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ABSTRACT 

Introduction 

Systemic amyloidosis is characterised by the extracellular deposition of amyloid fibrils 

that misfold and aggregate causing disease when accumulation is sufficient to disrupt 

the structure and integrity of affected organs. Cardiac involvement causes a restrictive 

cardiomyopathy and determines prognosis. 

Aims 

My aims were 1) To assess the echocardiographic phenotype of patients with 

transthyretin (ATTR) cardiomyopathy and evaluate determinants of prognosis at 

baseline 2) To describe the echocardiographic progression in patients with ATTR 

cardiomyopathy over serial assessment 3) To assess the role of cardiac magnetic 

resonance (CMR)-derived extracellular volume (ECV) mapping to detect and 

estimate extra-cardiac amyloid load against Serum Amyloid P (SAP) scintigraphy  

4) To assess the presence and mechanisms of myocardial ischaemia using stress 

perfusion CMR.  

 

Results and Conclusions 

Results demonstrate that 1) At baseline echocardiographic assessment in ATTR 

cardiomyopathy, stroke volume index, right atrial area index, longitudinal strain, E/e’ 

and severe aortic stenosis were independently associated with mortality. Compared 

to other genotypes, patients with V122I-associated ATTR cardiomyopathy had the 
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most severe degree of dysfunction. 2) Worsening in the degree of mitral and 

tricuspid regurgitation at 12 and-24 months was associated with worse prognosis by 

echocardiography, and patients with V122-associated ATTR cardiomyopathy had 

more rapid progression when compared to other genotypes. 3) CMR derived ECV 

mapping shows high diagnostic performance to detect splenic and hepatic amyloid 

deposits with good correlation between ECV and amyloid load assessed by SAP 

scintigraphy. 4) Myocardial blood flow assessed by stress perfusion CMR is severely 

reduced in patients with cardiac amyloidosis and histological analysis of 

endomyocardial tissue shows evidence of hypoxia, vascular infiltration and capillary 

rarefaction. In conclusion, these results demonstrate that imaging in cardiac 

amyloidosis has an important role in optimising diagnosis, tracking individual 

changes over time and characterising amyloid organ involvement.  
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IMPACT STATEMENT 

My thesis focuses on the role of cardiac imaging techniques to optimise diagnosis 

and better understand the natural history and disease pathophysiology of cardiac 

amyloidosis (CA), with the overarching aim of improving patient outcomes. Systemic 

amyloidosis is a multi-system disorder in which traditionally diagnostic delays have 

led to delays in disease identification and treatment initiation. As the landscape of 

therapeutics particularly within the transthyretin (ATTR) type of amyloidosis rapidly 

transforms, early disease identification is crucial. The work described in the following 

thesis has led to numerous international presentations as well as peer-reviewed 

publications. Firstly, I explored the role of echocardiography in a large cohort of 

patients with ATTR cardiomyopathy identifying parameters that were independently 

associated with prognosis at baseline assessment. One of the most unexpected 

findings of this work was the impact of co-existent severe aortic stenosis in patients 

with ATTR cardiomyopathy on prognosis. This scenario is not uncommonly 

encountered in clinical practice, and whilst further studies are required, preliminary 

data suggests that there may be a role for aortic valve intervention in this population. 

Follow-up echocardiographic assessment in the same cohort of patients 

demonstrated that worsening mitral and tricuspid regurgitation at 12-and 24-months 

was independently associated with mortality, supported by histological assessment 

of endomyocardial tissue showing extensive remodelling and amyloid infiltration at 

the level of the atrioventricular valves. These findings demonstrate the previously 

unrecognised role of worsening valvular regurgitation in ATTR disease progression, 

enhancing our disease understanding but also providing clinicians with robust data 

on how to track individual changes over time. The next two chapters of this thesis 
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focus on cardiac magnetic resonance (CMR) and Serum Amyloid P (SAP) 

scintigraphy. Analysis of CMR scans and SAP scintigraphy in a large cohort of 

patients referred with suspected amyloidosis showed that CMR-derived ECV 

mapping had a high diagnostic accuracy for detecting amyloid infiltration when 

assessed against SAP scintigraphy, with good correlation between both modalities. 

Currently, SAP scintigraphy is the only validated method to measure and track 

visceral amyloid infiltration, however availability is limited to two centres worldwide. 

This study demonstrates that ECV mapping performed during routine CMR scans 

can identify and assess the severity of liver and spleen amyloid deposits offering a 

non-invasive measure of visceral amyloid burden that can help guide and track 

treatment. The final chapter of my thesis focuses on CMR adenosine stress 

perfusion imaging in patients with both immunoglobulin light chain (AL) and ATTR 

cardiac amyloidosis. This technique provides an estimate of myocardial blood flow 

measured in ml/g/min following the administration of adenosine. Patients with CA 

had severely impaired myocardial blood flow, supported by histological assessment 

of endomyocardial tissue demonstrating evidence of diffuse hypoxia, capillary 

rarefaction and extensive disruption of myocardial tissue architecture. This novel 

data improves our existing knowledge of CA but is also important at a time where the 

availability of therapeutics for CA is growing, with potential for improved 

understanding of myocardial perfusion to aid drug development, facilitate monitoring 

of treatment response and act as a clinical trial endpoint in the future.  
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RESEARCH AIMS 

This thesis investigates the role of imaging to evaluate disease progression and 

disease mechanisms in cardiac amyloidosis. Key imaging methods used in this 

thesis were developed by the following individuals (a) Dr Andrew Flett, Dr Daniel 

Sado and Dr Steven Bandula whose works contributed to the evolution of 

extracellular volume measurement in cardiac disease and cardiac amyloidosis;  

(b) Sir Mark Pepys and Professor Phillip Hawkins who pioneered SAP scintigraphy, 

a technique that enables visceral amyloid deposits to be visualised; and (f) Professor 

Peter Kellman who designed and developed the use of automated quantitative 

perfusion mapping cardiac magnetic resonance  

My aims were as follows:  
 

1. To perform detailed echocardiographic phenotyping on a large group of 

patients with hereditary and wild-type ATTR cardiomyopathy at baseline 

presentation and to assess the structural and functional parameters 

independently associated with prognosis. 

 

2. To assess serial echocardiograms in patients with ATTR cardiomyopathy at 

baseline, 12 and 24 months to describe the rate of progression in structural 

and functional echocardiographic parameters across a spectrum of ATTR-

CM, to assess the differential rate of disease progression between the 3 main 

different genotypic subtypes and the ability for changes in echocardiographic 

parameters to predict prognosis. 
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3. To assess the potential for extracellular volume mapping performed during 

routine cardiac magnetic resonance in patients referred with suspected 

systemic amyloidosis  to: (1) detect amyloid in the liver and spleen and (2) to 

measure the severity of amyloid accumulation in these organs as assessed 

against the current reference standard SAP scintigraphy. 

 

4. To assess the presence and mechanisms of myocardial ischaemia in patients 

with AL and ATTR cardiac amyloidosis using CMR with multiparametric 

mapping. 
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CHAPTER 1: INTRODUCTION 

This introductory chapter is based on the publication below, the content for which I 

was primary responsible. 

Chacko L, Martone R, Cappelli F and Fontana M. Cardiac Amyloidosis: Updates in 

Imaging. Curr Cardiol Rep. 2019;21:108. 

General Overview of Systemic Amyloidosis  

The systemic amyloidoses comprise a heterogenous group of diseases that are 

characterised by the extracellular deposition of proteins that misfold, aggregate and 

deposit as amyloid fibrils causing disease when accumulation is sufficient to disrupt 

the structure and integrity of affected organs.1 Although up to thirty different proteins 

can deposit as amyloid, defined histologically by staining with Congo Red to produce 

characteristic apple green birefringence under cross polarised light , studies have 

demonstrated that amyloid fibrils share a common core structure of highly ordered, 

abnormal anti parallel beta strands that form sheets, properties of which include 

relative stability and resistance to proteolysis.1,2  Cardiac amyloidosis (CA) occurs 

when amyloid fibrils deposit within the myocardial extracellular space, causing  

interruption and distortion of myocardial contractile elements, stiffness of the ventricles 

and  systolic and diastolic  dysfunction. Although amyloid is often a multi-organ 

disease, cardiac involvement is the leading cause of morbidity and mortality.3,4 

The majority of cases of CA can be attributed to two precursor proteins: the 

monoclonal immunoglobulin light chain (AL) protein type which is produced by an 

abnormal clonal proliferation of plasma cells, and the transthyretin (ATTR) protein type 
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which is liver derived and normally involved in the transport of thyroxine and retinol 

binding protein. 5 Wider awareness of CA as an underdiagnosed cause of restrictive 

cardiomyopathy, in conjunction with advances in imaging modalities including bone 

scintigraphy, and cardiac magnetic resonance imaging (CMR) over the past decade 

have helped to transform the profile of CA allowing for crucial earlier diagnosis, better 

understanding of underlying disease processes, and an ability to track disease in 

response to treatment.  

Cardiac AL Amyloidosis 

Systemic immunoglobulin light chain amyloidosis (AL) occurs in the presence of an 

underlying plasma cell dyscrasia in which misfolded immunoglobulin light chains 

deposit in various organs as amyloid fibrils causing organ dysfunction. Historically, 

AL amyloidosis was considered to be the most common type of amyloidosis with an 

estimated prevalence of 8 to 12 per million person years.6,7 The associated clinical 

phenotype and symptomatology are diverse, reflecting the potential for amyloid 

infiltration to affect multiple organs. AL amyloidosis most commonly affects the 

kidneys causing albuminuria which often progresses to nephrotic syndrome, 

however patients often remain asymptomatic until renal dysfunction is advanced.2  

Other commonly involved organs include the liver, soft tissues, gastrointestinal tract 

and the peripheral and autonomic nervous systems. Cardiac involvement affects up 

to 80 % of patients with AL CA8, and patients present with heart failure symptoms. 

Diagnostic delays often occur due to the non-specific nature of symptoms including 

but not limited to fatigue, dyspnoea and weight loss. More specific clinical signs such 

as macroglossia and periorbital bruising are essentially pathognomonic but occur 
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only in up to one third of cases. 2  Clinical examination findings may include 

macroglossia, periorbital bruising, submandibular gland enlargement and nail 

dystrophy reflecting soft tissue and small vessel amyloid infiltration. Hepatic or 

splenic infiltration may cause palpable organomegaly. Involvement of the peripheral 

and nervous system is common. Peripheral neuropathy presents as paraesthesia or 

dysaesthesia typically in a ‘glove and stocking’ distribution and autonomic 

neuropathy may manifest as orthostatic hypotension, alternating diarrhoea and 

constipation, and erectile dysfunction. As the disease affects all cardiac chambers, 

biventricular dysfunction is usually present, although the most frequent presenting 

feature is severe right-sided heart failure. Patients with AL CA tend to present with 

more aggressive heart failure than in other types of CA which is thought likely a 

result of light chain related toxicity in AL CA. This is supported by studies 

demonstrating evidence of in vitro light chain induced myocardial toxicity9,10 and 

evidence of raised myocardial T2 on cardiac MRI in patients with untreated AL CA.11 

Without treatment, patients with AL CA and concomitant heart failure have poor 

outcomes with a prognosis of 6 months.6,12  The survival of patients with AL CA 

however has improved with the use of high dose melphalan based chemotherapy, 

followed by autologous stem cell transplantation (ASCT) and the use of other highly 

active anti-plasma cell therapeutics. In patients receiving contemporary treatments 

followed by autologous stem cell transplantation, median survival can exceed 10 

years.13 
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Cardiac Transthyretin Amyloidosis  

Transthyretin is a liver derived plasma protein that is normally involved in the transport 

of thyroxine and retinol binding protein. Under pathogenic circumstances, the 

transthyretin tetramer dissociates into monomers which misfold and assemble into 

insoluble amyloid fibrils. Pathogenicity is conferred either through an inherited genetic 

variant (hATTR) or through unclear ageing mediated mechanisms that cause TTR 

tetramer dissociation in the wild-type form (wtATTR). 14 The diagnosis of wtATTR 

cardiomyopathy (wtATTR-CM) has risen considerably in recent years, with estimates 

of 10-16% prevalence in older patients presenting with heart failure with preserved 

ejection fraction (EF).15,16 Previous autopsy series have reported up to 25% percent 

of elderly individuals with evidence of TTR amyloid deposition on post mortem, 

suggesting significant underdiagnosis of ATTR cardiomyopathy (ATTR-CM). 17 ATTR 

deposition in the nervous system causes a progressive, length-dependent, small fibre 

sensory peripheral polyneuropathy and autonomic neuropathy. Cardiac ATTR 

deposition results in wall thickening, impaired systolic and diastolic function, and heart 

failure. 

Wild-type Transthyretin Amyloidosis  

Wild type ATTR-CM (formerly known as senile systemic CA due to late age of onset) 

has a male predominance and presents later in life. Clinical manifestations are of a 

predominant cardiac phenotype with a restrictive cardiomyopathy. Common non-

cardiac associations include lumbar canal stenosis, carpal tunnel syndrome and/or 

tendinopathy. 18-21 The prevalence of ATTR-CM is increasing with better diagnostic 

tools such as CMR and DPD scintigraphy and secondary to an increasingly ageing 
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population. 22,23 Up to 25 percent of patients diagnosed with wtATTR-CM are found to 

have an incidental plasma cell dyscrasia. Whilst this is a reflection of  the age profile 

of patients diagnosed with ATTR-CM18, AL amyloidosis can only be excluded 

definitively with a cardiac biopsy.23  The median survival in wtATTR-CM is 3 to 5 years 

without treatment from diagnosis. 24 

Hereditary Transthyretin Amyloidosis  

The clinical phenotype of hATTR-CM amyloidosis usually comprises a mixed 

phenotype with peripheral neuropathy, autonomic neuropathy and/or 

cardiomyopathy and  presents at a younger age than wtATTR-CM25, from the third 

decade, most commonly after the age of 40. Patients with nervous system 

involvement often experience disabling neurological symptoms however, similar to 

AL amyloidosis, cardiac involvement in ATTR-CM has the most important impact on 

prognosis. 26 The TTR gene is located on chromosome 18 and although there are 

over 120 causative TTR variants27, only a few are responsible for the majority of 

cases of hATTR-CM worldwide. Inheritance is autosomal dominant with variable 

penetrance, and the specific site of an amino acid substitution determines the 

phenotype of the disease. The V122I variant (substitution of isoleucine for valine at 

position 122) is present in up to 3.4% of US African Americans with a clinical 

presentation and age of onset of which closely mimics wtATTR-CM.28  The presence 

of hypertensive heart disease in this population may contribute to the underdiagnosis 

of cardiac amyloidosis. It is estimated that approximately 1.5 million individuals29 in 

the US are V122I allele carriers and at risk of developing CA. The T60A variant 

(substitution of alanine for threonine at position 60), is the most prevalent mutation in 
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the UK and US and the V30 variant is the commonest cause of familial amyloid 

polyneuropathy with a predominance in Portugal, Japan and Sweden. The prognosis 

in hATTR-CM is dependent upon the genetic variant with a 16% overall 4-year 

survival observed in V122I patients compared to 40% and 70% 4-year survival in 

T60A and V30M mutations respectively.30 Genetic testing to identify mutations in the 

TTR gene should be performed in all patients with ATTR cardiomyopathy, given the 

important implications for family members and the potential for genetic counselling. 

Diagnosis of Systemic Amyloidosis  

Serum Biomarkers 

In the work up of patients with suspected cardiac amyloidosis, an elevation of cardiac 

biomarkers in combination with other blood tests such as the presence or absence of 

a plasma cell dyscrasia, typical imaging features and/or suggestive clinical features 

serves to support a diagnosis of cardiac amyloidosis.  The combination of N-terminal 

pro-B-type natriuretic peptide (NT-proBNP), troponin and renal function has an 

important role in risk stratification in both AL and ATTR cardiac amyloidosis.31-34 

Electrocardiography 

 
Patients with cardiac amyloidosis exhibit a variety of ECG abnormalities which in 

conjunction with imaging features and/or clinical history are important in raising the 

suspicion of an infiltrative cardiomyopathy. Common ECG abnormalities include first 

degree and higher degree AV blocks, anterior, inferior or lateral pseudoinfarction 

patterns, left anterior hemiblock, rhythm disturbances such as atrial flutter and atrial 
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fibrillation and non-specific T wave abnormalities. 35-37. The most well recognised ECG 

abnormality in cardiac amyloidosis is the low voltage ECG complex (defined as <5mm 

in height in limb leads or <10mm in the precordial leads) which may be explained by 

the presence of extracellular amyloid infiltration rather than myocyte hypertrophy. The 

absence of low voltage criteria does not exclude a diagnosis of cardiac amyloidosis 

as previous series have demonstrated that only approximately 50% of those with AL 

cardiac amyloidosis and between 25-40% of those with ATTR-CM meet true low 

voltage criteria. 37-39.Ventricular arrhythmias are also common, although the first 

clinically apparent evidence of an abnormal ventricular rhythm might be ventricular 

tachycardia or fibrillation in the context of a cardiac arrest. 

Histology 

Congo-red staining of tissue and demonstration of characteristic apple-green 

birefringence under cross polarised light is the gold standard for the confirmation of 

amyloid deposits.2 (Figure 1). The tissue sample can be from an affected organ, 

however if the approach is considered to be high risk, a very commonly used and 

minimally invasive approach is abdominal fat pad aspiration, which has been 

reported to have higher sensitivity in AL amyloidosis than ATTR amyloidosis.40,41 

Other ‘screening’ biopsies include rectal  or salivary gland biopsies. The absence of 

amyloid deposits on fat aspiration does not exclude amyloidosis, and alternative 

approaches must be explored to obtain a tissue diagnosis. In suspected amyloid 

cardiomyopathy, where a tissue diagnosis cannot be confirmed from other tissues, 

endomyocardial biopsy (EMB) tends to provide definitive diagnostic evidence, albeit 

with a higher risk of procedural complications. The need for a definitive tissue 
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diagnosis however has been considerably obviated in the diagnosis of ATTR-CM 

with the increasingly widespread use of non-biopsy diagnostic algorithms.23 After 

confirming the presence or absence of amyloid deposits, an important step in guiding 

treatment strategies is confirmation of the type of amyloid fibril, which can be verified 

with immunohistochemistry (IHC) which is a widely available technique but also with 

the proteomic method of mass spectrometry which is the new gold standard for fibril 

typing. 2 

Figure 1. Congo Red Staining of Myocardial tissue 

 

  

Figure 1. Congo red staining of myocardial tissue from 2 patients with amyloid 
cardiomyopathy. A: Patient with ATTR amyloidosis B: Patient with AL amyloidosis. 
Top panel: light microscopy. Bottom panel: polarized light microscopy. 

Image reproduced from Dr. Martinez-Naharro with permissions. 
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Echocardiography 

Echocardiography is the most accessible and first line imaging tool in the approach 

towards assessing patients with cardiomyopathy. The amyloid phenotype is one of 

characteristic biventricular wall thickening with small, non-dilated ventricles and left 

ventricular (LV) wall thickness typically greater than 12mm (Figure 2). There is a 

tendency towards a symmetrical increase in LV wall thickness in AL CA, while ATTR- 

CM more often demonstrates an asymmetrical pattern.42,43 In the latter, the 

morphology of the septum may be sigmoid (seen in 70%) or demonstrate inversion of 

the septal curvature (seen in 30%).42 Although patients with ATTR-CM typically have 

higher LV and RV mass at diagnosis, which may in fact reflect earlier clinical 

presentation in patients with AL CA44, LV mass in isolation is unsuited to differentiate 

between the types. Well described but non-specific findings of CA include a thickened 

and sparkling appearance of the valves and interatrial septum, as well as a ‘speckled’ 

appearance of the myocardium, the latter which is a common but non-specific 

finding.45 Pericardial and pleural effusions are also relatively common findings, 

especially in AL amyloidosis.  

Amyloid infiltration in the extracellular space leads to ventricular stiffening, impaired 

relaxation and biventricular diastolic dysfunction, which in combination with direct 

atrial amyloid infiltration can lead to atrial dilatation, blood stasis and a higher risk of 

thrombus formation.46-49 Although CA is traditionally categorised as a cause of ‘heart 

failure with preserved EF’, this under-represents the extent of involvement of both 

systolic and diastolic dysfunction. Ejection fraction, which is a widely relied upon 

measure of ventricular function is not a reliable indicator of systolic function in CA as 
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EF reflects radial contraction which is often preserved until end stage disease.  

