythm tape (Holter) No□ Yes □  

- Coronary angiogram No□ Yes □  
 

PREVIOUS MEDICAL HISTORY 
 

  If yes, PLEASE GIVE DETAILS (e.g. 
approximate date and which hospital) 

Have you ever had Aortic Valve 
Replacement or TAVI 
(percutaneous aortic valve 
insertion) 

No
□ 

Yes □  

Have you ever had coronary 
artery bypass (open heart) 
surgery? 

No
□ 

Yes □  

Have you ever had an 
angioplasty (stent in the 
artery)? 

No
□ 

Yes □  

Heart attack (Myocardial 
infarction) 
 

No
□ 

Yes □  

Stroke 
 

No
□ 

Yes □  

Hospital admission due to 
‘’heart failure’’ 
 

No
□ 

Yes □  

Hospitalised for any heart 
problem since scan 
 

No
□ 

Yes □  

Have you required heart 
surgery since the scan 

No
□ 

Yes □  

Heart rhythm problem or 
palpitations 
 

No
□ 

Yes □  

Ventricular arrhythmia 
(ventricular fibrillation or 
ventricular tachycardia) 

No
□ 

Yes □  

Blackouts 
 

No
□ 

Yes □  

Do you have a pacemaker or 
ICD (defibrillator) implanted 
 

No
□ 

Yes □ If ICD, has it fired Yes/No 
At what hospital do you have your ICD 
check? 
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Are you awaiting a pacemaker 
 

No
□ 

Yes □  

Any other major heart problems 
 
 

No
□ 

Yes □  
 

Kidney disease No
□ 

Yes □  

Have you been hospitalised for 
any other reason -if so please 
detail briefly 

No
□ 

Yes □  

Have you had any close relative 
or family member with the 
same illness  

No
□ 

Yes □  

Current medications 
Please could you list all the tablets you are taking: PLEASE DETAIL OVERLEAF if more space is 
needed  

 
 
 
 

 
 
 
 
(please detail overleaf if needed) 

Further Information 

Would you be happy for us to 
contact you by phone if we 
have any additional questions? 

No
□ 

Yes □ Best number to call for you:- 

Would you be happy for us to 
contact you GP or hospital for 
further inquiries in the future if 
required  

No
□ 

Yes □  

 

________________________ ________________ ____________________ 

Name of Patient   Date    Signature  

Thank you very much for your help. Please mail this form in the pre-paid envelope. 
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Appendix III 

Safety Check list used prior to undertaking CMR 
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Appendix IV 

Images of the CMR magnet shown to patients prior to entering the CMR room 
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Appendix V 

Demographics for healthy volunteers and patients with aortic stenosis  
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 Aortic Stenosis 
(n=10) 

Volunteers 
(n=15) 

P value 

LVEDV 161 ± 55.0 140 ± 25.5 0.42 

LEVSV 67 ± 50 50 ± 14 0.56 

LVSV 93 ± 22 90 ±  14 0.89 

LVEF 62 ± 17 65 ± 5 0.82 

LV Mass Indexed 106 ± 38 5 ± 11 0.0001 

LV Mass 207 ± 75 95 ± 26 0.0001 

RVEDV 140 ± 41 143 ± 25 0.85 

RVESV 56 ± 29 58 ± 14 0.80 

RVSV 84 ±23 85 ± 14 0.85 

RVEF 62 ± 13 59.5 (4.0) 0.96 

Age 70.5 (9.7) 31.4 (5.1) <0.0001 

BSA 1.96 (0.22) 1.73 (0.17) 0.017 

Native 1049.5 (35.3) 1012.2 (25.0) 0.018 

Lambda 0.44 (0.05) 0.44 (0.02) 0.74 

ECV 0.27 (0.03) 0.25 (0.02) 0.29 

PCV 0.37 (0.05) 0.42 (0.04) 0.040 

HR 71.0 (14.1) 62.9 (8.7) 0.085 

SBP 116.5 (11.7) 121.4 (10.9) 0.25 

DBP 70.5 (9.3) 72.7 (10.5) 0.66 

Male  8 (80.0) 8 (53.3) 0.23 

CAD 3 (30.0) 0 (0.0) 0.052 

NYHA 

I 0 (0.0) 15 (100.0) 
<0.001 II 7 (70.0) 0 (0.0) 

III 3 (30.0) 0 (0.0) 
Table showing demographics for the aortic stenosis patients and healthy volunteers recruited for 

chapter 5; histological validation and imaging optimisation. 
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Appendix VI 

Three out of 10 patients included in this study underwent both basal septal and apical-

lateral transmural myocardial biopsies. A fourth patient who had both basal septal and 

apical lateral biopsies taken was not included in the study as his CMR study had been 

undertaken on a 3T scanner due to unavailability of an 1.5T scanner. 
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 Native T1 Partition 
coefficient 

ECV Septal 
biopsy 

Apical lateral 
biopsy  

Patient 1 1027 0.425 0.234 1.4 2.1 

Patient 2 986 0.415 0.233 7.3 1.7 

Patient 3 1077 0.559 0.353 9.1 23.5 

Patient 4* - - - 8.3/ 16.5 6 

Table showing the variation in septal and apical biopsies. Patient 4 had CMR on a 3T scanner (but not 

an 1.5T scanner) hence not included in the original study. He also had 2 basal septal biopsies 

indicating that even in the same patient and from the same region the variation in histological 

fibrosis can be significant. 
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Appendix VII 

Bland-Altman plots for native T1, partition coefficient and ECV against histological fibrosis. 
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Bland-Altman plots comparing Native T1, partition coefficient and ECV against histological 

fibrosis. The analysis is limited in view of the different absolute values utilised in native T1 

mapping (ms), partition coefficient (%) and ECV (%) and histological fibrosis (%).  
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Appendix VIII 

Bland-Altman plots comparing different imaging models.  

Model A- one midwall slice 

Model B- one basal slice 

Model E- one midwall and one basal slice, two images total 

Model F- one midwall slice with repeat and one basal slice with repeat, four images total 
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Bland-Altman plots of the various imaging models when compared with histological fibrosis. 

Model E shows the least bias compared to the remaining models although the abolute 

difference is small.  
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Appendix IX 

Permission to reproduce material from published work in my PhD thesis.  
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Fig 1.1. Permission to reproduce image granted by Dr Prasad 
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Figure 1.2. Permission to reproduce image granted by Dr Dweck 
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Permission to reproduce extracts in chapter 1 from a book chapter I have authored. The 
book chapter is also referenced as Vassiliou, V. et al., 2015. Left Ventricular Hypertrophy, 
Fibrosis and Decompensation in Patients with Aortic Stenosis. In Left Ventricular 
Hypertrophy: Prevalence, Risk Factors and Treatment. pp. 19–40. Nova Scientific Publishers, 
New York. 
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Figures 2.1 and 2.2. Permission to reproduce images granted by Mr Blink. 
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Between the submission of my PhD and the viva chapter 4 has been published as a paper 

with minimal changes from the submitted version. As the corresponding author I confirm 

that I am happy for this paper to be reproduced as a chapter in my thesis.  

 