Longitudinal function is typically affected earlier than radial contraction and indices of 

longitudinal function can be used as early disease markers. This was initially 

demonstrated measuring the systolic excursion of the mitral annulus evaluated by 

Tissue Doppler imaging (TDI) or from M-mode derived mitral annular plane systolic 

excursion (MAPSE)50,51 and later on with strain imaging. Longitudinal strain (LS) 

measurement by tissue Doppler and echocardiographic speckle tracking are proving 

to be valued tools in diagnosing  CA, as well as differentiating CA from other 

hypertrophic phenocopies.3 Strain demonstrates not only reduction in longitudinal 

contraction, but also reduction in LS that affects predominantly the basal segments 

with sparing of the apical segments. This is a highly characteristic feature of CA, 

which gives rise to the typical appearance of a ‘bull’s eye pattern’ with strain values 

that are reduced on the side and preserved in the centre of the plot (Figure 2).3,52 

The extent of apical sparing can be quantified using relative ratio between apical and 

basal LV regional strain, which is also associated with poorer prognosis.53 Although 

apical sparing has been well described, the mechanism underlying this pattern 

remains to be fully understood. Proposed mechanisms include differential degrees of 

amyloid deposition in the apex and base, different character of myocardial fibres in 

the apex compared to base and a greater degree of basal remodelling in response to 

turbulent flow from the LV outflow tract. 54 Deformation based parameters such as 

longitudinal strain tend to show a higher diagnostic performance for diagnosing 

ATTR-CM than AL CA.55  Several echocardiographic indices have been reported to 

have high specificity but low sensitivities, including the E/E’ ratio (>9.6 represents a 

sensitivity of 50% and specificity of 100%), left atrial volume index (≥47 ml/m2 
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represents a sensitivity of 44% and a specificity of 93%) and myocardial contraction 

fraction (MCF) (≤0.234 represents a sensitivity of 56% and a specificity of 96%).55 

In CA patients diastolic function is almost invariably impaired and the degree of impairment 

ranges from impaired relaxation to restrictive filling patterns.56 Parameters of diastolic 

dysfunction can also be used as early disease markers, with TDI of the mitral annulus often 

being less than 6 cm/s. (Figure 2) 57 

Figure 2. Echocardiographic and MRI Imaging Features in Cardiac Amyloidosis 
 

 

 

 

 

Figure 2. Top Panel: Echocardiography findings in a patient with advanced cardiac amyloidosis. (a) 
Parasternal long axis view and (b) four chamber view showing concentric left ventricular hypertrophy (c) 
pulse wave doppler showing restrictive left ventricular inflow pattern (d) strain pattern characteristic of an 
infiltrative process. Bottom Panel: CMR findings in a patient with advanced cardiac amyloidosis. (e) Four 
chamber steady state free precession cine demonstrating left ventricular hypertrophy (f) corresponding 
native T1 map showing a T1 value of 1150ms in the basal inferoseptum (g) corresponding T2 map showing 
a T2 value of 54ms in the basal inferoseptum, within normal limits  (h) corresponding phase sensitive 
inversion recovery reconstruction showing transmural late gadolinium enhancement (i) corresponding 
extracellular volume map showing elevated value of 0.75 
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Cardiovascular Magnetic Resonance 

As a now well-established imaging modality that is instrumental in the approach 

towards cardiomyopathies, CMR provides unparalled accuracy on cardiac morphology 

and informs upon tissue composition through its intrinsic capacity to define myocardial 

tissue characterisation. The deposition of amyloid fibrils in the extracellular myocardial 

space leads to expansion of the extracellular volume, which is well visualised by the 

administration of gadolinium-based contrast agents, referred to as ‘late gadolinium 

enhancement’ (LGE).  Gadolinium based contrast agents gives rise to an enhanced 

signal on T1-weighted images providing improved image contrast. In cardiac 

amyloidosis, there is expansion of the extracellular space due to amyloid deposition. 

Gadolinium accumulates passively in gaps between myocardial cells giving rise to the 

appearance of diffuse subendocardial or transmural LGE in CA, in the presence of 

abnormal myocardial and blood pool gadolinium characteristics, a phenomenon that 

was recognised over 10 years ago.58 LGE differentiates normal from abnormal 

myocardium, based on the assumption that there are remote regions of normal 

myocardium. However, this may not exist in diffuse infiltrative diseases such as CA, 

exposing an area for potential operator error whereby the operator may erroneously 

null the abnormal and not normal myocardium, carrying a risk of reporting ‘false 

negative’ examinations or ‘mirror images’ of the true pattern.59 The LGE technique has 

matured over the years leading to the wide adoption of  ‘phase sensitive image 

reconstruction’ (PSIR) which is a more robust and reliable technique than magnitude 

reconstruction with the primary advantage that it largely overrides the dependence on 

operator determined optimal null point and related errors. With the PSIR LGE 
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approach, 3 patterns of LGE have been recognised; none, sub-endocardial and 

transmural, and transmurality of LGE shows good correlation with the degree of 

myocardial infiltration. (Figure 2) 59  An important drawback of LGE is that gadolinium-

based contrast agents (GBCA) have been associated with nephrogenic systemic 

fibrosis (NSF), a serious and potentially fatal condition. Whilst the risk of developing 

NSF is strongly related to baseline renal function (being the highest when eGFR < 30 

mL/min), the underlying chemical structure of the contrast agent also plays an 

important role in determining risk. Guidelines from the American College of Radiology 

recommend the preferential use of Group II agents in patients at risk of NSF if clinically 

indicated, emphasising the requirement for a balanced assessment of the risks of 

administrating GBCA against the risks of not performing a contrast scan. 60 Whilst the 

initial understanding was that the gadolinium ion remained in a chelated state after 

intravenous administration, multiple studies have demonstrated evidence of tissue 

retention, even in patients with normal renal function61 including reports of involvement 

in neural tissue (dentate nucleus, thalamus, pons, and globus pallidus)62-64and bone 

tissue, 65 clinical implications of which are not fully understood. A further limitation of 

LGE is that it cannot be used to track changes in disease status over time due its non-

quantitative nature.  

These limitations can be overcome by the use of T1 mapping which directly measures 

an intrinsic signal from the myocardium, the longitudinal relaxation time, in a pixel wise 

manner. (Figure 2) Native (pre-contrast) myocardial T1 tracks cardiac amyloid 

infiltration, markers of systolic and diastolic dysfunction and disease severity.66  Native 

myocardial T1 elevation has been demonstrated to have a high diagnostic accuracy 

for cardiac amyloidosis in patients with a high pre-test probability in a single centre 
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study. 67A clinical algorithm proposes the use of contrast in patients with intermediate 

native T1 values, providing cut offs whereby a value less than 1,036 milliseconds was 

associated with 98% negative predictive value for CA and a value greater than 1,164 

milliseconds was associated with 98% positive predictive value for CA.67 

Important advantages of native myocardial T1 are its diagnostic accuracy for detecting 

CA in both AL and ATTR types and its role as an early disease marker, frequently 

found to be elevated prior to the onset of disease features such as LV hypertrophy or 

LGE. 22,66  

Native T1 is a composite signal, from both the extra and intracellular space. Following 

the administration of gadolinium contrast agents, from the ratio of pre and post contrast 

T1 and haematocrit, the signal from the extracellular space can be isolated with the 

measurement of the extracellular volume (ECV).  

ECV is the first non-invasive method for quantifying the cardiac amyloid burden, and 

several studies have shown correlation with markers of disease severity in both types 

of CA.42,68 The ECV is globally elevated in CA, often with values >40% and higher in 

ATTR-CM than AL CA.(Figure 2) Important benefits of ECV measurement in CA 

include its unique ability to measure the continuum of amyloid infiltration, to track 

markers of disease activity such as cardiac function, blood biomarkers and functional 

performance, to act as an early disease marker and to uniquely track changes over 

time.68 For example, almost half of the patients in a studied cohort who achieved a 

good clonal response to chemotherapy in AL amyloidosis demonstrated evidence of 

regression of cardiac amyloid on ECV.69   
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T2 relaxation time is a time constant representing the decay of transverse 

magnetization and detects oedema in various pathologies including but not limited to 

acute myocardial infarction, myocarditis, and Takotsubo cardiomyopathy. (Figure 2)70 

Recently, T2 mapping in CA has added significantly to our understanding of CA as a 

heterogenous condition comprising multiple disease processes by demonstrating that  

T2 levels were higher in a cohort of patients with untreated AL CA compared with 

treated AL and ATTR CA, thereby showing oedema to have both important 

pathophysiological and prognostic roles.11  

CMR also has the unique ability to quantify myocardial perfusion with fully automated 

myocardial blood mapping.71 Within the ventricular myocardium, biopsy and autopsy-

based studies have documented that amyloid deposits lead to perivascular and 

capillary infiltration,72-75 resulting in narrowing of the vessel lumen, capillary disruption 

and rarefaction. Additionally, cardiac biomarkers, such as troponin T and NT-proBNP, 

are known to be elevated in patients with cardiac amyloidosis.76  Histological findings 

and elevations in blood biomarkers support the possibility that myocardial ischaemia 

may contribute to cellular damage in cardiac amyloidosis, which may be reflected as 

reduced myocardial perfusion. 

In conjunction with detailed morphological and functional assessments, tissue 

characterisation by CMR provide a wholesome understanding of the multiple disease 

processes that exist within CA, transcending the concept of CA as a disease of solely 

infiltration.  
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Bone Scintigraphy 

The finding in the 1980’s that patients affected by CA were incidentally observed to 

demonstrate uptake of certain 99mTc-phosphate derivatives led to the application of 

bone scintigraphy in CA. Although the basis for localisation of these agents to CA 

remains unclear, the technique is sensitive for diagnosing ATTR CA. In 2005, a small 

yet seminal paper demonstrated the strong diagnostic potential of 99m Technetium-

labelled 3,3-dicarboxypropane-2, 1-diphosphonate (99mTc-DPD) in identifying ATTR 

CM.77 Further studies confirmed this finding, as well as the utility of other bone tracers 

in identifying ATTR CM. Perugini et al 77 using the following grading system: grade 0, 

absent cardiac uptake; grade 1, mild cardiac uptake less than bone; grade 2, moderate 

cardiac uptake equal or greater than bone; and grade 3, intense cardiac uptake 

associated with substantial reduction or loss of bone signal. (Figure 3) 
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Figure 3. Perugini Visual Scoring System of Cardiac Uptake on 99 Tc-DPD 
Scintigraphy 

 

 

 

These seminal findings were recently reinforced by results from a large multicentre 

trial which demonstrated the ability of bone scintigraphy to diagnose cardiac ATTR 

CM reliably without the need for histology, the diagnostic algorithm from which has 

been widely recognised and adopted in clinical practice.23 Briefly summarised, in 

patients in whom free light chains are absent in the blood and urine, once CA is 

suspected and 99m Technetium labelled pyrophosphate (99mTc-PYP) /99mTc-

Figure 3. Whole-body Perugini visual scoring of cardiac uptake on 99mTc-
DPD scintigraphy. Grade 0 represents no cardiac uptake, grade 1 represents 
mild cardiac uptake (less than bone), grade 2 represents cardiac uptake greater 
than bone (with bone uptake still visible) and grade 3 represents substantial 
cardiac uptake with only weak or absent signal from bone.  

Image reproduced from Dr. Martinez-Naharro with permissions. 
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DPD/99m Technetium labelled hydroxymethylene diphosphonate (99mTc-HMDP) is 

negative, CA is very unlikely. If the 99mTc-PYP/99mTc-DPD/99mTc-HMDP cardiac 

scan is positive for either grade 2 or 3, and there is no evidence of free light chains in 

the blood and/or urine, ATTR CM can be diagnosed without a biopsy (specificity and 

positive predictive value >98%). However, if patients have evidence of a plasma cell 

dyscrasia, further definitive tests such as biopsies are still required as part of the 

algorithm as the presence of low grade uptake on a 99mTc-PYP/99mTc-

DPD/99mTc-HMDP cardiac scan does not confer 100% specificity for ATTR CM, 

and mild cardiac localisation may be seen in certain patients with advanced AL CA, 

cardiac Apo1 and amyloid A amyloidosis. 23,78,79 

An intriguing - yet not fully explored - field is the potential of bone-tracers for the 

assessment of extra-cardiac involvement in systemic amyloidosis.  A typical pattern of 

muscle and soft-tissue uptake of 99mTc-DPD has been previously reported 79 and 

amyloid tissue infiltration has been later demonstrated by soft tissue biopsy in a larger 

series of positive patients.80 Lung uptake may be found at 99mTc-HMDP 

scintigraphy81, with high selectivity for ATTR. The clinical implications of these findings 

are not completely understood. Notably, extracardiac uptake appears to be tracer-

specific, as Sperry et al. could not find any relevant skeletal muscle uptake at 99mTc-

PYP  scintigraphy.82  

Positron Emission Tomography 

Positron emission tomography (PET) imaging offers high spatial resolution, and may 

facilitate absolute quantification of cardiac and extracardiac amyloid burden.83 PET 

amyloid binding radiotracers that have been studied in patients with AL and ATTR CA 
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include 11-C-Pittsburgh compound B (11C PiB )84,85, 18F-florbetapir 83,86, and 18F-

florbetaben87. In these pilot studies, high cardiac radiotracer uptake was consistently 

reported in patients with CA compared to controls, including studies that used 

hypertensive heart disease as a control.87 Although results from the aforementioned 

studies are encouraging, further evaluation of PET radiotracers is warranted prior to 

their incorporation into clinical practice. 

Diagnostic Algorithms and Challenges 

Several factors contribute to the under diagnosis of CA. These include phenotypic 

heterogeneity, low index of clinical suspicion in the presence of overlap with more 

commonly seen phenocopies (hypertension, chronic renal failure, hypertrophic 

cardiomyopathy, aortic stenosis), a historical lack of non-invasive diagnostic tests, and 

limited understanding of the available treatment options.  

Current non-invasive diagnostic algorithms follow an integrated and multimodality 

approach towards diagnosing CA. (Figure 4) Important factors to consider include the 

presence or absence of plasma cell dyscrasia, suggestive features on 

echocardiography and CMR imaging and as appropriate, histological samples and 

bone scintigraphy. (Figure 4) 

 

 



 41 

Figure 4. Schematic Diagram Representing the Diagnostic Pathway for Cardiac 
Amyloidosis 

 

Figure 4. Schematic diagram representing the diagnostic pathway for patients with 
suspected cardiac amyloidosis 
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Two frequently faced scenarios that raise a diagnostic challenge include (1) 

distinguishing CA from other more commonly seen hypertrophic phenotypes such as 

hypertensive heart disease, aortic stenosis, hypertrophic cardiomyopathy and 

restrictive cardiomyopathy; (2) Assessing for the CA on the background of known 

systemic AL or ATTR in specific scenarios such as in patients with renal AL where 

confounding comorbidities and often the inability to use gadolinium based contrast 

agents makes the diagnosis more challenging or in patients with an ATTR related 

polyneuropathy. Echocardiography is the most commonly performed first line 

imaging modality for patients presenting with signs and symptoms of heart failure. 

Whilst the majority of echocardiographic findings in CA are non-specific, these can 

be highly suggestive, and alter the pre-test probability.  

 

Diagnosing Cardiac Amyloidosis in the Hypertrophic Phenotype 

Once echocardiography has raised the suspicion of CA, CMR should be considered if 

both AL and ATTR or another underlying cause of myocardial hypertrophy 

(hypertension, hypertrophic cardiomyopathy, Anderson Fabry) are in the differentials. 

Following a positive CMR, 99mTc-PYP/99mTc-DPD /99mTc-HMDP scan in 

combination with the assessment of free light chains in the blood and urine should be 

performed to distinguish between AL and ATTR amyloidosis.  

Diagnosing Cardiac Amyloidosis in Known Systemic AL or ATTR Amyloidosis 

In patients with systemic AL, CMR should be considered the imaging of choice to 

confirm cardiac involvement or detect early disease. CMR has been shown to have 

high sensitivity and specificity for AL CA, 88 picking up early disease even when there 
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is insufficient cardiac infiltration for the diagnosis to be made on echocardiography. 

CMR or bone scintigraphy should be considered in patients with ATTR polyneuropathy 

or ATTR mutation carriers, but further studies are needed in these patient populations.  

Prognosis 

Blood biomarkers play a primary role in the stratification of AL and ATTR CA. The 

Mayo Classification of AL CA uses NT-proBNP and troponin measurements to 

categorise patients into Grade 0 (both values below threshold), Grade 1 (either value 

above threshold), and Grade 2 (both values above threshold) providing a valuable 

prognostic tool as an adjunct to other investigations.34 In ATTR CM two different 

prognostic classification have been developed, one based on troponin and N-terminal 

pro–B-type natriuretic peptide (NT-proBNP), and one based on NT-proBNP and eGFR  

classifying as such: Stage 1 (both values below threshold), Stage 2 (either value above 

threshold), and Stage 3 (both values above threshold).31,32  

There are several structural and functional parameters seen on echocardiography and 

CMR that correlate with prognosis in both AL and ATTR amyloidosis, however on 

multivariable assessment, tricuspid annular plane systolic excursion (TAPSE) and 

stroke volume (SV) seem to be the strongest markers of prognosis in patients with 

CA.89 Whilst RV failure is well documented independent predictor of prognosis in 

patients with primary left heart failure, the principal reason behind the prognostic 

importance of TAPSE in CA is likely to be direct sub-endocardial infiltration rather than 

RV dysfunction secondary to LV impairment. The prognostic role of SV in CA89 is in 

keeping with the expected features of a restrictive cardiomyopathy characterised by 
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low stroke volume despite relative preserved EF. A recent prospective registry of 

patients with both AL CA and wild type ATTR-CM found that in patients with AL CA, 

LV global longitudinal strain was predictive for outcome even after multivariable 

adjustment, whilst with wild type ATTR-CM, RV free wall strain was the most powerful 

predictor of cardiac outcome.90    

MRI parameters that have a prognostic role include the transmurality of LGE, ECV,T1 

and T2 in AL CA11,59,91, and ECV in ATTR.42 For 99mTc-PYP/99mTc-DPD /99mTc-

HMDP scans, grade 1 carried a more favourable prognosis than grade 2 and 3.80  

Current therapies, and the future 

Disease-Modifying Treatment in AL Amyloidosis 

In AL amyloidosis, treatment strategies are aimed at rapidly suppressing the 

production of amyloidogenic light chains, central to which is cytotoxic 

chemotherapy.2 Regular monitoring of light chains is required to monitor the 

haematological response and modify treatment rapidly. Although patients are 

assessed early for eligibility for high-dose melphalan and autologous stem cell 

transplant, the majority are considered ineligible owing to age, renal function, and 

advanced cardiac involvement or autonomic nerve involvement due to the risk of 

treatment related mortality.92,93 Treatment options are tailored as per individual 

patient profile and risk based on performance status, experience which stems from 

treatments in multiple myeloma. Bortezomib is a proteasome inhibitor that has 

emerged as the most widely used first line treatment in AL amyloidosis, used alone 

or in combination therapy. Chemotherapeutic regimens include combinations of 



 45 

bortezomib (proteasome inhibitor), melphalan (alkylating agent), cyclophosphamide 

(alkylating agent), lenalidomide (immune-modulatory agent), dexamethasone and 

other agents.  Daratumumab is a monoclonal biologic specific to the plasma cell 

used for the treatment of relapsed multiple myeloma which has shown promising 

activity in patients with AL amyloidosis92 and was approved in January 2021 by the 

US Food and Drug Administration for use in systemic amyloidosis.24 Other 

encouraging areas of development include monoclonal antibody therapy that aims to 

target existing amyloid deposits.94  

Disease-Modifying Treatment in ATTR Amyloidosis 

Historically, in patients with hereditary ATTR amyloidosis, liver transplantation to 

remove the source the of variant TTR was the preferred treatment of choice in 

patients with early neuropathy associated with Val30Met and other mutations, 

however drawbacks include potential progression of neuropathy due to continued 

deposition of amyloid derived from wild-type TTR.95,96  With the significant expansion 

in pharmacotherapy directed at ATTR-CM, there has been a significant reduction in 

liver transplantation for hereditary ATTR amyloidosis. Orthotopic cardiac 

transplantation has been performed on patients with ATTR-CM however patient 

selection is paramount and often limited in wild-type ATTR-CM due to the age of 

presentation. Currently available pharmacological treatment approaches involve 

reducing or eliminating the production of transthyretin, disrupting the already 

deposited amyloid fibrils or stabilizing the TTR protein. 97  
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Diflunisal  

Diflunisal is an orally administered, non-steroidal anti-inflammatory drug that is 

classified as a ‘TTR stabiliser’ and exerts its action by binding to the thyroxine 

binding sites of TTR. Diflunisal has been shown to improve symptoms of neuropathy 

in a phase III randomised controlled trial for patients with hereditary ATTR with 

polyneuropathy98. Studies assessing diflunisal use in ATTR-CM have been open 

label and limited to single centres99-102,and although diflunisal is well-tolerated and 

prescribed off-label, cautious patient selection is required due to the risks associated 

to those with abnormal renal function, platelet function and significant fluid 

overload24,97. 

Tafamidis 

Tafamidis is an orally administered TTR stabiliser that binds to the thyroxine binding 

sites of the TTR protein causing a reduction in dissociation of the TTR tetramer into 

monomers, with resultant reduction in aggregation into amyloid fibrils. Tafamidis was 

initially approved for its effect on slowing progression of peripheral neuropathy in 

ATTR polyneuropathy.103 This was followed by the landmark ATTR-ACT (ATTR-CM 

Phase 3 Clinical Trial) which compared tafamidis to placebo in 441 subjects with 

ATTR cardiomyopathy, demonstrating reductions in all-cause mortality and 

cardiovascular related hospital admissions in the treatment arm, with additional 

benefit seen in functional capacity demonstrated by a lower rate of decline of the 6-

minute walk test and quality of life as assessed by the Kansas City Cardiomyopathy 

Questionnaire score.104  Rates of cardiovascular hospitalisations were higher for 

patients with New York Heart Association (NYHA) functional class III at baseline, 
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emphasising the importance of early diagnosis and treatment. In the United 

Kingdom, the use of tafamidis has not been approved by the National Institute of 

Clinical Excellence due to concerns over cost-effectiveness and resource allocation. 

Patisiran 

Patisiran is an intravenously administered small interfering RNA that degrades TTR 

messenger RNA to reduce TTR protein production. Patisiran is classed as a ‘gene 

silencer’ and has been shown in Phase I and Phase II studies in healthy volunteers 

and in patients with hATTR polyneuropathy to exert a dose dependent mean 

reduction in serum TTR levels of up to 90%.105,106  The Phase III APOLLO trial (The 

Study of an Investigational Drug, Patisiran for the Treatment of Transthyretin-

Mediated Amyloidosis) randomly assigned patients with hATTR polyneuropathy in a 

2:1 ratio to receive intravenous patisiran or placebo every 3 weeks. The primary 

endpoint was change from baseline in the modified Neuropathy Impairment Score+7 

at 18 months, with results demonstrating improvement in neurological symptoms 

assessed in the patisiran arm.107 Similarly, quality of life assessments demonstrated 

an improvement at 18 months in the patisiran arm. The study was not powered to 

detect differences in mortality or cardiovascular hospitalizations in the cardiac 

subpopulation however there was reduced echocardiographic wall thickness, global 

longitudinal strain, NT-proBNP compared with placebo at eighteen months.108 

Patients with NYHA Class III and IV were excluded from the trial. The APOLLO-B (A 

Study to Evaluate Patisiran in Participants with Transthyretin Amyloidosis) is 

currently in progress and specifically focused on patients with ATTR-CM. 
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Inotersen 

Inotersen is a subcutaneously administered antisense oligonucleotide that is classed 

as a ‘gene silencer’ and inhibits hepatic production of TTR. Inotersen has been 

shown in the NEURO TTR trial (A Phase 2/3 Randomized, Double-Blind, Placebo-

Controlled Study to Assess the Efficacy and Safety of ISIS 420915 in Patients With 

Familial Amyloid Polyneuropathy), a Phase 3 randomised clinical trial recruiting 

patients with hereditary ATTR with polyneuropathy to improve quality of life, and 

modify neurological disease.109 Recorded serious adverse events in the inotersen 

group include glomerulonephritis and thrombocytopenia, therefore patients who are 

initiated on inotersen require close monitoring of platelets, renal function and urinary 

protein levels.  

Conclusion 

With rapid advances in treatment strategies, the fundamental goal of imaging is to 

focus on earlier diagnosis, treatment, and subsequent improvement in patient quality 

of life and survival. Imaging holds a key role in delineating and understanding the 

various disease mechanisms involved in CA. This richer understanding will continue 

to transform the profile of CA, allowing for treatment strategies to be tailored to patient 

disease characteristics, and for response to treatment to be tracked effectively, 

ultimately ending in a more streamlined and satisfactory patient experience. 
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CHAPTER 2: MATERIALS AND METHODS 

I carried out data collection, data analysis, performed statistical analysis and wrote the 

manuscripts for the work presented in all chapters in my role as clinical research fellow 

at the National Amyloidosis Centre (NAC), University College Medical School (Royal 

Free Campus). Statistical analysis was supported by Aviva Petrie. Several diagnostic 

methods were carried out by members of the multidisciplinary team as detailed below. 

Diagnostic Methods 

• Janet Gilbertson performed histological and immunohistochemical analysis 

• Dorota Rowczenio and Hadija Trojer performed gene sequencing 

• Babita Pawarova, Sevda Ward, Claire Husband, Brooke Douglas performed 

the echocardiograms 

• David Hutt and Florentina Grigiore performed 123I-SAP scintigraphy and 99mTc-

DPD scintigraphy  

• Biochemical and haematological data analysis was performed by the Royal 

Free Hospital laboratory services. 

Ethical Approval 

All individuals whose data has been used in the clinical research studies described in 

this thesis provided informed consent for analysis and publication of their data. 

Ethical approval was obtained from the London Hampstead Research Ethics 

Committee for the recruitment of patients (REC reference 19/LO/1561) and South-

Central Research Ethics Committee for recruitment of healthy volunteers (REC 
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reference 17/SC/0077). Separate approval was obtained for the use histology 

samples (REC references 21/PR/0620) and explanted hearts (REC reference 

79/2014/U/Sper). The dosage and administration of radioactive isotopes were 

approved by the Administration of Radioactive Substances Advisory Committee of 

the Department of Health. 

Patients with Suspected Amyloidosis 

Data relating to approximately 1800 patients who were referred to the UK NAC with 

suspected amyloidosis is included in this thesis. (Chapter 3,5,6) The NAC database 

stores details of all referred patients. All included patients provided explicit informed 

consent. 

Cardiac Assessment 

All patients referred to the National Amyloidosis Centre with suspected cardiac 

amyloidosis underwent an integrated and comprehensive cardiac evaluation 

including blood tests assessing cardiac biomarkers, electrocardiography, 

echocardiography, cardiovascular magnetic resonance (CMR), and 99mTc-DPD 

scintigraphy.  

Functional Assessment 

All patients with suspected cardiac amyloidosis underwent functional evaluation 

comprising assessment of New York Heart Association Classification (NYHA) (See 

Table 1) and a 6-minute walk test (6MWT) detailing the total number of metres 

walked and the percentage predicted for age. The 6MWT has been shown to be a 
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reliable measure of functional change in patients with systemic amyloidosis 110 and 

was performed according to a standardised protocol. 111  

Table 1: NYHA Classification 
 

NYHA Class Description 

Class 1 No symptoms and no limitation is ordinary physical activity, e.g. 

shortness of breath when walking, climbing stairs etc. 

Class 2 Mild symptoms (mild shortness of breath and/or angina) and slight 

limitation during ordinary activity. 

Class 3 Marked limitation in activity due to symptoms, even during less 

than ordinary activity, e.g walking short distances (20-100m). 

Comfortable only at rest. 

 

 

 

 

Class 4 Severe limitations. Symptoms even while at rest. Mostly bedbound 

patients. 

Table 1. Description of NYHA Classes 

Gene Sequencing 

Genotyping was performed in all patients with suspected ATTR cardiac amyloidosis. 

Whole blood taken in an EDTA tube was frozen and stored for gene sequencing. 

Genomic DNA was isolated by a rapid method. The blood was added to NH4CL 

(ammonium chloride) and spun; the sample was then re-suspended in 0.9% NaCl 

(sodium chloride) and re-spun. It was then suspended again in 0.05M NaOH (sodium 

hydroxide), incubated, cooled, and neutralised with 1M Tris pH 8. Polymerase chain 

reaction (PCR) using ‘Ready-To-Go’ tubes (GE Healthcare) were used to amplify the 

coding regions for transthyretin genes (exons 2, 3, and 4). 
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Patients without Cardiac Amyloidosis  

73 patients without cardiac amyloidosis undergoing clinically indicated stress 

perfusion CMR scans were recruited at the Royal Free Hospital and Barts Heart 

Centre. All patients underwent coronary angiography within 6 months of the CMR scan 

on clinical grounds. Clinical data was collated from electronic medical records. 

(Chapter 6) 

Healthy Controls 

24 healthy volunteers (control subjects) with no symptoms and no past history of 

cardiovascular disease, hypertension or diabetes were also recruited and underwent 

stress perfusion CMR (Chapter 6). Clinical data was collated from electronic medical 

records. 

Echocardiography Protocol 

Echocardiographic evaluation was performed using a GE Vivid E9 ultrasound machine 

equipped with a 5S probe and measurements performed offline using EchoPAC 

software (Version 202). At least 3 consecutive beats were recorded for each view, and 

images were stored for off-line analysis. LV chamber quantification was assessed 

following the latest American Society of Echocardiography/European Association of 

Cardiovascular Imaging Guideline  112: LV mass was calculated using Devereux’s 

formula, relative wall thickness (RWT) was calculated  as 2*posterior wall thickness in 

diastole/Left ventricular end diastolic diameter (2*PWTd/LVEDD), stroke volume (SV) 

was calculated as SV was calculated as: end diastolic volume (EDV) − end systolic 
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volume (ESV), myocardial volume (MVol) as LV mass/1.05g/ml, and myocardial 

contraction fraction (MCF) as stroke volume (SV) /MVol, as previously reported. 113 LA 

dimensions were reported in the parasternal long-axis view and absolute 4-chambers 

area. Right atrial area (RAA) was measured in the 4-chamber view. LV ejection 

fraction (EF) was calculated with the biplane Simpson’s method from volumes 

acquired in both the 4-chamber and the 2-chamber views. Lateral mitral annular plane 

systolic excursion (MAPSE) and tricuspid annular plane systolic excursion (TAPSE) 

were assessed with M-mode in the 4-chamber view. LV early (E wave), late (A wave) 

diastolic filling, its ratio (E/A) were evaluated with pulsed Doppler in the 4-chamber 

view. Lateral and septal mitral annulus velocity (e’ wave) was assessed with tissue 

Doppler in the 4-chamber view; the ratio between the LV early diastolic filling wave 

and lateral mitral annulus velocity (E/e’) was calculated.114 Pulmonary artery systolic 

pressure (PASP) was estimated based on the peak tricuspid regurgitation (TR) 

velocity, as described by the simplified Bernoulli equation, taking into account right 

atrial pressure , as estimated based on the diameter and respiratory variation in 

diameter of the inferior vena cava. 112,115 The TAPSE/PASP ratio was calculated, as a 

non-invasive index of right ventricle to pulmonary circulation coupling.116 Digitally 

acquired clips were considered suitable for offline 2D Speckle Strain Imaging analysis 

if at least three cardiac cycles were available, with high frame rates (70 to 100 frame/s) 

and without dropout of more than one LV segment or significant foreshortening of the 

ventricle.  The endocardial border was traced at the end-diastolic frame in the apical 

view. End-diastole was defined by the QRS complex or by the frame just before mitral 

valve closure. The software tracked speckles along the endocardial and epicardial 

borders throughout the cardiac cycle, and the width of the region of interest was 
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adjusted to fit the entire myocardium. All strain and strain-derived variables were 

measured in the apical 4-chamber view. Peak longitudinal strain (LS) was computed 

automatically, generating regional data from 6 segments (basal, mid, apical 

interventricular septum and basal, mid, apical lateral wall), to calculate an average 

value. Strain-derived variables were acquired and calculated according to previous 

studies: septal longitudinal systolic apex to base ratio (SABr)  117 and relative apical 

longitudinal strain (RALS) as the average 4-chamber apical segments peak 

longitudinal strain/average basal and mid 4-chamber peak longitudinal strain .118 

Valvular assessment was performed using an integrated approach as per current 

guidelines. The evaluation of TR and mitral regurgitation (MR) involved an integrated 

approach using qualitative characteristics (valve morphology and colour flow 

regurgitant jet), and semi-quantitative and quantitative measures (vena contracta, 

effective regurgitant orifice area, regurgitant volume).119 120 LA speckle tracking 

analysis was performed according to current consensus criteria.121 Briefly, non-

foreshortened 2D apical 4-chamber view was used to define a 3 mm-thickened wall 

region of interest (ROI) along the LA. The LA contour was extrapolated excluding 

pulmonary veins and LA appendage. Quality control check was performed to reject 

cases with significant (>1/3 of LA contour) drop out of atrial wall. Zero-baseline was 

defined as ventricular end-diastole, using the R-R cycle for analysis. LA myocardial 

deformation was assessed as global longitudinal strain obtained with the endocardial 

curve of the ROI. Reservoir, contraction and conduit phase were studied respectively 

as: LA strain (LAS) reservoir= peak value at the onset of LV filling, LAS contraction= 

peak value at the onset of atrial contraction (for subjects in sinus rhythm). 
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Cardiovascular Magnetic Resonance Protocol 

All patients underwent CMR at 1.5T (Magnetom Aera, Siemens Healthcare, Erlangen, 

Germany). Scans were performed in accordance with local protocols. For stress 

perfusion scans, patients were asked to refrain from caffeine at least 12 hours prior to 

the CMR scan. 

Pilot images 

The initial images were single shot pilot images with the following settings: repeat time 

(TR): 3.39ms, echo time (TE): 1.7ms, slice thickness, 5mm, field of view (FOV) 360 x 

360mm, read matrix 256 and flip angle 60o. 

Cine Imaging 

The acquisition of pilot images was followed by steady state free precession (SSFP) 

cine imaging in the long axis planes (4 chamber, 2 chamber and 3 chamber) and aortic 

valve. A standard left ventricular short axis stack was acquired using a slice thickness 

of 7mm with an interslice gap of 3mm. Retrospective ECG gating was used with 25 

phases. Typical fast imaging with steady state precession (FISP) imaging parameters 

were TE: 1.6ms, TR: 3.2 ms, in plane pixel size 2.3 x 1.4mm, slice thickness 7mm, flip 

angle 60o. In specific instances of difficulty with breath-holding or arrythmia, the 

settings were altered accordingly. 

Native T1 Mapping 

T1 is the longitudinal, or spin-lattice, relaxation time of a tissue. T1 relaxation times 

can be estimated by acquiring multiple T1-weighted images and fitting the resulting 
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signals to an appropriate exponential recovery curve. Myocardial T1 values are 

influenced by technical factors, such as magnetic field strength and the pulse 

sequence design, and physiological factors, including heart rate, temperature, age, 

gender, and disease 122. Different tissues types have a different and specific ranges 

of normal T1 values. With advances in CMR technology, it is now possible to generate 

colour encoded T1 maps, providing pixel level quantification of T1 in the myocardium, 

whereby pixel values represent the T1 in each voxel.  

A variety of techniques have been used to quantify myocardial T1 relaxation times. 

The most widely used clinical technique for T1 mapping to date is the Modified Look-

Locker inversion recovery (MOLLI) sequence. In MOLLI, single-shot images are 

acquired intermittently in diastole during 3 to 5 heartbeats after the inversion pulse, 

resulting in images spaced by the RR-interval along the T1 recovery curve, with 

acquisition over 17 heartbeats. Shortening of the acquisition time is achieved with 

the MOLLI variation over 11 heartbeats and Shortened Modified Look-Locker 

(ShMOLLI) technique over 9 hearbeats.123 Pre-contrast (native) T1 maps were 

acquired using the ShMOLLI and the MOLLI after regional shimming. 124   

 

Image analysis. T1 maps were analysed offline and measurements were performed 

by drawing a region of interest in the basal to mid septum of the appropriate 4-

chamber map. 

T2 Mapping 

T2, or the transverse (spin-spin) relaxation time, is the time constant governing the 

exponential decay of transverse magnetization. T2 values represent a composite 
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signal of intracellular and extracellular components, similar to T1 values. Different 

tissues types have a different and specific ranges of normal T2 values. 

T2 maps of the 4-chamber long-axis matching the T1 maps were acquired using an 

investigational prototype (WIP 448B, Siemens Healthcare, Erlangen, Germany). This 

sequence uses 3 single-shot T2 prepared SSFP readouts each separated with 3 

heartbeats for T1 recovery 125. The echo times (TE) for the individual T2 preparations 

were 0, 25, and 45ms. A mono-exponential fit to a 2-parameter model, S=PDexp (-

TE/T2), was used at each pixel to estimate proton density (PD) and T2.  

 

Image analysis. T2 maps were analysed offline and measurements were performed 

by drawing a region of interest in the basal to mid septum of the appropriate 4-chamber 

map. 

Perfusion Imaging  

Basal, mid-ventricular, and apical short-axis perfusion images were acquired during 

hyperaemia and at rest. Rest perfusion was acquired at least 10 minutes after 

cessation of adenosine. Hyperaemia was induced using adenosine infused via a 

peripheral cannula at a rate of 140mcg/kg/min for 4 minutes with a further 2 minutes 

at 175mcg/kg/min if there was evidence of insufficient stress (minimal heart rate 

response and symptoms). Heart rate and blood pressure were measured both prior 

to administration of adenosine and at peak hyperaemia. The sequence used utilised 

a dual sequence approach with separate pulse sequences for arterial input function 

(AIF) and myocardial tissue. Image acquisition was performed over 60 heart beats 

with a bolus of 0.05 mmol/kg gadoterate meglumine (Dotarem, Guerbet SA, Paris, 
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France) administered at 4 ml/sec followed by a 20 ml saline flush during acquisition 

of the perfusion sequence. The AIF was calculated using the LV blood pool signal 

which was automatically segmented from optimised low-resolution images acquired 

in parallel with higher spatial resolution images used for measuring myocardial 

perfusion. In order to achieve an accurate estimation of the gadolinium concentration 

from the AIF signal a number of steps were taken in the design of the sequence 

protocol and image reconstruction 71.  In brief, the sequence uses a low flip angle 

FLASH low resolution protocol for AIF imaging with 2 echoes such that the echo 

times were short to minimize T2* losses at high concentration, and so that remaining 

T2* losses could be estimated and corrected. The non-linearity of saturation 

recovery was minimized by using a short saturation delay achieved using a small 

matrix and parallel imaging to reduce the number of phase encoding lines. The 

remaining non-linear response was corrected by converting to gadolinium 

concentration units by means of a look-up table calculated by a Bloch simulation of 

the specific imaging protocol, which was recalculated for each scan as part of the 

image reconstruction. Myocardial perfusion was then calculated using a blood tissue 

exchange model 126 and pixel-wise perfusion maps were automatically generated in-

line.  

 

Image Analysis. Perfusion maps were analysed offline using Osirix MD 9.0 (Bernex, 

Switzerland). The endo- and epicardial borders were manually delineated for each 

basal, mid-ventricular and apical perfusion map, excluding obvious image artefacts 

and coronary arteries. The basal and mid-cavity slices were divided into 6 segments 

and the apical slice into 4 segments, with average myocardial blood flow (MBF) 
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recorded for each segment.  Myocardial perfusion reserve (MPR) was defined as the 

ratio between stress MBF to rest MBF. Global MBF in ml/g/min was calculated by 

averaging MBF across the three slices and global MPR was calculated as the ratio 

between global stress MBF and global rest MBF. First-pass perfusion images were 

also analysed visually. 

Late Gadolinium Enhancement Imaging  

Late gadolinium enhancement (LGE) imaging was acquired with magnitude 

reconstruction and with a free breathing motion corrected PSIR. Typical parameters 

were: slice thickness 8 mm, TR: 9.8 ms, TE: 4.6ms, α: 21o, FOV 340 x 220 mm 

(transverse plane), sampled matrix size 256 x 115-135, 21 k–space lines acquired 

every other RR interval (21 segments with linear reordered phase encoding), spatial 

resolution 1.3 x 2.1 x 8 mm.   These parameters were also optimised according to 

individual patient characteristics. The inversion time (TI) was manually set to achieve 

nulling of the myocardium between 300 and 440 ms.  

Image analysis. The LGE pattern was classified into 3 groups according to the 

degree of transmurality: group 1, no LGE; group 2, subendocardial LGE (when there 

was global subendocardial but no transmural LGE); and group 3, transmural LGE 

(when the LGE extended transmurally). A study was classified by the most extensive 

LGE identified. Thus, a patient with basal transmural LGE but apical subendocardial 

LGE would be classified as transmural 59. 
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Extracellular Volume Mapping 

After administration of contrast (0.1mmol/kg gadoterate meglumine [Dotarem, Guerbet 

SA, Paris, France]), and LGE imaging, the T1 measurement is repeated with the 

ShMOLLI or MOLLI sequence, using exactly the same parameters as in pre-contrast 

acquisition. The myocardial extracellular volume (ECV) represents a composite of the 

interstitial and intravascular compartments and can be measured as follows125: 

. 

Image Analysis. ECV maps were analysed offline and measurements were performed 

by drawing a region of interest in the basal to mid septum of the appropriate 4-chamber 

map.  

99mTc-DPD Scintigraphy Protocol 

Patients were scanned with hybrid single-photon emission computed tomography 

(SPECT) computed tomography (CT) gamma cameras after administration of 700 

MBq of intravenously injected 99mTc-DPD. Whole-body planar images were acquired 

after 3 hours, followed by SPECT of the heart coupled with a low-dose, non-contrast 

CT scan 79. Gated and non-gated cardiac SPECT reconstruction and SPECT-CT 
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image fusion were performed on the Xeleris workstation (GE Healthcare, Wauwatosa, 

Wisconsin).  

Image Analysis. 99mTc-DPD scans were scored according to Perugini et al 77 using 

the following grading system: grade 0, absent cardiac uptake; grade 1, mild cardiac 

uptake less than bone; grade 2, moderate cardiac uptake equal or greater than bone; 

and grade 3, intense cardiac uptake associated with substantial reduction or loss of 

bone signal. 

SAP Scintigraphy Protocol 

Serum Amyloid P (SAP) scintigraphy was performed in patients with suspected AL 

amyloidosis. Patients undergoing SAP scintigraphy received approximately 200μg of 

SAP with 190MBq of 123I, the equivalent of 3.8mSV of radiation. Thyroid uptake was 

blocked by the administration of 60mg of potassium iodine immediately prior to the 

study and 5 further doses were given over the following three days. Anterior and 

posterior imaging was performed at either 6 or 24 hours after injection using an IGE-

Starcam gamma-camera (IGE Medical Systems, Slough, UK).  

Image Analysis. Amyloid load was classified according to 4 criteria: normal, small, 

moderate, and large. ‘Normal’ was defined as no evidence of abnormal tracer location. 

‘Small’ was defined as uptake in one or more organs whilst still maintaining normal 

intensity in the blood pool and ‘moderate’ when uptake was seen in one or more 

organs and the blood pool was diminished. ‘Large’ was defined as uptake in one or 

more organs with no evidence of tracer in the blood pool despite adjustment of the 

grey scale to encompass the visceral organs involved. 
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Invasive Coronary Physiology  

Fractional flow reserve (FFR) was defined as the ratio of distal pressure (Pd) to 

aortic pressure (Pa) under conditions of maximal hyperaemia induced by 

administering adenosine 140mcg/kg/min via a peripheral vein. 127 A stenosis was 

considered significant if angiographic diameter stenosis was >90% by visual 

assessment or if FFR <0.80 in the presence of angiographic diameter stenosis 50-

90%. Diameter stenosis <50% was considered non-significant.128 Non-obstructive 

disease was defined as angiographic diameter stenosis <50% or FFR >0.80 in all 

major epicardial vessels. 

 

Statistical Analysis 

Statistical analysis was performed using IBM SPSS Version 24 (IBM, Somers, New 

York) and MedCalc 13.2.1.0 (Ostend, Belgium). All continuous variables were tested 

for normal distribution (Shapiro-Wilk test). Normally distributed metrics are 

summarized by the mean ± standard deviation (SD) and non-normally distributed 

metrics as median (interquartile range). Statistical tests performed for each study are 

outlined in each results chapter.  
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CHAPTER 3: ECHOCARDIOGRAPHIC PHENOTYPE AND 

PROGNOSIS IN TRANSTHYRETIN CARDIAC AMYLOIDOSIS  

This chapter is based on the publication below: 

Chacko L, Martone R, Bandera F, Lane T, Martinez-Naharro A, Boldrini M, Rezk T, 

Whelan C, Quarta C, Rowczenio D, Gilbertson JA, Wongwarawipat T, Lachmann H, 

Wechalekar A, Sachchithanantham S, Mahmood S, Marcucci R, Knight D, Hutt D, 

Moon J, Petrie A, Cappelli F, Guazzi M, Hawkins PN, Gillmore JD and Fontana M. 

Echocardiographic phenotype and prognosis in transthyretin cardiac amyloidosis. 

Eur Heart J. 2020;41:1439-1447. 

My contribution was designing the study, collecting the data, analysing the data, 

performing statistical analysis and writing the manuscript. 

Introduction  

Transthyretin amyloidosis cardiomyopathy (ATTR-CM) is a progressive and 

ultimately fatal cardiomyopathy characterised by deposition in the myocardial 

extracellular space of amyloid fibrils derived from plasma transthyretin. Transthyretin 

amyloidosis cardiomyopathy can be classified as non-hereditary, associated with the 

deposition of wild-type transthyretin (wtATTR) or hereditary, associated with genetic 

variants of TTR (hATTR).97 Historically, there has been a striking mismatch between 

the frequency with which the diagnosis of ATTR-CM has been made during life 

compared with previous autopsy series in which cardiac ATTR amyloid deposits 

have been reported in up to 25% of elderly individuals.17 In recent years, however, 
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greater awareness of ATTR-CM as an under-recognized cause of heart failure (HF), 

coupled with advances in diagnostic techniques has resulted in a dramatic increase 

in diagnosis of ATTR-CM in patients presenting with heart failure with preserved 

ejection fraction (HFpEF). Estimates of prevalence range from 13% to 16% in 

cohorts of patients with HFpEF16 and severe aortic stenosis (AS) requiring 

transcatheter aortic valve replacement (TAVI), respectively.15 Transthyretin 

amyloidosis cardiomyopathy can now be diagnosed without need for histology, 

avoiding the risks associated with endomyocardial biopsy (EMB) which was 

previously required.23 The diagnosis of ATTR-CM calls upon multimodality imaging 

techniques: cardiac magnetic resonance (CMR) imaging and bone scintigraphy 

produce highly characteristic images and both play a major role in the diagnosis of 

suspected ATTR-CM.42,129 Whilst bone scintigraphy is widely available and 

inexpensive, the widespread use of CMR remains limited by lack of infrastructure 

and cost implications. Worldwide, echocardiography remains the most accessible 

first-line investigative tool for patients with acute and chronic HF130 and patients with 

a hypertrophic phenotype,131 including those with ATTR-CM among whom it has 

traditionally been associated with poor sensitivity and specificity.55 Despite this, 

however, several echocardiographic features are reported to be prognostic, ranging 

from parameters of conventional left ventricular (LV) remodelling and of diastolic 

dysfunction to deformation-based parameters.50,89,132,133These prognostic indices 

have been determined either in studies focusing on single variables or in small 

retrospective series leaving an important knowledge gap on the echocardiographic 

phenotype of ATTR-CM as a whole and the relative pathophysiological importance of 

different mechanisms in driving the clinical characteristics and prognosis of the 
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disease. The aims of the present study were (i) to describe the functional and 

structural echocardiographic cardiac abnormalities at the time of diagnosis across a 

spectrum of wildtype and hereditary ATTR-CM; and (ii) to assess the structural and 

functional echocardiographic parameters independently associated with prognosis in 

a large cohort of patients with wildtype and hereditary ATTR-CM. 

Methods 

Study Population 

Patients referred to the National Amyloidosis Centre (NAC), Royal Free Hospital, 

London, UK between 2000 and 2019 in whom ATTR-CM was confirmed on the basis 

of validated diagnostic criteria23 were invited to participate in a prospective 

protocolized clinical follow-up programme comprising systematic evaluation of cardiac 

parameters and survival. Briefly, the diagnosis of ATTR-CM was established on the 

basis of presence of symptoms of HF together with a characteristic amyloid 

echocardiogram and either direct EMB proof of ATTR amyloid or presence of ATTR 

amyloid in an extra-cardiac biopsy along with cardiac uptake on 99 m Technetium-

labelled 3,3-dicarboxypropane-2, 1-diphosphonate (99mTc-DPD) scintigraphy, or 

Perugini Grade 2 or 3 cardiac uptake on 99mTc-DPD scintigraphy in the absence of 

an abnormal serum free light chain ratio and monoclonal immunoglobulin in the serum 

and urine by immunofixation.23 All patients underwent sequencing of the TTR gene. 

Patients who did not consent and those who received disease modifying therapy 

including orthotopic liver transplantation for hATTR amyloidosis, TTR stabilizer 

therapy for >6months, or a TTR-lowering therapy (within the context of a clinical trial) 

were excluded from the study. Patients were managed in accordance with the 
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Declaration of Helsinki and provided written informed consent for retrospective 

analysis and publication of their data. 

Echocardiography Protocol 

All echocardiograms were reviewed by experienced operators blinded to the final 

diagnosis and analysed according to guidelines. For the purpose of our analysis, we 

considered valvular regurgitation to be clinically significant if at least moderate or 

severe. 

Statistical Analysis 

All mortality data were obtained via the UK Office of National Statistics. The mortality 

endpoint was defined as time to death from baseline for all deceased patients and 

time to censor date, 24 April 2019, from baseline among the remainder. Follow-up was 

restricted to <_60months, after which patients were censored due to the low number 

of patients at risk after 60months. The three genotypic sub-groups of interest were 

wildtype ATTR cardiomyopathy (wtATTR-CM), V122I-associated hereditary ATTR 

cardiomyopathy (V122I-hATTR-CM), and T60A-associated hereditary ATTR 

cardiomyopathy (T60A-hATTR-CM). As a number of the numerical variables had 

skewed distributions, a Kruskal–Wallis test was used to compare the distributions of 

each of the numerical variables at baseline in the three genotypic subgroups. A 

significant result was followed by Bonferroni corrected Mann–Whitney pairwise 

comparisons to establish where the differences lay. Survival was evaluated with Cox 

proportional hazards regression analysis, providing estimated hazard ratios (HRs) with 

95% confidence intervals (CIs) and Kaplan–Meier curves. Fifteen echocardiographic 

variables were selected a priori based upon clinical relevance: stroke volume (SV) 
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index, ejection fraction (EF), myocardial contraction fraction (MCF), left atrial area 

(LAA) index, right atrial area (RAA) index, interventricular septum in diastole (IVSd), 

significant tricuspid regurgitation (TR), significant mitral regurgitation (MR), 

longitudinal strain (LS), E/e’, tricuspid annular plane systolic excursion (TAPSE), 

pulmonary artery systolic pressure (PASP), TAPSE/PASP, severe AS, and relative 

wall thickness (RWT). The proportional hazards assumption was checked and 

confirmed. The echocardiographic variables were first explored with univariate Cox 

regression analysis. The variables that were statistically significant predictors of 

outcome on simple Cox regression analysis were entered into a multivariable Cox 

proportional hazards analysis to determine which covariates were independent 

predictors of mortality. The model was also adjusted for heart rate. Possible collinearity 

among candidate predictors was assessed using variance inflation factors with 

threshold equal to 5. In order to avoid statistical coupling of variables, separate 

multivariable models were performed that excluded parameters derived from one 

another (e.g. indexed SV, LVEF, and MCF). Harrell’s c-statistic was calculated for the 

different models. The model with the marginally higher Harrell’s c-statistic was chosen. 

A complete case analysis and multiple imputations were performed to assess the 

influence of missing data on the results. There were no appreciable differences. The 

model was also adjusted for New York Heart Association (NYHA) class and a validated 

staging system that uses estimated glomerular filtration rate (eGFR) and N-terminal-

pro hormone BNP (NT-proBNP).31 The multivariable Cox proportional hazards 

analysis with the selected variables was initially performed in the overall population 

and was then repeated in the population in which patients with severe AS were omitted 

and in the two genotypic sub-groups wtATTR-CM and V122I-hATTR-CM. The analysis 
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was not applied to T60A-hATTR-CM patients due to the low number of patients and 

events. All data were analysed using Stata software (StataCorp. 2017. Stata Statistical 

Software: Release 15. College Station, TX, StataCorp LLC). A significance level of 

0.05 was used for all hypothesis tests unless otherwise stated. 

Results 

Characteristics of the Cohort at Baseline and Comparison of Genotypes 

There were 1240 patients in the whole study cohort, 766 (62%) with wild-type ATTR-

CM (wtATTR-CM) [mean age 77.5 [standard deviation (SD) 6.7], male 94%], 314 

(25%) with V122I-associated hATTR-CM [mean age 75.0 (SD 7.4), male 73%], 127 

(10%) with T60Aassociated hATTR-CM [mean age 66.0 (SD 7.8), male 68%], 33 (3%) 

with non-V122I non-T60A-associated hATTR-CM [mean age 58.64 (SD 11.93), male 

82%]. Further baseline data can be found in Table 2. The main reason for exclusion 

from the study was a refusal to consent to the protocolized programme of follow-up at 

the NAC. Thirty patients were excluded due to receipt of disease modifying therapy 

(liver transplantation, diflunisal, anti-sense oligonucleotide therapy, or RNA inhibitor 

therapy). There was no difference in disease-related parameters or disease severity 

between patients with ATTR-CM who were included and excluded from the study. The 

study patients with non-V122I non-T60A-associated hATTR-CM had the following 

mutations: G47V, V30M, S77Y, I73V, A97S, A120S, D39V, E89K, H90D, I107V, F33I, 

S50R, and V20I.  

At diagnosis, patients with wtATTR-CM, V122I-associated and T60A-associated 

hATTR-CM differed significantly in terms of remodelling of the cardiac chambers, LV 
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systolic and diastolic function, right ventricular (RV) function, and pulmonary pressures 

(Table 3). Specifically, compared to wtATTR-CM patients, patients with V122IhATTR- 

CM, in spite of similar degree of increase in the wall thickness (LV septum and LV 

posterior wall) showed a more severe dysfunction, across a wide range of non-

deformation and deformation-based parameters, of LV systolic function, diastolic 

function, RV function, pulmonary pressure, and mitral and TR. On the contrary, 

compared to wtATTR-CM patients, patients with T60A-hATTR-CM, in spite of a similar 

degree of increase in wall thickness, had significantly better diastolic function, and 

milder degrees of RA dilatation and TR. 
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Table 2. Baseline Characteristics in Patients with WT, T60A and V122I ATTR-CM 

 

 
 
Table 2. p values for pairwise comparison*: p<0.05 for wt vs T60A; °: p<0.05 for wt 
vs. V122I; §: p<0.05 for T60A vs V122I.Statistical significance is represented by p-
values < 0.05. Data are presented as means (SD) for age, BSA; number 
(percentage) for sex, race, NYHA class and biomarker staging; median (interquartile 
range) for BNP and troponin. Race (other) includes Asian Chinese, South Asian, 
Mixed Race 

Variables Wild-type 

n=766 

 

T60A 

n=127 

 

V122 

n=314 

 

p Value 

Age 77.50 (6.70) 65.62 (7.76) 75.45 (7.44) <0.001*°§ 

Sex (Male) 724 (94.5%) 86 (67.7%) 229 (72.9%) <0.001*° 

BSA 1.92 (0.18) 1.81 (0.21) 1.84 (0.19) <0.001*° 

Race- Black 42 (5.5%) 0 (0%) 272 (86.6%)  

Race- Caucasian 714 (93.2%) 125 (98.4%) 28 (8.9%) 

Race-Other 10 (1.3%) 2 (1.6%) 14 (4.5%) 

NHYA Class <0.001°§ 

NYHA 1 77 (10.1%) 17 (13.4%) 12 (3.8%)  

NHYA 2 559 (73%) 96 (75.6%) 200 (63.7%) 

NHYA 3 127 (16.6%) 12 (9.4%) 98 (31.2%) 

NHYA 4 3 (0.4%) 2 (1.6%) 4 (1.3%) 

Biomarker Stage <0.001*°§ 

Grade 1 348 (45.4%) 81(63.8%) 127 (40.4%)  

Grade 2 292 (38.1%) 37(29.1%) 114 (36.3%)  

Grade 3 123 (16.1%) 5 (3.9%) 70 (22.3%)  

Missing Data 3 (0.4%) 4 (3.2%) 3 (1%)  

          Blood Biomarkers 

BNP 2918 (1565-5300) 1910 (896-4434) 3138 (1624-6072) <0.001*§ 

Troponin 59 (38-85) 40 (25-59.5) 78 (53-111) <0.001*°§ 
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Table 3. Echocardiographic Findings in Patients with WT, T60A and V122I ATTR-CM 
 

Echocardiographic 
variables 

Wild type 
n=766 

 

T60A 
n=127 

 

V122 
n=314 

 

p Value  

IVSd (mm) 16.63 (2.56) 16.22 (3.11) 16.68 (2.25) 0.244 

PWTd (mm) 16.07 (2.68) 16.01(3.18) 16.30 (2.42) 0.127 

LVM (g) 316.20 (85.52) 298.62 (94.95) 290.17 (74.10) 0.009° 

LVEDD (mm) 44.48 (5.74) 43.31(5.71) 41.62 (5.82) <0.001*° 

LVEDD index (mm/m2) 23.30 (3.14) 24.15 (3.42) 22.75 (3.23) <0.001*°§ 

MWT (mm) 16.41 (2.49) 16.15 (3.12) 16.51 (2.23) 0.216 

LVEDV (ml) 79.26 (25.34) 77.36 (24.15) 69.94 (24.88) <0.001° 

LVEDV index (ml/m2) 41.29(12.29) 42.77 (12.02) 37.95(12.32) 0.003° 

LVESV (ml) 40.43 (17.38) 36.89 (15.26) 39.76 (19.02) 0.008*§ 

LVESV index (ml/m2) 20.98 (8.60) 20.40 (8.18) 21.54 (9.77) 0.079 

SV (ml) 38.89 (13.66) 40.62 (15.73) 30.23 (10.99) <0.001°§ 

SV index (ml/m2) 20.34 (6.80) 22.47 (7.76) 16.43 (5.63) <0.001°§ 

EF (%) 49.34 (10.69) 51.84 (10.02) 44.25 (11.37) <0.001°§ 

LAA (cm2) 26.66 (5.73) 23.42 (5.14) 25.95 (5.46) <0.001*§ 

LAA index (cm2/m2) 13.96 (3.00) 13.03 (2.92) 14.25 (3.27) 0.206 

RAA (cm2) 24.79 (6.39) 20.15 (5.32) 24.43 (6.70) <0.001*§ 

RAA index (cm2/ m2) 12.98 (3.25) 11.19 (2.65) 13.33 (3.61) 0.001°§ 

E/A 2.10 (1.65) 1.58 (0.90) 2.41 (1.04) <0.001*°§ 

e’ lateral (cm/s) 6.57 (2.29) 6.39 (2.57) 6.07 (2.17) 0.012° 

e’ septal (cm/s) 4.59 (1.64) 4.85 (1.96) 4.21 (1.45) <0.001° 

E/e’ lateral 14.37 (6.22) 15.80 (7.69) 14.99 (6.15) 0.015*§ 

MAPSE (mm) 8.65 (4.95) 8.66 (3.11) 7.59 (2.52) <0.001° 

TAPSE (mm) 15.12 (4.78) 16.86 (4.73) 14.14 (4.75) <0.001°§ 

TAPSE/PASP 0.38 (0.20) 0.47 (0.23) 0.33 (0.17) <0.001°§ 

S’ tricuspid (cm/s) 10.47 (3.33) 10.98 (3.09) 9.66 (2.90) <0.001° 



 72 

RWT 0.74 (0.17) 0.76 (0.20) 0.80 (0.18) <0.001° 

MCF (%) 16.09 (6.63) 18.05 (10.00) 14.36 (5.77) <0.001°§ 

LS (-%) -11.43 (3.98) -11.99 (4.19) -9.81 (3.39) <0.001°§ 

SABr 6.74 (5.49) 6.19 (5.47) 6.25 (4.96) 0.617 

RALS 1.39 (0.52) 1.37 (0.49) 1.45 (0.56) 0.022° 

PASP (mmHg) 42.55 (10.22) 39.39 (11.95) 44.86 (11.63) <0.001°§ 

 Significant MR 207 (27.1%) 29 (22.8%) 127 (40.7%) <0.001°§ 

Significant TR 208 (27.2%) 18 (14.2%) 144 (45.9%) <0.001*°§ 

Severe AS 20 (2.6%) 0 (0.0%) 2 (0.6%) 0.025 

 
Table 3. p values for pairwise comparison*: p<0.05 for wt vs T60A; °: p<0.05 for wt 
vs. V122I; §: p<0.05 for T60A vs V122I. Statistical significance is represented by p-
values < 0.05. All p-values are adjusted for age and gender. Data are presented as 
means (SD), with the exception of significant MR, TR and severe AS which are 
presented as number (percentage). 

Survival from Baseline 

At follow-up, mean 32 (SD 18) months, 489 (39%) of 1240 patients had died, including 

283 (37%) in the wtATTR-CM group, 156 (50%) in the V122I-hATTR-CM group, 43 

(34%) in the T60A-hATTR-CM, and 7 (21%) in the non-T60A non-V122I group. Median 

patient survival from diagnosis by Kaplan–Meier analysis was 58 months in patients 

with wtATTR-CM compared to 36months among patients with V122I-hATTR-CM and 

>60months in T60A hATTR- CM. Survival probability in the overall population at 

24months was 0.77 (95% CI 0.75–0.80) and at 36 months 0.66 (95% CI 0.62– 0.68). 

Survival probability in wtATTR-CM group at 24 months was 0.81 (95% CI 0.78–0.84) 

and at 36 months 0.70 (95% CI 0.67–0.74). Survival probability in T60A-hATTR-CM 

group at 24 months was 0.78 (95% CI 0.69–0.85) and at 36 months 0.70 (95% CI 

0.60–0.78). Survival probability in V122I-hATTR-CM group at 24 months was 0.66 

(95% CI 0.60–0.71) and at 36 months 0.49 (95% CI 0.43–0.56). Fifteen 
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echocardiographic parameters and heart rate were explored in the univariate Cox 

regression analysis (Table 4). Eleven echocardiographic variables and heart rate were 

entered into a multivariable Cox proportional hazards analysis (Table 5). In order to 

avoid statistical coupling of variables, separate multivariable models were performed 

that excluded coupled parameters (e.g. three separate models were created for SV 

index, LVEF, and MCF, Table 6). For all variables, the variance inflation factor was 

>3. Amongst the three models with SV index, LVEF, and MCF, the one with SV index 

was chosen for a marginally better c-statistic. A multivariable model combining LAA 

index, RAA index, IVSd, significant TR, significant MR, LS, E/e’ lateral, TAPSE/PASP, 

SV index, RWT, heart rate, and severe AS at the time of diagnosis revealed that SV 

index (HR 0.97, 95% CI 0.95–0.99; P = 0.004), RAA index (HR 1.05, 95% CI 1.01–

1.10; P= 0.016), LS (HR 1.08, 95% CI 1.04–1.12; P < 0.001), and severe AS (HR 2.46, 

95% CI 1.29–4.72; p= 0.007) were independently associated with patient survival in 

the overall population (Table 5). LS, SV index, and severe AS remained independently 

associated with patient survival in the overall populations also after adjustment for 

NYHA class and a validated staging system that uses eGFR and NT-proBNP (Table 

7). When patients with AS were removed from the analysis, E/e’ (HR 1.02, 95% CI 

1.00–1.03; P= 0.033) also became independently associated with patient survival, with 

no changes in the other predictors (Table 5). The same multivariable model was used 

in wtATTR-CM and V122I-hATTR-CM patients separately (Table 8). The model was 

not applied to non-V122I-hATTR-CM patients due to low numbers of events. In 

wtATTR-CM patients, RAA index, LS, and E/e’ were significantly associated with 

mortality (HR 1.07, 95% CI 1.01–1.13; p= 0.023; HR 1.07, 95% CI 1.02–1.13; p = 

0.004; and HR 1.03, 95% CI 1.00–1.05; p = 0.019, respectively), whilst in patients with 
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V122I hATTR-CM, RAA index and LS remained independently associated with 

survival (HR 1.10, 95% CI 1.02–1.19; p= 0.015 and HR 1.10, 95% CI 1.03–1.18; p = 

0.004, respectively). Eighty-five patients were diagnosed with AS, 21 with mild AS, 42 

with moderate AS, and 22 with severe AS. Of the patients with severe AS at diagnosis, 

11 had low flow-low gradient AS, nine had paradoxically low flow AS, and two had 

high gradient AS. One patient had a surgical aortic valve replacement (survival 

6months) and five patients had TAVI procedures. There was a statistically significant 

difference in survival between patients who underwent TAVI and patients who did not 

undergo any treatment for the severe AS (p= 0.012) (Figure 5).  

Interobserver Reproducibility 

Given the prognostic importance of GLS across different models, inter-observer 

reproducibility was performed in twenty patients (LC) against already reported GLS 

readings measured at the time of the original echocardiographic study, demonstrating 

high agreement with an intraclass coefficient of 0.899, 95% CI 0.764-0.959, p<0.001). 
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Table 4. Univariable Cox Regression Analysis of Risk of Death in the Overall 
Population 
 

Variable 

 

 

TTR- Overall 

 HR (95% CI) p Value 

SV index 0.95 (0.93-0.96) <0.001 

EF (%) 0.97 (0.96-0.98) <0.001 

MCF (%) 0.95 (0.93-0.96) <0.001 

LAA index 1.08 (1.05-1.12) <0.001 

RAA index 1.09 (1.06-1.12) <0.001 

IVSd 1.10 (1.06-1.14) <0.001 

Significant TR  1.75 (1.46-2.10) <0.001 

Significant MR 1.63 (1.36-1.95) <0.001 

LS (%) 1.12 (1.09-1.15) <0.001 

E/e’ 1.03 (1.02-1.04) <0.001 

TAPSE 0.92 (0.90-0.94) <-0.001 

PASP 1.00 (0.99-1.01) 0.680 

TAPSE/PASP 0.19 (0.11-0.35) <0.001 

Severe AS 2.41 (1.39-4.19) 0.002 

RWT 3.54 (2.15-5.83) <0.001 

Heart rate 1.01 (1.00-1.01) 0.042 

 

Table 4. Statistical significance is represented by p-values < 0.05. Data is presented  
as hazard ratio (HR) and 95% confidence interval (CI). 
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Table 5. Multivariable Cox Regression Analysis of Risk of Death in the Overall 
Population According to Presence or Absence of Severe Aortic Stenosis 
 

Variables in   
     model 

Missing 
     Data 

TTR-Overall TTR-AS excluded 

  HR (95% CI) p Value HR (95% CI) p Value 

SV index 86 0.97 (0.95-0.99) 0.004 0.97 (0.96-0.99) 0.011 

LAA index 50 1.04 (0.99-1.08) 0.093 1.03 (0.99-1.08) 0.153 

RAA index 52 1.05 (1.01-1.10) 0.016 1.06 (1.02-1.11) 0.007 

IVSd 0 0.97 (0.90-1.03) 0.309 0.96 (0.89-1.02) 0.181 

Significant TR 0 1.18 (0.92-1.51) 0.196 1.19 (0.93-1.52) 0.183 

Significant MR 3 1.23 (0.98-1.56) 0.076 1.23 (0.97-1.56) 0.084 

LS (-%) 91 1.08 (1.04-1.12) <0.001 1.08 (1.04-1.12) <0.001 

E/e’ lateral 28 1.01 (1.00-1.03) 0.080 1.02 (1.00-1.03) 0.033 

TAPSE/PASP 197 1.28 (0.60-2.72) 0.523 1.27 (0.59-2.73) 0.538 

RWT 0 1.44 (0.61-3.40) 0.411 1.49 (0.62-3.56) 0.369 

Heart Rate 0 1.00 (0.99-1.01) 0.704 1.00 (0.99-1.01) 0.631 

Severe AS 3 2.46 (1.29-4.72) 0.007 - - 

Harrell’s c  0.661(0.631-0.691) <0.001 0.659 (0.629-0.690) <0.001 
 
Table 5. Statistical significance is represented by p-values < 0.05. Data is presented 
as hazard ratio (HR) and 95% confidence interval (CI). 
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Table 6. Multivariable Cox Regression Analysis of Risk of Death in the Overall 
Population represented by three different models using SV, EF and MCF 

 
Table 6. Statistical significance is represented by p-values < 0.05. Data is presented 
as hazard ratio (HR) and 95% confidence interval (CI).  

Variables in model Model 1 (SV) Model 2 (EF) Model 3 (MCF) 

 HR (95% CI) p Value HR (95% CI) p Value HR (95% CI) p Value 

SV index  0.97 (0.95-0.99) 0.004 - - - - 

EF - - 0.99 (0.98-1.00) 0.036 - - 

MCF - - - - 1.00 (0.97-1.03) 0.930 

LAA index 1.04 (0.99-1.08) 0.093 1.03 (0.99-1.07) 0.138 1.03 (0.99-1.07) 0.161 

RAA index 1.05 (1.01-1.10) 0.016 1.05 (1.01-1.09) 0.022 1.06 (1.02-1.10) 0.006 

IVSd 0.97 (0.90-1.03) 0.309 0.95 (0.90-1.02) 0.144 0.96 (0.90-1.02) 0.201 

Significant TR  1.18 (0.92-1.51) 0.196 1.18 (0.92-1.50) 0.186 1.21 (0.95-1.54) 0.125 

Significant MR 1.23 (0.98-1.56) 0.076 1.19 (0.94-1.49) 0.144 1.19 (0.95-1.49) 0.133 

LS (%) 1.08 (1.04-1.12) <0.001 1.06 (1.02-1.11) 0.002 1.08 (1.05-1.12) <0.001 

E/e’ 1.01 (1.00-1.03) 0.080 1.01 (1.00-1.03) 0.164 1.01 (1.00-1.03) 0.148 

TAPSE/PASP 1.28 (0.60-2.72) 0.523 1.00 (0.49-2.05) 0.991 0.95 (0.46-1.95) 0.889 

RWT 1.44 (0.61-3.40) 0.411 2.52 (1.09-5.84) 0.031 1.93 (0.82-4.54) 0.131 

Heart rate 1.00 (0.99-1.01) 0.704 1.00 (1.00-1.01) 0.316 1.01 (1.00-1.01) 0.147 

Severe AS 2.46 (1.29-4.72) 0.007 2.10 (1.11-3.97) 0.023 2.04 (1.08-3.87) 0.028 

Harrell’s c 0.661(95% CI 0.631-0.692) 

p<0.001 

0.659(95% CI 0.630-0.688) 

p<0.001 

0.657 (0.628-0.686) 

p<0.001 
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Table 7. Multivariable Cox Regression Analysis of Risk of Death in the Overall 
Population: SV Model adjusting for NYHA and NAC stage 
 

Variables in model HR (95% CI) p Value 

SV index 0.97 (0.96-0.99) 0.009 

LAA index 1.02 (0.98-1.06) 0.373 

RAA index 1.04 (1.00-1.09) 0.071 

IVSd 0.96 (0.90-1.03) 0.244 

Significant TR  1.09 (0.84-1.40) 0.526 

Significant MR 1.25 (0.99-1.58) 0.065 

LS (%) 1.05 (1.01-1.09) 0.006 

E/e’ 1.02 (1.00-1.03) 0.057 

TAPSE/PASP 1.34 (0.63-2.88) 0.448 

RWT 1.34 (0.57-3.18) 0.505 

Heart Rate 1.00 (0.99-1.01) 0.497 

Severe AS  2.63 (1.37-5.05) 0.004 

Biomarker Stage, 2 vs.1 1.67 (1.28-2.17) <0.001 

Biomarker Stage, 3 vs.1 2.35 (1.72-3.21) <0.001 

NHYA Class 2 vs.1 1.22 (0.79-1.89) 0.376 

NHYA Class 3 vs.1 1.21 (0.75-1.97) 0.437 

NHYA Class 4 vs.1 4.62 (1.55-13.75) 0.006 

Harrell’s c 0.691 (0.662-0.720) <0.001 
 
Table 7. Statistical significance is represented by p-values < 0.05. Data is presented 
as hazard ratio (HR) and 95% confidence interval (CI). 
 

 

 



 79 

Table 8. Multivariable Cox Regression Analysis of Risk of Death in WT and V122I 
subgroups 

Variables  

 

imodel 

Wild type V122I 

 HR (95% CI) p Value HR (95% CI) p Value 

SV index 0.98 (0.95-1.00) 0.095 1.02 (0.98-1.06) 0.356 

LAA index 1.05 (0.99-1.11) 0.093 0.99 (0.91-1.07) 0.746 

RAA index 1.07 (1.01-1.13) 0.023 1.10 (1.02-1.19) 0.015 

IVSd 0.96 (0.88-1.05) 0.415 0.98 (0.87-1.11) 0.789 

Significant TR  1.00 (0.72-1.38) 0.987 1.34 (0.84-2.13) 0.215 

Significant MR  1.25 (0.92-1.70) 0.148 1.02 (0.66-1.58) 0.934 

LS (%) 1.07 (1.02-1.13) 0.004 1.10 (1.03-1.18) 0.004 

E/e’ 1.03 (1.00-1.05) 0.019 1.01 (0.98-1.04) 0.491 

TAPSE/PASP 1.20 (0.46-3.15) 0.711 1.74 (0.38-8.02) 0.479 

RWT 1.05 (0.32-3.40) 0.941 1.37 (0.32-5.90) 0.668 

Heart Rate 1.00 (0.99-1.02) 0.486 1.00 (0.99-1.01) 0.910 

Harrell’s c 0.664 (0.626-0.702) <0.001 0.633 (0.578-0.688) <0.001 
 
Table 8. Statistical significance is represented by p-values < 0.05. Data is presented 
as hazard ratio (HR) and 95% confidence interval (CI). 
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Figure 5. Prognostic Impact of TAVI in Patients with Severe Aortic Stenosis and 
Cardiac Amyloidosis 
 

 

Figure 5. Kaplan–Meier curves displaying the prognostic impact of transcatheter 
aortic valve replacement on survival in patients with severe aortic 
stenosis and cardiac amyloidosis. 
 

Discussion 

This study of >1000 patients with ATTR-CM highlights the relative prognostic 

importance of a range of different echocardiographic parameters at the time of 

diagnosis and yields many new insights into the complexity of the disease 

pathophysiology which may, in part, explain its phenotypic heterogeneity. The three 

most common UK (and USA) genotypic subgroups included in the study are wtATTR-

CM, V122I-hATTR-CM, and T60A-hATTR-CM. Patients with V122I-hATTR-CM 

present with the most severe dysfunction across all echocardiographic parameters, 
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T60A-hATTR-CM patients have better cardiac function and those with wtATTR-CM 

present with intermediate dysfunction. Our results demonstrate that these three 

subtypes present with varying degrees of severity which may reflect either differences 

in the time of presentation or intrinsic differences in disease biology between subtypes. 

However, a few observations from the present study are in favour of the latter for 

patients with V122I ATTR-CM. Firstly, although patients with V122I had similar 

increases in LV wall thickness as ATTRwt, these patients had significantly lower 

indices of LV function (stroke volume, EF, and MCF), worse diastolic function, 

increased incidence of moderate, and severe mitral and TR, as well as increased 

pulmonary pressures, indicating more advanced cardiac disease overall. Secondly, 

the comparable atrial dimensions observed between patients with V122I ATTR-CM 

and wtATTR-CM despite almost two-fold higher prevalence of moderate to severe MR 

and TR suggests impaired compensatory atrial dilatation in response to valvular 

regurgitation which may be explained by atrial amyloid infiltration. Thirdly, in spite of 

similar increase in LV wall thickness, the LV remodelling is different, with V122I ATTR-

CM showing a more severe degree of concentric remodelling, with small left ventricular 

end diastolic diameter (LVEDD) and increased RWT, compared to wtATTR-CM. 

These observations combined with the knowledge that patients with hATTR-CM are 

diagnosed more rapidly following the onset of cardiac symptoms than those with 

wtATTR-CM13418 strongly supports the hypothesis that there exists an inherent 

difference in the disease biology. On the other hand, patients with T60AhATTR- CM 

had less compromised diastolic dysfunction, a minor degree of TR and a minor degree 

of RA dilatation with a similar degree of increase in the ventricular wall thickness. The 

less severe disease phenotype in T60A may be explained by differences in time to 
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presentation, in which neurological symptoms rather than cardiac symptoms often 

lead to first presentation. Cardiac ATTR amyloidosis has been commonly considered 

a form of restrictive cardiomyopathy and the pathophysiology of HF has traditionally 

been attributed to diastolic dysfunction.135Few studies have assessed the individual 

contributions of systolic and diastolic dysfunction to the pathophysiology of ATTR-CM, 

including those on the prognostic role of LS136 but no study has comprehensively 

assessed the relative contribution of multiple echocardiographic parameters that 

reflect overall cardiac performance. Our findings suggest a complex 

pathophysiological model where both LV systolic and diastolic function are all 

independently associated with prognosis, with the systolic dysfunction representing a 

marker of advanced disease. These findings mimic the haemodynamic model 

associated with cardiac amyloidosis in which progressive extracellular amyloid 

infiltration alters myocardial stiffness, resulting in an upward and leftward shift in the 

end-diastolic pressure–volume relationship, with concomitant declines in stroke 

volume. More complex is the correlation between RV-sided parameters and mortality: 

the absence of association between PASP and mortality is intriguing and possibly 

reflects the relatively high prevalence of advanced RV dysfunction associated with 

severe TR. On the contrary, RA remains independently predictive of mortality, and this 

probably reflects the complex nature of this parameter, with RA dilatation being the 

final common result of different pathogenetic mechanisms such as RV dysfunction and 

dilatation, pressure/volume overload, and RV-pulmonary circulation uncoupling.137 

Importantly, LS, SV index, and AS remained independently associated with patient 

survival in the overall populations also after adjustment for NYHA class and a validated 

staging system that uses eGFR and NT-proBNP, highlighting their independent 
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prognostic role beyond current staging systems. Finally, it is interesting to observe the 

relatively low Harrell’s c-statistics of models containing only echocardiographic 

variables. This is not surprising, as cardiac ATTR amyloidosis is a complex disease 

with multiorgan involvement, where a combination of factors beyond cardiac amyloid 

infiltration and related dysfunction, including autonomic dysfunction, activation of the 

neuro-hormonal axis and renal perfusion, all interact to predict patient prognosis. 

Interestingly, when the multivariable model is applied to wtATTR-CM and V122I-

hATTR-CM, LS remained consistently associated with prognosis, supporting the role 

of myocardial deformation imaging as a sensitive tool for characterising LV dysfunction 

in ATTR amyloidosis over more traditional echocardiographic parameters (Figure 6).55  

Figure 6. Prognostic Impact of Longitudinal Strain in Cardiac Amyloidosis 

 

Figure 6. Kaplan–Meier curves displaying the prognostic impact of longitudinal strain 
in cardiac amyloidosis. 
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This is the first study to demonstrate the independent prognostic role of severe AS in 

patients with ATTR-CM. In patients with both AS and ATTR CM, there have been 

uncertainties as to which disease process was the primary driver of poor outcome. 

Along with a wider awareness of co-existent cardiac amyloidosis and AS, this 

knowledge gaps translates into clinical uncertainty on the optimal management of 

patients in this group, specifically whether or not to consider aortic valve intervention 

in patients with ATTR-CM. Our study indicates that presence of severe AS in the 

context of ATTR-CM is associated with a dramatic reduction in patient survival (Figure 

7) and suggests that the AS drives the poor outcome in patients with both diseases, 

median survival 22 months (95% CI 7.94– 36.06) vs. 53 months (95% CI 49.27–56.74, 

p = 0.001).  

Figure 7. Prognostic Impact of Severe Aortic Stenosis in Cardiac Amyloidosis. 

 

Figure 7. Kaplan–Meier curves displaying the prognostic impact of severe aortic 
stenosis in cardiac amyloidosis. 
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Of interest, patients who underwent TAVI had significantly longer survival than 

patients that did not receive any intervention, but this is in very small patient number 

and potentially affected by selection biases. However, the independent prognostic role 

of severe AS encourages the need for further studies assessing the potential benefit 

of aortic valve replacement procedures in patients with both diseases. In summary, 

ATTR-CM, traditionally considered a predominantly diastolic heart disease, is 

characterised by a significantly more complex pathophysiology, in which multiple 

processes within the myocardium are compromised with each being more or less 

prominent at different timepoints, depending upon the individual, their comorbidities 

and the genotype. This advancement in our understanding of the disease 

pathophysiology is especially timely since several treatments for ATTR-CM which hold 

great promise in transforming the traditionally accepted model of ATTR CM as a 

restrictive cardiomyopathy are becoming available to patients. 

Study Limitations 

The stroke volume was measured based on estimates of LV volumes and thus does 

not account for valvular regurgitation, leading to overestimation of SV in the presence 

of significant MR. Although Doppler-derived SV could have overcome this limitation, 

this was not available in the present population. However, several studies both within 

amyloidosis and with focus on MCF have used the left ventricular end diastolic volume 

(LVEDV)-left ventricular end systolic volume (LVESV) formula, sometimes using the 

Teichholz methods to assess volumes which is a far less accurate method of deriving 

SV than the method that we used.132,138,139 Furthermore, on the multivariate analysis, 

we adjust for MR, and this at least in part should account for this problem. Strain 
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analysis was performed only in a four-chamber view. This approach was preferred to 

the global LS to minimize excluded patients, as good quality imaging without segment 

drop out is more challenging in two- or three-chamber apical views compared to four 

chamber views.140 Additionally, a good correlation between global LS in the three 

apical views and four-chamber LS has been demonstrated.140 Strain analysis was 

performed using a single vendor software (Echo PAC software, GE), and whilst we 

acknowledge that intervendor variability has been reported, it has been demonstrated 

that mean LV global LS values obtained from the software used in this study are not 

significantly different from other mainstream providers.141 
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CHAPTER 4: UNRAVELLING THE ROLE OF VALVULAR 

INSUFFICIENCY IN THE PROGRESSION OF TRANSTHYRETIN 

CARDIAC AMYLOIDOSIS 

This chapter is based on unpublished data assessing the serial echocardiographic 

follow-up of patients with ATTR cardiomyopathy.  

 

My contribution towards this work was designing the study, collecting the data, 

analysing all the data, performing statistical analysis and writing the manuscript. 

 

Introduction 

Transthyretin amyloid cardiomyopathy (ATTR-CM) is a progressive and usually fatal 

disease caused by accumulation of ATTR amyloid deposits between cells in the 

myocardium. ATTR-CM is classified as hereditary (hATTR-CM) when associated with 

mutations in the transthyretin (TTR) gene or more frequently as non-

hereditary(wtATTR-CM) when the gene is wild-type.  Diagnosis of ATTR-CM has lately 

increased dramatically reflecting use of non-biopsy imaging technologies coupled with 

improved awareness and development of specific therapies.142However,the natural 

history remains poorly understood as are the most clinically meaningful parameters 

acquired by serial echocardiography, which is nevertheless performed routinely to 

monitor disease progression. Blood biomarker studies to date have mainly focused on 

wtATTR-CM. 143 
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Echocardiography typically offers the first clues to diagnosis of  ATTR-CM and 

its prognosis.113,132,133,144,145However, whilst its value for diagnosis and prognosis at 

patients’ initial presentation have been established146,the role of serial 

echocardiography to ascertain and elucidate the basis for disease progression within 

individuals has been little studied. To date, most such data have been generated from 

retrospective analyses of small cohorts or sub-analyses of large multicentre clinical 

trials focused on identifying differences between study arms rather than evaluating 

changes within individual patients.104,108,109,136,147,148The need to identify and validate 

imaging parameters that inform the latter was recently highlighted in expert consensus 

guidance, which acknowledged the current lack of hard data.149 The aims of this study 

were: (1) to describe serial changes in structural and functional echocardiographic 

parameters across large populations with wild-type and hATTR-CM; (2) to compare 

rates of disease progression in wtATTR-CM and two leading forms of hATTR-CM; and 

(3) to assess the ability of changes in echocardiographic parameters to predict 

prognosis.  

Methods 

Study Population 

Patients referred to the National Amyloidosis Centre (NAC), Royal Free Hospital, 

London, UK between 2000 and 2020 in whom ATTR-CM was confirmed using 

validated diagnostic criteria were invited to participate in a prospective protocolized 

clinical follow-up programme comprising serial clinical assessments and systematic 

evaluation of cardiac parameters. Briefly, the diagnosis of ATTR-CM was established 

on the basis of presence of symptoms of heart failure (HF) together with a 
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characteristic echocardiogram and either: direct endomyocardial biopsy (EMB) proof 

of ATTR amyloid or presence of ATTR amyloid in an extra-cardiac biopsy along with 

cardiac uptake on 99 m Technetium-labelled 3,3-dicarboxypropane-2, 1-

diphosphonate (99mTc-DPD) scintigraphy; or Perugini Grade 2 or 3 cardiac uptake 

on 99mTc-DPD scintigraphy in the absence of an abnormal serum free light chain 

ratio and monoclonal immunoglobulin in the serum and urine by immunofixation.23 All 

patients underwent sequencing of the TTR gene. Patients were managed in 

accordance with the Declaration of Helsinki and provided written informed consent 

for retrospective analysis and publication of their data.  

Echocardiography Protocol 

All transthoracic 2D-echocardiograms were performed by experienced operators 

blinded to the final outcome using GE Vivid E9 ultrasound machine equipped with a 

5S probe and measurements were analysed according to current recommendations 

of non-invasive assessment of native valvular regurgitation 119. Echocardiographic 

data was entered from the clinical database. 

Mitral regurgitation (MR) severity was graded, using a multiparametric approach as 

none (Grade 0) in absence of any detectable regurgitant jet, and definitely mild (Grade 

1) and definitely severe (Grade 5).The current recommendations119 were adapted to 

our population and in case of intermediate values in keeping with probable moderate 

regurgitation, semiquantitative and quantitative parameters and supporting signs were 

used, resulting in a further subclassification into more nuanced grading of regurgitation 

defined as mild-moderate (Grade 2), moderate (Grade 3) and moderate-severe 

(Grade 4).119The mechanism of MR was described and classified as primary (organic), 
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secondary (functional) and mixed when both components are present. Anteroposterior 

mitral annulus (AP-MA) dimensions in end-diastole were evaluated in the conventional 

parasternal long axis (PLAX) view and dilatation was defined by an end-diastolic 

diameter ≥35 mm.119  

Tricuspid regurgitation (TR) severity was graded, using a multiparametric approach, 

as none (Grade 0) in absence of any detectable regurgitant jet, and definitely mild 

(Grade 1) and severe (Grade 5) when the standard criteria are met. When in the range 

of probable moderate TR, a further subclassification into mild-moderate (Grade 2), 

moderate (Grade 3) and moderate-severe (Grade 4) was adopted.The mechanism of 

the TR was described and classified as primary (organic), secondary (functional) and 

mixed when both components are present. With 2D echocardiography the three 

leaflets of tricuspid valve (TV) cannot always be visualized simultaneously, therefore 

we focused our analysis on the conventional apical 4 chamber (A4Ch) view where the 

septal leaflet (TVSL) is adjacent to the septum and the leaflet adjacent to the RV free 

wall could be anterior or posterior.119 Tricuspid annulus (TA) dimensions were 

measured in end-diastole in the conventional A4Ch view and dilatation was defined 

by an end-diastolic diameter ≥40 mm.119 

Two separate analyses were performed using progression of ‘at least’ 1 grade of 

valvular regurgitation and using progression of ‘at least’ 2 grades of valvular 

regurgitation. For example, a patient who progresses from mild (Grade 1) to mild-to-

moderate MR/TR and above (Grade 2 and above) will be classified into progression 

of ‘at least’ 1 grade of valvular regurgitation and a patient who progresses from mild 
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(Grade 1) to moderate and above (Grade 3 and above) will be classified into 

progression of ‘at least’ 2 grades of valvular regurgitation.  

Histology Protocol 

Two explanted hearts were evaluated using standards and definitions proposed by the 

Committee of the Society for Cardiovascular Pathology and the Association for 

European Cardiovascular Pathology.150 After adequate fixation in 10% formaldehyde, 

the hearts were cut in parallel transverse sections, 1.0 to 1.5 cm thick, from the apex 

to circa 4 cm below the atrio-ventricular (AV) groove. The base of the heart was then 

cut along the longitudinal axis through the AV valves. Wide sampling for histology 

included specimens from both atria; right ventricle (RV), left ventricle (LV) and septum 

at basal, medium (an entire midventricular section) and apical levels; major 

subepicardial coronary arteries; AV valves. Specifically, the anterior and posterior 

leaflets of AV valves were obtained using a longitudinal section including the annulus, 

the atrial and ventricular myocardium, the leaflets with the chordae tendinae and the 

papillary muscles. From the paraffin blocks 2 μm thick sections were cut for 

histological analysis and stained with Haematoxylin–Eosin, which characterises 

amyloid as a homogeneous, slightly eosinophilic, amorphous and unstructured 

substance, with Mallory trichrome, which stains amyloid pinkish grey, collagen 

dark/bright blue and myocytes red, and Congo red which highlights amyloid with the 

typical apple green birefringence when observed under polarized light. 

Statistical Analysis 

All mortality data were obtained via the UK Office of National Statistics. The mortality 

endpoint was defined as time to death from baseline for all deceased patients and 
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time to censor date, 13 March 2020, from baseline among the remainder. Follow-up 

was restricted to ≤60months, after which patients were censored due to the low 

number of patients at risk after 60 months. The three genotypic sub-groups of interest 

were wild-type ATTR cardiomyopathy (wtATTR-CM), V122I-associated hereditary 

ATTR cardiomyopathy (V122I-hATTR-CM), and T60A-associated hereditary ATTR 

cardiomyopathy (T60A-hATTR-CM). Summary data are presented as mean and 

standard deviation (SD) for numerical variables, all of which were approximately 

normally distributed. Paired t-tests were used for numerical variables to compare 

changes in variables between different time points; these changes were approximately 

normally distributed. Linear regression analysis was used for all the numerical 

outcome variables at 12-and 24 months to allow a comparison of the genotypes after 

adjusting for age at baseline and baseline value of the variable. The assumptions 

underlying the regression analyses were verified by a study of the residuals. Survival 

was evaluated with Cox proportional hazards regression analysis, providing estimated 

hazard ratios (HR’s) with 95% confidence intervals (CI’s) and Kaplan–Meier curves. 

The proportional hazards assumption was verified for all survival analyses. 

Furthermore, eleven echocardiographic parameters and a biomarker staging system 

were entered into a multivariable Cox proportional hazards regression. The model 

incorporated echocardiographic variables including severe aortic stenosis, degree of 

MR and TR,SV index, E/e’ average, RAA index, LV LS at baseline and MR and TR 

progression of ‘at least 1’grade,change in SV index and change in RAA index from 

baseline to 12 months. To assess the reproducibility of the degree of MR and TR, two 

observers measured each of the variables on 100 patients blinded. The weighted 

kappa was calculated and assessed according to the Landis and Koch classification. 
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A significance level of 0.05 was adopted for all hypothesis tests and the data were 

analysed using SPSS (IBM Corp. Released 2020.IBM SPSS Statistics for Windows, 

Version 27.0. Armonk, NY: IBM Corp) for every analysis apart from the survival 

analyses when Stata (StataCorp. 2019. Stata Statistical Software: Release 16. 

College Station, TX: StataCorp LLC) was used. 

Results 

Characteristics of Cohort at Baseline 

Of 1240 patients studied at baseline, 877 underwent echocardiography at 12-and 24-

month timepoints (843 and 612 respectively) and were included in this study (Figure 

8). Mean follow-up times were 12.50 months (SD 2.04) and 24.50 months (SD 2.73).Of 

the 877 patients: 565 (64.4%) had wtATTR-CM (mean age 76.71,SD 6.67 years; 

95.2% male); 201 (22.9%) had V122I-hATTR CM (mean age 75.28, SD 7.17 years; 

71.1% male);90 (10.3%) had T60A-hATTR-CM (mean age 66.13, SD 6.49; 72.2% 

male); and 21(2.4%) had hATTR-CM associated with other mutations (mean age 

61.71, SD 10.64 years; 81% male 81%).Of the 877 patients,195 (22%) were Afro-

Caribbean.  

 

 



 94 

Figure 8. Consort Diagram of Included Patients at Baseline, 12 and 24 Months 

 

Figure 8. Consort diagram representing patients at baseline,12-and 24-month 
assessment including patients who died and were lost to follow up between time-points  

 

Disease Progression in ATTR Amyloidosis  

At 12 and 24 months in the overall population, there was evidence of progressive LV 

concentric remodelling with a significant increase in wall thickness and reduction in LV 

cavity size, accompanied by atrial enlargement (Table 9).There was an observed 

mean reduction in parameters of systolic function including stroke volume (SV) and 

mitral annular plane systolic excursion (MAPSE), as well as worsening of parameters 

of diastolic function including septal and lateral e’ velocities. Additionally, there was a 
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significant progressive deterioration in deformation-based parameters including left 

ventricular longitudinal strain (LS) and in volumetric measures of function such as 

myocardial contraction fraction (MCF).There was also significant worsening in right 

heart structure and function characterised by deterioration in TAPSE and tissue 

Doppler RV S’ velocity, RV LS, increase in pulmonary artery systolic pressures (PASP) 

and RV to pulmonary circulation uncoupling.(Table 9). 

Table 9. Echocardiographic Findings in Patients with Cardiac ATTR-CM at Baseline, 
12-and 24 months 
 

Echocardiographic 
Variables 

Baseline 
(n=877) 

12-months 
(n=843) 

24-months 
(n=612) 

IVSd (mm) 16.87 (2.37) 17.22 (2.35) * 17.55 (2.33) ** 

PWTd (mm) 16.30 (2.47) 16.80(2.35) * 17.19 (2.39) ** 

LVM (g) 313.90 (82.07) 319.30 (83.88) * 327.96 (87.29) ** 

LVEDD (mm) 43.74 (5.60) 43.02 (5.79) * 42.78 (5.82) ** 

LVEDD index (mm/m2) 23.11 (2.94) 22.72 (3.02) * 22.53 (3.03) ** 

LVESD (mm) 32.89 (6.10) 32.3 (6.29) * 33.06 (6.20) ** 

LVESD index (mm/m2) 17.37 (3.19) 17.08 (3.33) * 17.4 (3.25) ** 

MWT (mm) 16.58 (2.29) 17.01 (2.24) * 17.37 (2.24) ** 

LVEDV (mL) 76.53 (24.59) 77.31 (27.10) 75.78 (25.41) 

LVEDV index (ml/m2) 40.15 (11.96) 40.48 (13.24) 39.61 (12.32) 

LVESV (mL) 39.94 (17.26) 40.59 (18.43) 41.82 (18.08) ** 

LVESV index (ml/m2) 20.94 (8.67) 21.22 (9.24) 21.86 (9.05) ** 

SV (ml) 36.59 (12.55) 35.82 (14.52) 33.95 (12.94) ** 

SV Index (ml/m2) 19.22 (6.16) 18.78 (7.13) 17.75 (6.38) ** 

EF (%) 48.66 (10.52) 47.74 (11.94) * 45.65 (11.15) ** 

LAA (cm2) 26.22 (5.42) 26.47 (5.51) 26.64 (5.31) ** 
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LAA index (cm2/m2) 13.87 (2.93) 13.98 (2.89) 14.02 (2.73) ** 

RAA (cm2) 24.05 (6.14) 24.56 (6.44) * 25.16 (6.80) ** 

RAA index (cm2/m2) 12.67 (3.09) 12.94 (3.29) * 13.21 (3.45) ** 

E/A  2.13 (1.09)  2.13 (1.01) * 2.12 (1.02) ** 

DT (ms) 182.04 (56.16) 177.58 (55.29) * 174.25 (50.71) ** 

e' lateral (cm/s) 6.34 (2.11) 6.15 (2.13) * 5.80 (2.25) ** 

e' septal (cm/s) 4.53 (1.52) 4.38 (1.52) * 4.17 (1.58) ** 

E/e' lateral 14.78 (5.97) 15.52 (6.63) * 16.78 (7.56) ** 

E/e' average 16.78 (6.04) 17.56 (6.54) * 18.72 (7.31) ** 

MAPSE (mm) 8.18 (2.58) 7.81 (2.56) * 7.42 (2.49) ** 

TAPSE (mm) 15.34 (4.61) 14.35 (4.69) * 13.53 (4.57) ** 

TAPSE/PASP 0.40 (0.18) 0.37 (0.20) 0.34 (0.17) ** 

S' tricuspid (cm/s) 10.45 (3.08) 9.89 (3.18) * 9.27 (3.02) ** 

RWT 0.76 (0.16) 0.80 (0.17) * 0.82 (0.17) ** 

MCF (%) 0.16 (0.06) 0.15 (0.05) * 0.14 (0.05) ** 

LV LS (%) -11.17 (3.71) -10.15 (3.84) * -9.45 (3.73) ** 

RV LS (%) -12.71 (3.99) -11.74 (3.81) * -11.11 (3.82) ** 

SABr 5.39 (7.01) 5.93 (6.54) * 5.49 (7.38) 

RALS 1.77 (1.27) 1.74 (2.41) 2.02 (2.33) ** 

PASP (mmHg) 40.51 (10.21) 40.96 (10.54) 41.89 (10.74) ** 

LA strain reservoir 12.17 (8.67) 10.93 (8.97) * 9.68 (7.93) ** 

LA strain contraction  5.51 (4.98) 5.57 (5.86) 4.75 (5.02) ** 
 
Table 9. p-values for paired t-tests: * p<0.05 for baseline vs. 12-months (n=843);** 
for baseline vs 24 months (n=612) Statistical significance is represented by p values 
< 0.05. Data are presented as means (standard deviation). 
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Differential Disease Progression in Wild-type ATTR-CM, V122I-CM and T60A-CM 

When compared to wild-type ATTR-CM, after adjusting for differences in baseline 

parameters and age, patients with V122I- hATTR-CM showed significantly more rapid 

disease progression at 12 and 24 months, with more rapid deterioration in LV systolic 

function parameters including SV, ejection fraction (EF), MCF,LV LS and MAPSE. There 

was also significantly more rapid deterioration in tissue Doppler e’ lateral and septal 

annular velocities and worsening in diastolic parameters such as deceleration time (DT) 

and E/A ratio.  There was more rapid and marked concentric remodelling in V122I- hATTR-

CM compared to wild-type ATTR-CM, with smaller LV cavity sizes and greater relative wall 

thickness. There was also more rapid deterioration in right heart structure and function in 

patients with V122I-associated hATTR-CM compared to the wild-type, characterised by 

deterioration in tissue Doppler RV S’ velocity. In contrast, after adjusting for baseline 

parameters and age at baseline, at 12 and 24 months, patients with T60A hATTR-CM had 

significantly less rapid progression in parameters of LV systolic dysfunction such as EF, 

and in diastolic parameters such as DT and E/A ratio than those with wild-type. There was 

also comparatively less rapid deterioration in parameters of right heart structure and 

function including tricuspid annular plane systolic excursion (TAPSE) and RV LS in patients 

with T60A hATTR-CM compared to wild-type ATTR-CM (p-values for all comparisons less 

than 0.05, tables 10 and 11). 
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Table 10. Linear Regression Analysis Comparing Patients with V122I vs wtATTR-CM 
 

Baseline to 1 year- V122I Versus Wild-type Baseline to 2 year- V122I Versus Wild-type 

Echo Variable Regress’n 
Coefficient 

t p-
value 

Lower  
CI 

Upper 
CI 

Regress’n 
Coefficient 

t p-
value 

Lower 
CI 

Upper 
CI 

IVSd(mm) -0.09 -1.02 0.308 -0.26 0.08 0.01 0.08 0.940 -0.26 0.28 

IVSd Index 
(mm/m2) 

0.02 0.32 0.750 -0.08 0.11 0.09 1.20 0.230 -0.06 0.24 

LVEDD (mm) -0.86 -2.57 0.010 -1.53 -0.20 -1.02 -2.31 0.021 -1.88 -0.15 

LVEDD index 
(mm/m2) 

-0.15 -0.87 0.384 -0.49 0.19 -0.27 -1.23 0.220 -0.71 0.16 

PWTd(mm) 0.06 0.55 0.586 -0.17 0.29 0.10 0.58 0.565 -0.23 0.42 

PWTd Index 
(mm/m2) 

0.14 2.19 0.029 0.01 0.27 0.17 1.86 0.063 -0.01 0.34 

MWT (mm) -0.03 -0.33 0.745 -0.19 0.14 0.04 0.34 0.736 -0.21 0.30 

MWT Index 
(mm/m2) 
 

 

 

 

 

 

 

(mm/m2) 

0.05 1.08 0.281 -0.04 0.14 0.10 1.45 0.147 -0.04 0.24 

RWT  0.02 1.92 0.056 0.00 0.04 0.03 2.15 0.032 0.00 0.05 

LVESD (mm) -0.20 -0.50 0.618 -0.96 0.57 -0.98 -2.12 0.034 -1.90 -0.07 

LVESD Index  
 (mL/m2) 
 

 

 

 

 

 

(mm/m2) 

0.21 1.03 0.303 -0.19 0.61 -0.23 -0.94 0.348 -0.71 0.25 

LVEDV (mL) -9.34 -5.07 0.000 -12.96 -5.72 -8.34 -3.82 0.000 -12.63 -4.05 

LVEDV Index 
(mL/m2) 

 

 

(mL/m2) 

-4.41 -4.67 0.000 -6.26 -2.56 -3.82 -3.41 0.001 -6.03 -1.62 

LVESV (mL) -2.18 -1.90 0.058 -4.44 0.07 -3.26 -2.27 0.024 -6.09 -0.43 

LVESV Index 
(mL/m2) 

-0.82 -1.39 0.165 -1.99 0.34 -1.27 -1.72 0.086 -2.73 0.18 

SV (mL) -6.56 -6.17 0.000 -8.65 -4.47 -6.34 -5.20 0.000 -8.73 -3.94 

SV Index (mL/m2) 

(mL/m2) 

-3.30 -6.11 0.000 -4.35 -2.24 -3.12 -5.01 0.000 -4.34 -1.90 

EF (%) -2.05 -2.67 0.008 -3.55 -0.54 -2.10 -2.31 0.021 -3.89 -0.31 

LAD (mm) -0.86 -2.09 0.037 -1.66 -0.05 -2.00 -3.81 0.000 -3.03 -0.97 

LAA 4ch(cm2) -1.28 -3.48 0.001 -2.00 -0.56 -1.45 -3.13 0.002 -2.36 -0.54 

LAA 4ch Index  
(cm2/m2) 

-0.35 -1.81 0.070 -0.74 0.03 -0.31 -1.26 0.208 -0.78 0.17 
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RAA 4ch(cm2) 0.33 0.86 0.388 -0.43 1.09 -0.05 -0.09 0.925 -1.04 0.95 

RAA 4ch index 
(cm2/m2) 

 

(cm2/m2) 

0.37 1.82 0.068 -0.03 0.77 0.16 0.60 0.549 -0.37 0.69 

LVM(g) -7.17 -1.82 0.069 -14.89 0.55 -9.22 -1.62 0.105 -20.36 1.93 

LVM Index(g/m2) -2.22 -1.10 0.271 -6.16 1.73 -3.26 -1.13 0.257 -8.91 2.39 

MCF (%) -0.01 -2.89 0.004 -0.02 0.00 -0.01 -1.44 0.150 -0.01 0.00 

DT (ms) -13.42 -2.94 0.003 -22.40 -4.44 -15.23 -2.89 0.004 -25.57 -4.89 

E/A Ratio 0.04 0.38 0.708 -0.16 0.23 0.29 2.35 0.020 0.05 0.54 

E' Lateral(cm/s) -0.31 -2.20 0.028 -0.59 -0.03 -0.56 -2.87 0.004 -0.95 -0.18 

E' Septal(cm/s) -0.36 -3.22 0.001 -0.58 -0.14 -0.39 -2.64 0.009 -0.68 -0.10 

E/e' lateral 0.03 0.06 0.955 -0.86 0.91 0.76 1.18 0.240 -0.51 2.03 

E/e' average 0.12 0.28 0.778 -0.70 0.93 0.34 0.57 0.569 -0.84 1.52 

MAPSE (mm) -0.59 -2.92 0.004 -0.98 -0.19 -0.91 -3.84 0.000 -1.38 -0.45 

TAPSE (mm) -0.46 -1.43 0.153 -1.10 0.17 -0.72 -1.74 0.082 -1.53 0.09 

S' tricuspid(cm/s) -0.41 -1.78 0.075 -0.86 0.04 -0.84 -2.87 0.004 -1.41 -0.26 

TR Gradient 
(mmHg) 

0.17 0.19 0.847 -1.55 1.89 1.98 1.66 0.098 -0.36 4.32 

PASP (mmHg) 0.78 0.77 0.443 -1.22 2.79 1.91 1.50 0.135 -0.60 4.43 

LV LS (%) 0.64 2.45 0.014 0.13 1.15 0.88 2.69 0.007 0.24 1.53 

SABr -0.61 -1.09 0.276 -1.71 0.49 -0.51 -0.63 0.531 -2.09 1.08 

RALS 0.28 1.31 0.189 -0.14 0.69 -0.13 -0.51 0.610 -0.63 0.37 

TAPSE/PASP -0.02 -1.02 0.310 -0.05 0.02 -0.02 -0.90 0.369 -0.05 0.02 

LA Strain Res -0.01 -0.02 0.986 -1.44 1.42 -1.29 -1.58 0.115 -2.89 0.31 

LA Strain Contract 1.09 1.32 0.188 -0.54 2.72 -1.24 -1.20 0.232 -3.27 0.80 

RV LS (%) 0.39 1.33 0.184 -0.19 0.97 0.77 1.86 0.064 -0.05 1.59 

 

Table 10. Linear regression analysis comparing patients with V122I vs wtATTR-CM. 
Statistical significance, shown in bold, is represented by p-values < 0.05. Data are 
presented as regression co-efficient, p-value, confidence interval. The regression co-
efficient signifies a reduction or increase in a given parameter in genotype V122I 
when compared to wild-type at the given timepoints. *: Regression 
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Table 11. Linear Regression Analysis Comparing Patients with T60A vs wtATTR-CM 
 

 
Baseline to 1 year- T60A Versus Wild-type Baseline to 2 year- T60A Versus Wild-type 

Echo Variable Regress’n 
Coefficient 

t p-
value 

Lower 
CI 

Upper 
CI 

Regress’n 
Coefficient 

t p-
value 

Lower 
CI 

Upper 
CI 

IVSd (mm) -0.18 -1.34 0.181 -0.44 0.08 0.02 0.08 0.935 -0.36 0.40 

IVSd Index 
(mm/m2) 

 

0.04 0.54 0.592 -0.10 0.18 0.20 1.94 0.053 -0.002 0.41 

LVEDD (mm) -0.58 -1.15 0.249 -1.57 0.41 -0.68 -1.13 0.257 -1.86 0.50 

LVEDD index 
(mm/m2) 

0.34 1.23 0.202 -0.18 0.85 0.22 0.71 0.476 -0.39 0.84 

PWTd (mm) -0.24 -1.36 0.174 -0.60 0.11 -0.16 -0.68 0.498 -0.61 0.30 

PWTd Index 
(mm/m2) 

0.11 1.16 0.248 -0.08 0.31 0.18 1.45 0.147 -0.07 0.43 

MWT (mm) -0.20 -1.60 0.110 -0.45 0.05 -0.06 -0.33 0.744 -0.42 0.30 

MWT Index 
(mm/m2) 

0.03 0.45 0.654 -0.10 0.17 0.16 1.58 0.114 -0.04 0.35 

RWT -0.00 -0.19 0.867 -0.03 0.03 0.001 0.06 0.954 -0.03 0.04 

LVESD (mm) -0.17 -0.28 0.778 -1.34 0.10 -1.58 -2.43 0.016 -2.86 -0.3 

LVESD Index 
(mm/m2) 

(mm/m2) 

0.49 1.58 0.114 -0.12 1.11 -0.32 -0.92 0.356 -0.99 0.36 

LVEDV (mL) -2.80 -0.98 0.326 -8.35 2.80 -8.70 -2.84 0.005 -14.71 -2.69 

LVEDV Index 
(mL/m2) 

(mL/m2) 

0.08 0.06 0.955 -2.79 2.95 -2.82 -1.79 0.075 -5.93 0.29 

LVESV (mL) -2.15 -1.19 0.235 -5.69 1.40 -7.79 -3.80 0.000 -11.82 -3.76 

LVESV Index 
(mL/m2) 

(mL/m2) 

-0.60 -0.64 0.520 -2.42 1.22 -3.41 -3.24 0.001 -5.48 -1.34 

SV (mL) -1.05 -0.66 0.509 -4.19 2.08 -0.83 -0.45 0.621 -4.10 2.45 

SV Index (mL/m2) 

(mL/m2) 

0.41 0.50 0.62 -1.20 2.02 0.84 0.97 0.331 -0.86 2.54 

EF (%) -0.02 -0.02 0.988 -2.29 2.26 4.06 3.18 0.002 1.55 6.57 

LAD (mm) -0.85 -1.36 0.176 -2.07 0.38 -0.92 -1.21 0.225 -2.40 0.57 

LAA 4ch (cm2) -0.58 -1.02 0.307 -1.70 0.54 -1.26 -1.87 0.062 -2.57 0.06 

LAA 4ch Index 
(cm2/m2) 

(cm2/m2) 

0.31 1.02 0.308 -0.28 0.89 -0.03 -0.08 0.937 -0.71 0.65 
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RAA 4ch (cm) -0.08 -0.13 0.901 -1.27 1.12 -1.45 -1.95 0.052 -2.91 0.01 

RAA 4ch index 
(cm2/m2) 

 
 

(cm2/m2) 

0.35 1.12 0.265 -0.27 0.98 -0.48 -1.25 0.213 -1.25 0.28 

LVM (g) -10.02 -1.68 0.094 -21.74 1.70 -10.08 -1.27 0.204 -25.66 5.50 

LVM Index (g/m2) -1.66 -0.54 0.588 -7.65 4.34 -0.74 -0.18 0.855 -8.66 7.18 

MCF (%) -0.001 -0.16 0.875 -0.01 0.01 0.005 0.83 0.407 -0.01 0.02 

DT (ms) -3.62 -0.53 0.597 -17.08 9.84 17.38 2.26 0.024 2.28 32.48 

E/A Ratio -0.16 -1.10 0.276 -0.44 0.13 -0.56 -3.09 0.002 -0.91 -0.20 

E' Lateral(cm/s) -0.001 -0.01 0.996 -0.43 0.43 -0.42 -1.50 0.135 -0.97 0.13 

E' Septal (cm/s) -0.10 -0.57 0.571 -0.44 0.25 -0.09 -0.41 0.684 -0.52 0.34 

E/e' lateral 1.68 2.41 0.016 0.31 3.05 2.27 2.38 0.018 0.40 4.15 

E/e' average 1.71 2.60 0.010 0.42 3.00 1.97 2.13 0.033 0.16 3.78 

MAPSE (mm) -0.14 -0.48 0.633 -0.72 0.44 0.28 0.81 0.420 -0.40 0.95 

TAPSE (mm) -0.09 -0.19 0.848 -1.04 0.85 1.49 2.52 0.012 0.33 2.65 

S' tricuspid (cm/s) -0.16 -0.44 0.660 -0.85 0.54 0.74 1.79 0.074 -0.07 1.55 

TR Gradient 
(mmHg) 

 

(mmHg) 

0.62 0.43 0.665 -2.18 3.42 -1.41 -0.81 0.416 -4.81 2.00 

PASP (mmHg) -0.28 -0.17 0.865 -3.57 3.00 -2.38 -1.25 0.213 -6.13 1.37 

LV LS (%) -0.07 -0.18 0.856 -0.87 0.72 -0.18 -0.39 0.699 -1.10 0.74 

SABr 0.04 0.05 0.962 -1.67 1.76 -1.29 -1.10 0.273 -3.58 1.01 

RELAPSI 0.44 1.35 0.179 -0.20 1.09 -0.10 -0.27 0.786 -0.82 0.62 

TAPSE/PASP -0.003 -0.12 0.903 -0.06 0.05 0.05 1.78 0.076 -0.01 0.11 

LA Strain Res 1.70 1.46 0.144 -0.58 3.98 3.06 2.55 0.011 0.70 5.41 

LA Strain Contract 3.43 2.38 0.019 0.58 6.28 4.96 2.78 0.007 1.41 8.52 

RV LS (%) -0.81 -1.76 0.080 -1.71 0.10 -1.55 -2.63 0.009 -2.71 -0.39 

 

Table 11. Linear regression analysis comparing patients with T60A vs wtATTR-CM. 
Statistical significance, shown in bold, is represented by p-values < 0.05. Data are 
presented as regression co-efficient, p-value, confidence interval. The regression co-
efficient signifies a reduction or increase in a given parameter in genotype T60A when 
compared to wild-type at the given timepoints. *: Regression 
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Change in Echocardiographic Parameters between Timepoints and Prognosis  

Of the 877 patients studied at baseline, at mean follow-up of 40.4 months (SD 14.8), 

349 (39.8%) of 877 patients had died, including 209 (37%) in the wtATTR-CM group, 

104 (51.7%) in the V122I-hATTR-CM group, 29 (32.2%) in the T60A-hATTR-CM, and 

7 (33.3%) in the non-T60A non-V122I group.  

The association between the change at 12 and 24 months in twenty-seven 

echocardiographic variables and prognosis was explored by univariable Cox 

regression analysis (Table 12). At 12 months, a decrease in SV index was associated 

with mortality (HR 0.98, 95% CI 0.97-1.00, p=0.019). At both timepoints of 12 and 24 

months, the increase in right atrial area (RAA) index was independently associated 

with mortality (HR 1.04, 95% CI 1.00 -1.09, p=0.050 and HR 1.07, 95% CI 1.01-1.12, 

p=0.013, respectively). 
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Table 12. Univariable Cox Regression Analysis of Risk of Death Using Change in 
Echocardiographic Parameters from Baseline to 12 -and 24 months 
 

Baseline to 12-months Baseline to 24-months 

Echocardiographic 

variable 

HR (95% CI) p value HR (95% CI) p value 

SV index (ml/m2) 0.98 (0.97 -1.00) 0.019 0.98 (0.96-1.00) 0.088 

EF (%) 0.99 (0.98 -1.00) 0.201 0.99 (0.97-1.00) 0.133 

MCF (%) 0.57 (0.06 -5.47) 0.624 0.29 (0.02-4.49) 0.374 

LAA index (cm2/m2) 0.97 (0.93-1.01) 0.187 0.98 (0.93-1.03) 0.411 

RAA index (cm2/m2) 1.04 (1.00 -1.09) 0.050 1.07 (1.01-1.12) 0.013 

IVSd index (mm/m2) 1.15 (0.96-1.39) 0.126 1.13 (0.94-1.37) 0.188 

MR progression ‘at least’ 1 
grade 

grade 

 

 

 

‘at least’ 1 grade 

1.43 (1.14-1.80) 0.002 1.34 (1.01-1.77) 0.043 

MR progression ‘at least’ 2 
grades 

 

 

‘at least’ 2 grades 

1.83 (1.31-2.55) 0.000 1.49 (1.01-2.19) 0.043 

TR progression ‘at least’ 1 
grade 

 

‘at least’ 1 grade 

1.38 (1.10-1.75) 0.006 1.42 (1.08-1.86) 0.013 

TR progression ‘at least’ 2 
grades 

 

‘at least’ 2 grades 

1.50 (1.10-2.05)  0.011 1.55 (1.08-2.22) 0.019 

LV LS (%) 0.99 (0.95 -1.02) 0.409 1.00 (0.96-1.04) 0.977 

RV LS (%) 0.99 (0.96 -1.03) 0.653 1.02 (0.98-1.06) 0.330 

SABr 1.00 (0.99 -1.01) 0.743 0.99 (0.98 -1.01) 0.423 

RALS 0.98 (0.93 -1.03) 0.378 1.00 (0.94 -1.06) 0.959 

E/A  1.00 (0.85 -1.19) 0.964 0.98 (0.78 -1.22) 0.838 

DT (ms) 1.00 (0.99-1.00) 0.728 1.00 (0.99 -1.00) 0.889 

e' lateral(cm/s) 0.98 (0.92 -1.04) 0.510 1.01 (0.95-1.08) 0.662 

e' septal(cm/s) 0.99 (0.92 -1.07) 0.799 0.97 (0.89 -1.06) 0.492 

E/e' lateral  1.00 (0.98 -1.02) 0.891 0.98 (0.96 -1.01) 0.159 

E/e' average 1.00 (0.98 -1.02) 0.992 0.98 (0.95-1.00) 0.105 

MAPSE (mm) 1.01 (0.97 -1.05) 0.667 0.98 (0.93 -1.03) 0.348 

TAPSE (mm) 1.00 (0.97-1.03) 0.972 0.98 (0.95 -1.01) 0.143 

PASP (mmHg) 1.00 (0.99 -1.01) 0.586 1.00 (0.99-1.02) 0.563 

TAPSE/PASP 1.10 (0.59 -2.04) 0.773 0.81 (0.37 -1.78) 0.595 
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RWT 1.17 (0.45 -3.06) 0.744 1.22 (0.40 -3.76) 0.725 

LA strain reservoir 1.00 (1.00 -1.02) 0.622 1.01 (0.99 -1.03) 0.561 

LA strain contraction  1.02 (0.98 -1.05) 0.449 0.99 (0.93 -1.05) 0.647 

 
Table 12. Statistical significance, shown in bold, is represented by p values < 0.05. 
Data are presented as hazard ratio (95% confidence interval) 

 

At 12 months, 215 (25.5%) patients with MR and 214 (25.4%) patients with TR 

progressed from baseline assessment by ‘at least’ a grade of 1 and 70 (8.3%) patients 

with MR and 91(10.8%) patients with TR progressed from baseline assessment by ‘at 

least’ a grade of 2. At 24 months, 204 (33.3%) patients with MR and 227 (37.1%) 

patients with TR progressed from baseline assessment by ‘at least’ a grade of 1 and 

69 (11.3%) patients with MR and 77(12.6%) of patients with TR progressed from 

baseline assessment by ‘at least’ a grade of 2. (Figure 9). See Table 13 for the degree 

of valvular severity at all three timepoints.  
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Figure 9. Percentage of Patients with MR and TR with Progression 
 

 

Figure 9. Percentage of patients with MR and TR who progress at 12- and 24-months 
using progression of ‘at least’ 1 grade and progression of ‘at least’ 2 grades. * p=0.001 
for MR progression of ‘at least’ 1 grade from 12 to 24 months; p<0.001 value for TR 
progression of ‘at least’ 1 grade from 12 to 24 months. **p=0.058 for MR progression 
of ‘at least’ 2 grades from 12 to 24 months; p=0.319 for TR progression of ‘at least’ 2 
grades from 12 to 24 months. 
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Table 13. Number of Patients with Mitral and Tricuspid Regurgitation at Baseline,12 
and 24-Months 
 

MR grade  Baseline 

(n=877) 

12 months (n=843) 24 months (n=612) 

None 293 (33.4%) 280 (33.2%) 172 (28.1%) 

Mild 310 (35.3%) 282 (33.5%) 251 (41%) 

Mild/Moderate 161 (18.4%) 152 (18%) 105 (17.2%) 

Moderate 104 (11.9%) 11 (13.2%) 74 (12.1%) 

Moderate/Severe 8 (0.9%) 13 (1.5%) 8 (1.3%) 

Severe 1 (0.1%) 5 (0.6%) 2 (0.3%) 

TR grade  Baseline 

(n=877) 

12 months (n=843) 24 months (n=612) 

None 312 (35.6%) 290 (34.4%) 184 (30.1%) 

Mild 289 (33) 248 (29.4%) 212 (34.6%) 

Mild/Moderate 124 (14.1) 129 (15.3%) 95 (15.5%) 

Moderate 110 (12.5) 121 (14.4%) 85 (13.9%) 

Moderate/Severe 22 (2.5) 24 (2.8%) 17 (2.8%) 

Severe 20 (2.3) 31 (3.7%) 19 (3.1%) 

 
Table 13. Number (percentage) of patients with mitral and tricuspid regurgitation at 
baseline,12 and 24-months 

 

At both time points, using progression of ‘at least’ 1 grade and progression of 

‘at least’ 2 grades, a worsening in the degree of MR and TR was predictive of mortality. 

(All p values <0.05, see table 12 for hazard ratios and p values.). Kaplan-Meier curves 

displaying the prognostic impact of worsening in the degree of MR and TR at 12 

months for progression of ‘at least’ 1 grade and progression by ‘at least’ 2 grades are 

represented in figure 10.  
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Figure 10. Kaplan Meier Curves Demonstrating MR and TR Progression 

 

Figure 10. Kaplan Meier Survival Curves of MR progression (top panel) and TR 
progression (bottom panel) from baseline to 12-months demonstrating progression of 
‘at least’ 1 grade and progression of ‘at least’ 2 grades 

 

At 12 months, 215 (25.5%) patients with MR had progressed by a grade of at 

least ‘1’, of whom at baseline, 103(47.9%) had no MR, 81(37.7%) had ‘mild’ MR, 23 

(10.7%) had ‘mild-to-moderate’ MR, 6 (2.8%) had ‘moderate’ MR and 2 (0.9%) had 

‘moderate-to-severe’ MR. At 12 months, 70 (8.3%) patients with MR had progressed 
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by a grade of at least ‘2’, of whom at baseline, 32 (45.7%) had no MR, 31 (44.3%) 

had ‘mild’ MR, 5 (7.1%) had ‘mild to moderate’ MR and 2 (2.9%) had ‘moderate’ MR. 

At 12 months, 214 (25.4%) patients with TR had progressed by at least grade of ‘1’ 

or above, of whom at baseline, 98 (45.8%) had no TR, 77 (36%) had ‘mild’ TR, 27 

(12.6%) had ‘mild to moderate’ TR, 8 (3.7%) had ‘moderate’ TR and 4 (1.9%) had 

‘moderate-to-severe’ TR at baseline. At 12 months, 91 (10.8%) patients with TR had 

progressed by a grade of at least ‘2’, of whom at baseline, 35 (38.5%) had no TR, 

41(45%) had ‘mild’ TR 10 (11%) had ‘mild to moderate’ TR, 5 (5.5%) had ‘moderate’ 

TR. Eleven echocardiographic parameters and a biomarker staging system were 

entered into a multivariable Cox proportional hazards regression. The model 

incorporated echocardiographic variables including severe aortic stenosis, degree of 

MR and TR, SV index, E/e’ average, RAA index, LV LS at baseline and MR and TR 

progression of ‘at least 1’ grade, change in SV index and change in RAA index from 

baseline to 12 months. The results demonstrated that, worsening in MR retained 

independent prognostic significance together with NAC stage, degree of MR at 

baseline, presence of severe AS at baseline, longitudinal strain at baseline, SV index 

at baseline but also SV index change over time (p<0.05 for all).   

Structural Abnormalities in Mitral and Tricuspid Valves by Echocardiography 

At baseline, on visual assessment of the mitral valve (MV), there was diffuse 

thickening of the posterior mitral valve leaflet (PMVL) in 93.3% (818/877) of patients, 

with some degree restriction in 81.7% (717/877) of patients [preserved mobility in 

17.9% (157/877)]. The PMVL was shortened with a restricted base that appeared 

“englobed” into the adjacent infiltrated basal lateral wall in 67.8% (595/877) of 
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patients. In 10.9% (96/877) of patients the PMVL appeared hidden, being completely 

englobed into the myocardium.  The anterior mitral valve leaflet (AVML) was 

restricted in 52.2% (458/887) of patients with reduced mobility predominantly as the 

result of the tethering of the thickened and stiff papillary muscles (PMs) and chordae 

tendineae (preserved mobility in 46.6% (409/877)). The sub-valvular apparatus was 

characterised by prominent or markedly thickened papillary muscles and chordae 

tendineae in 82.6% (724/877) of patients.  The mitral valve annulus (MA) was not 

dilated in 95.7% (839/877) of patients, dilated in 3.1% (27/877) and not evaluated in 

1.2% (11/877) of patients. The mean MA diameter was 27.07 mm (SD 3.98 mm). 

The regurgitant jet was eccentric in 23.5% (206/877) of patients (21.4% towards the 

lateral atrial wall, 2.1% anteriorly directed) and central in 39.5% (346/877) of 

patients. See figures 11 and 12.  
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Figure 11. TTE in a Patient with ATTR-CM: Mitral valve 
 

 

Figure 11. 78-year-old lady with hereditary ATTR amyloidosis associated with V122I 
TTR variant. (A) 2-dimensional transthoracic echocardiographic parasternal long axis 
(PLAX) view of the mitral valve with both thickened and markedly shortened 
posterior mitral leaflet (PMVL) (red arrow). (B) Zoomed PLAX view of the mitral valve 
in diastole where the PVML appears to be completely “disappeared” (red arrow). (C) 
SAX view of the mitral valve in systole, confirming a short PMVL (red arrow) in early 
systole with eccentric posterior coaptation line. (D) SAX view of the mitral valve in 
diastole, demonstrating the ‘disappeared’ PMVL as fixed and englobed into the 
posterior wall (red arrow).  
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Figure 12. TTE in a Patient with ATTR-CM: Mitral and Tricuspid valves 
 

 

Figure 12. 69-year-old lady with hereditary ATTR amyloidosis associated with V122I 
TTR variant. (A) 2-dimensional transthoracic echocardiographic 4Ch- view of both 
atrio-ventricular valves, markedly thickened. Septal tricuspid valve leaflet (STVL) 
(thick red arrow) and PMVL (thin red arrow) also appear restricted (reduced 
mobility). (B) Colour Doppler of moderate MR posteriorly directed due to thickened 
and restricted PMVL. (C) Colour Doppler of extremely eccentric TR due to thickened 
and restricted STVL.   
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On assessment of the tricuspid valve, there was diffuse increased thickness 

of the TV leaflets in 81.6% (716/877) of patients with the appearance of restricted 

tricuspid valve septal leaflet (TVSL) in particular its base, in 47.1% (413/877) of 

patients causing mal-coaptation (preserved mobility in 50.7% (445/877). The anterior 

and/or posterior leaflet was thickened and restricted in 28.8% (252/877) of patients. 

The TVSL was shortened in 22.4% (196/877) of patients. The regurgitant jet was 

eccentric in 26.1% (229/877) of patients (17.9% towards the interatrial septum, 8.2% 

lateral) and central in 34.9% (306/877) of patients. The tricuspid valve annulus (TA) 

was not dilated in 79.6% (698/877), dilated in 16.4% (144/877) and not evaluated in 

4% (35/877) of patients. The mean TA diameter was 33.8mm (SD 6.2 mm). See 

figure 12. To assess the reproducibility of the degree of (MR and TR, two observers 

measured each of the variables on 100 patients blinded. The weighted kappa was 

0.824 (95% CI 0.784 – 0.887) for MR and 0.824 (0.784 – 0.887) for TR, in each case 

indicating almost perfect agreement according to the Landis and Koch classification. 

Histological Findings in Mitral and Tricuspid Valves 

Analysis of two explanted whole hearts with ATTR-CM (one hATTR-CM with the 

Ser23Asn genetic variant and one wtATTR-CM) was carried out, demonstrating 

morphological abnormalities in all the different components of the  AV apparatus, 

namely the annulus, leaflets and commissures, chordae tendinae, papillary muscles 

and the surrounding atrial and ventricular myocardium. These were due not only to 

the presence of amyloid deposits but also due to remodelling of different components 

of the valvular apparatus.  

At macroscopy (figure 13, middle panel), both AV leaflets appeared stiff and markedly 
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thickened with loss of normal scallop segmentation. The commissures were enlarged, 

and the annulus was stiffened. The chordae tendinae were thickened and shortened; 

at their insertion point, the papillary muscle fibrous cap appeared prominent. At 

histology, the normal layered organization of the leaflets was extensively altered. 

Thickening of valve leaflets was characterised by increased fibrous tissue in the 

fibrosa layer, pooling of glycosaminoglycans in the spongy layer and alterations to the 

central core of loose connective tissue, with an associated decrease in plasticity and 

sliding motion of the layers. Furthermore, there were multiple nodular amyloid 

deposits, which also extended to the fibrous annulus in various degrees. The 

surrounding atrial and ventricular myocardium showed extensive interstitial amyloid 

deposits, which cause stiffening and remodelling of the entire valvular apparatus. The 

mitral valve posterior leaflet (Figure 13, left panel) appeared thickened due to fibrosis 

of the ventricular and fibrosa layers, with associated extension of the spongy layer 

towards the atrial layer. The leaflet showed extensive fibrosis in its proximal segment 

and nodular pooling of glycosaminoglycans along the free edge. Amyloid deposits 

were scattered throughout the leaflet, and also involved the annulus with Congo red 

stain confirming the typical green birefringence of amyloid deposits. (Figure 13 and 

Figure 14) The chordae tendinae appeared thickened due to increased compact 

fibrous tissue with loss of both normal collagen fibrils and the peripheral loosely 

arranged collagen. The anterior leaflet of the tricuspid valve (Figure 13, right panel) 

had numerous nodular amyloid deposits in the context of extensive fibrous tissue.  The 

papillary muscle showed thickening of the fibrotic component at the apex and multiple 

amyloid deposits. There was no evidence of calcification in all the different 

components of the AV valve apparatus. 
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Figure 13. Histological Appearances of the Mitral and Tricuspid valve 

 

 

Figure 13. Native heart of a 44-year-old female with hATTR-CM associated with the 
Ser23Asn genetic variant. Left panel. Mitral valve posterior leaflet. A-D: amyloid 
deposits within the fibrous annulus (arrowheads). A: macroscopic specimen; B: Azan 
Mallory trichrome, original magnification 25x; C: Azan Mallory trichrome, original 
magnification 50x; D: Congo red staining, original magnification 50x. E-H: Fibrosis is 
increased and distributed along the ventricular side (G: asterisk); loose connective 
tissue rich in glycosaminoglycans is evident in the atrial side (G: arrow). E: 
macroscopic specimen; F: scanned slide; G: Azan Mallory trichrome, original 
magnification 25x; H: Azan Mallory trichrome, original magnification 25x. Middle 
panel. Macroscopic view of atrioventricular valves with stiffened annulus, thickened 
leaflets and loss of the normal scallop segmentation. Right panel. A: Macroscopic 
specimen of the anterior leaflet of the tricuspid valve, which appears swollen and 
stiffened, due to numerous nodular amyloid deposits (B-D) (arrowheads) and fibrous 
tissue. Tendinous cords are markedly thickened (B: arrow). E-F: the apex of papillary 
muscle indicates fibrosis in blue and multiple amyloid deposits (arrows). B: scanned 
slide; C: Azan Mallory trichrome, original magnification 25x; D: Congo red staining, 
original magnification 25x; E: Azan Mallory trichrome, original magnification 25x; F: 
Congo red staining, original magnification 25x. 
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Figure 14. Histological Appearance of the Mitral Valve in Wild-type ATTR-CM 

 

Figure 14. Native heart of a 64-year-old male with wtATTR-CM. A: Macroscopic 
specimen of mitral valve posterior leaflet B-E: Extensive amyloid deposits in both 
annulus (B-C: arrows) and valve cusp leaflet (D-E: asterisks). F shows 
glycosaminoglycan pooling along the free edge (arrow). B: scanned slide; C: Congo 
red staining, original magnification 25x; D: Haematoxylin-Eosin, original 
magnification 25x; E-F: Congo red staining, original magnification 25x 

 

Discussion 

This is the first study to assess serial echocardiographic parameters and interpret their 

significance in ATTR-CM and compare them across three leading TTR genotypes. 

Patients with V122I hATTR-CM demonstrated the most rapid rate of disease 
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progression and T60A hATTR-CM the slowest. These data also describe for the first 

time the prognostic implications of changes in a variety of echocardiographic variables 

at 12-and 24-months’ follow-up, identifying worsening mitral and tricuspid regurgitation 

as the sole parameters of change that predicted ongoing prognosis, with worsening in 

MR remaining independent after adjusting for known prognostic markers. These novel 

findings have immediate implications for tracking progression, and potentially 

regression following treatment, of ATTR-CM patients in trials and in the clinic.  

Our findings indicate evidence of echocardiographic disease progression across all 

genotypic subgroups of ATTR-CM at 12-and 24 months’ follow up, comprising 

worsening parameters of LV systolic function, diastolic function, and right heart 

structure and function. This is entirely consistent with the inexorable and gradually 

progressive nature of the clinical condition which is characterised by progressive 

worsening in the restrictive phenotype with an associated reduction in cavity size, 

increased wall thickness(leading to a more severe degree of concentric 

hypertrophy),worsening diastolic function and reduction in deformation and non-

deformation based parameters with a progressive reduction in stroke volume. The 

three most common genotypic subgroups of ATTR-CM in the UK (and the USA) are 

wtATTR-CM, V122I hATTR-CM, and T60A hATTR-CM. By comparing the differential 

rate of disease progression between these three genotypes, we demonstrated that 

patients with V122I hATTR-CM have more rapid decline in biventricular systolic 

dysfunction, diastolic dysfunction, concentric remodelling as well as in parameters of 

right heart structure and function compared to the other two genotypic subgroups. 

Contrastingly, patients with T60A hATTR- CM had the slowest decline in these 

echocardiographic parameters. Our results support the hypothesis that patients with 



 117 

these three genotypic subtypes are not only diagnosed at different stages in the 

natural history of their cardiomyopathy but also progress at different rates, even after 

adjusting for the degree of dysfunction at baseline, supporting the hypothesis of 

intrinsic differences in disease biology between genotypes, similar to other 

studies.133,151,152 

Whilst our results demonstrate that over a 12- and 24-month time-point, there is a 

subtle but clear trend towards population level worsening in the main structural and 

functional parameters, with the observed differences in rate of progression between 

genotypes, changes in all deformation and non-deformation based parameters 

between different time-points at an individual level were not found to be associated 

with mortality with the exception of worsening in mitral and tricuspid regurgitation. 

The reason for the lack of an association between prognosis and structural, diastolic 

and systolic functional parameters could be related to the differences in the degree 

of accuracy and precision of different parameter measurements by 

echocardiography. Accuracy, which is related to systematic bias errors, is extremely 

important for diagnostic purposes and single time point assessments. Precision, 

which relates to random errors due to noise, refers to the repeatability or consistency 

of a measurement. Whilst many deformation based parameters, such as longitudinal 

strain, systolic apex to base ratio and relative apical longitudinal strain have been 

extensively proven to have good accuracy, with good diagnostic and prognostic 

capabilities at single time point assessment, the precision of these measures seems 

to be insufficient, especially when changes over time in these parameters are 

considered (Table 9), and shown to be minimal over a two year period. Left atrial 

strain measurements demonstrated impaired reservoir function (ability of the atria to 
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expand during ventricular systole) and reduced atrial contraction (atrial shortening), 

consistent with published data from this cohort exploring the dynamics of the left 

atrium in cardiac amyloidosis.153 Our data showed an overall worsening in atrial 

strain parameters over time, however the clinical significance of these findings 

require further investigation.  

Our findings add nuance to the pathophysiological model traditionally associated 

with ATTR cardiac amyloidosis. Cardiac amyloidosis has been classically 

characterised as a disease of the myocardium where extracellular amyloid infiltration 

causes concentric hypertrophy and myocardial stiffening, diastolic and systolic 

dysfunction, resulting in an upward and leftward shift in the end-diastolic pressure–

volume relationship, with a concomitant decline in forward stroke volume(Central 

Illustration).Our findings confirm this model but also emphasize the underlying 

importance of worsening in mitral and tricuspid regurgitation, as even small changes 

in the degree of MR and TR, are sufficient to break the haemodynamic equilibrium 

resulting in a further significant decrease in SV and worse prognosis. It is important 

to note that it is worsening over time of MR and TR which has a negative impact on 

prognosis and not the degree of severity per se. In patients with ATTR-CM, 

worsening in regurgitation of the mitral and tricuspid valve, caused by amyloid 

infiltration and changes in haemodynamic conditions, by further reducing the low and 

fixed forward stroke volume, has an impact on patient prognosis. Importantly 

worsening in MR remains independent also after adjusting for known predictors, 

highlighting the important role of this mechanism. In patients with ATTR-CM, on 

echocardiography, changes in the mitral and tricuspid valves can range from mild 

involvement to severe infiltration affecting the entirety of the valve apparatus. These 
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changes include diffuse thickening of the leaflets with reduced mobility of the PMVL 

that is often shortened or completely hidden, with the entire leaflet being englobed 

into the adjacent myocardium. The increased thickness and stiffness of papillary 

muscles and chordae tendinae results in symmetric or asymmetric tethering of the 

leaflets, causing central or eccentric regurgitation. The non-dilated but severely 

infiltrated mitral annulus is associated with upwards displacement of the PMVL, 

which, in association with the severely impaired ventricular longitudinal function, 

negatively affects the balance between closing and tethering forces, causing 

significant changes in the dynamics of the mitral valve apparatus during the cardiac 

cycle. Of note, 16% of patients with TR had a dilated tricuspid annulus, suggesting a 

possible contribution of secondary components (MR worsening, pulmonary 

hypertension and RV-pulmonary circulation uncoupling) towards the mechanism of 

TR. In the limited histological analysis of the two explanted hearts, macroscopic 

inspection confirmed the echocardiographic findings. On histology we confirmed that 

these changes were due to extensive primary amyloid deposition in all the different 

components of the valvular apparatus with associated remodelling of both the valve 

and the sub-valvular apparatus. Of note, there was no evidence of calcification 

throughout all the different components of the AV valve apparatus.  

In this study, we focused primarily on the AV valves, although several studies15,154,155 

have reported an association between amyloidosis and AS in the elderly population. 

Whilst AS should be considered a co-morbidity rather than solely a consequence of 

the amyloid infiltration, the hypothesis that amyloid deposits could contribute to the 

initiation or acceleration of degenerative AS should be explored. 
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Our findings have immediate implications for clinicians, by providing robust 

information on the role of echocardiography in tracking disease progression in this 

population for the first time. However, they also raise the possibility of shifting 

therapeutic interventions from the myocardium to the myocardium and the valves. 

The framework for clinical decision-making in valvular pathology has drastically 

changed over the last few years. Mitral and tricuspid valve regurgitation in ATTR-CM 

is determined by multiple complex interactions, where valvular, sub-valvular, 

haemodynamic and ventricular mechanisms all contribute to the degree of MR and 

TR, but most importantly have a direct impact on patient prognosis. The crucial 

question for the future will not only be to fully characterise and quantify the 

determinants of MR in patients with ATTR-CM, but to also determine whether an 

intervention directed at the mitral valve will be capable of changing the clinical 

course of the disease. Future studies will be needed to address this important clinical 

question. 

Study Limitations 

We used a nuanced grading scheme (from grade 0 to 5) for assessing both MR and 

TR severity adapting the current recommended multiparametric approach. 119 

Wherever a quantitative evaluation was not available a combination of visual 

estimation and/or semiquantitative parameters were selected by operators. The 

stroke volume was measured based on estimation of LV volumes, therefore does not 

account for valvular regurgitation, leading to overestimation of SV in the presence of 

significant MR. Doppler-derived SV which could have overcome this limitation was 

not available for all patients in the present population. We performed strain analysis 
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only in a four-chamber view as good quality imaging without segment drop out is 

more challenging in two- or three-chamber apical views compared to four-chamber 

views.140 This approach was preferred to the global LS to minimize excluded patients 

and has been validated in a study of over 1000 patients with ATTR-CM.145 

Furthermore, good correlation between LS in the three apical views and four-

chamber LS has been demonstrated.140 We performed strain analysis using a single 

vendor software (Echo PAC software, GE), and whilst we acknowledge that inter-

vendor variability has been reported, it has been demonstrated that mean LV global 

LS values obtained from the software used in this study are not dissimilar from other 

mainstream providers.141This study has a selection bias, i.e. only patients who are fit 

to come back to the centre for a repeated follow up are assessed in this study and 

we have now acknowledged this limitation. However, this bias would be the same for 

any study assessing changes over time on any imaging modality, blood test (NTpro-

BNP for example) or any other medical assessment, as the study cohort will focus 

only on patients able to come back to the centre. A further limitation is that the 

histological analysis has only been performed in two explanted hearts and cannot be 

considered a systematic assessment. Finally, atrial strain measurements were 

performed using single vendor software and inter-vendor variability has been 

reported. Left atrial strain measurements are also subject to image quality concerns 

secondary to inadequate acoustic windows, breathing related cardiac motion, atrial 

wall dropout and image foreshortening. 153  

In conclusion, serial echocardiography in patients with ATTR-CM shows progressive 

remodelling with worsening parameters of systolic and diastolic function, as well as 

deformation-based parameters, with V122I-hATTR-CM demonstrating the most rapid 
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deterioration. Worsening in MR and TR are the only echocardiographic change 

parameters independently associated with mortality. Further studies will be needed 

to understand if valvular interventions may have a role in this population.   
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CHAPTER 5: CARDIAC MAGNETIC RESONANCE DERIVED 
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OF HEPATIC AND SPLENIC AMYLOID  

This chapter is based on the publication below: 

Chacko L, Boldrini M, Martone R, Law S, Martinez-Naharrro A, Hutt DF, Kotecha T, 

Patel RK, Razvi Y, Rezk T, Cohen OC, Brown JT, Srikantharajah M, Ganesananthan 

S, Lane T, Lachmann HJ, Wechalekar AD, Sachchithanantham S, Mahmood S, 

Whelan CJ, Knight DS, Moon JC, Kellman P, Gillmore JD, Hawkins PN and Fontana 

M. Cardiac Magnetic Resonance-Derived Extracellular Volume Mapping for the 

Quantification of Hepatic and Splenic Amyloid. Circ Cardiovasc Imaging. 

2021:CircImaging121012506 

My contribution was in collecting the data, analysing all the data, performing 
statistical analysis and writing the manuscript. 
 

Introduction  

The systemic amyloidoses are characterised by deposition of misfolded, aggregated 

fibrillary proteins, which occupy and expand the extracellular space damaging the 

structure and function of vital organs. The most serious and commonly diagnosed 

type is systemic light chain (AL) amyloidosis.1 AL amyloidosis is caused by the 

deposition of amyloid fibrils derived from monoclonal free immunoglobulin light 

chains and is a multi-system disorder that frequently involves the kidneys, liver, 

spleen, soft tissues, nervous system and heart.2 Treatment of AL amyloidosis 

comprises chemotherapy directed towards the underlying clone of plasma cells in 
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the bone marrow along with supportive care of failing organs; one or several organ 

systems may be affected, with multi-organ involvement and a large liver amyloid load 

being adverse predictors of patient prognosis2. However, it has lately become 

apparent that wild-type (non-hereditary) transthyretin (ATTR) cardiomyopathy is the 

most prevalent cause of cardiac amyloidosis, but in contrast to AL type it does not 

involve visceral organs.  Rare hereditary forms of ATTR amyloidosis such as the 

V30M genetic variant can very occasionally involve the spleen.156 

The utility and value of various imaging modalities within the field of amyloidosis have 

evolved and expanded over recent years, substantially improving clinical assessment 

of patients, not only in terms of diagnosis and characterisation of organ involvement 

but also in terms of evaluating response to existing and novel treatments. The 

development of serum amyloid P component (SAP) scintigraphy in 1987 represented 

a major advance in the management of systemic amyloidosis by enabling the specific 

demonstration of amyloid deposits within solid visceral organs by exploiting the 

specific molecular affinity of SAP, a normal plasma protein,  to all types of amyloid 

deposit.157 SAP scintigraphy involves gamma camera image acquisition following the 

administration of 123I-labeled purified human SAP and is highly sensitive for 

identifying amyloid deposits in the liver and spleen, which are common in AL 

amyloidosis but do not occur in wild-type ATTR.156 This was validated against 

histologically proven amyloidosis.157 SAP scintigraphy also enables visceral amyloid 

deposits to be quantified, with serial studies having uniquely yielded objective 

evidence for regression of amyloid following treatments that suppress production of 

amyloid fibril precursor proteins158-160. Limitations of SAP scintigraphy include its 

inability to image amyloid in the moving hollow heart and necessity for ionising 
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radiation, but its major drawback is that it is only available in two centres throughout 

the world.  There is no other validated non-biopsy method for diagnosing or quantifying 

liver or spleen amyloidosis, and even biopsies cannot provide a meaningful estimate 

of whole organ amyloid load.  

A more recent and now widely available imaging technology has been cardiac 

magnetic resonance imaging (MR), which with late gadolinium enhancement (LGE) 

techniques has become the cornerstone of non-invasive diagnostic pathways for the 

diagnosis of cardiac amyloidosis.36,59 Cardiac MR with measurement of the myocardial 

extracellular volume (ECV) allows the continuum of cardiac amyloid infiltration to be 

measured.22,42,91,161In a small pilot study using cardiac MR technology, we measured 

the ECV of extra-cardiac organs, demonstrating good correlation between amyloid 

load as detected by SAP scintigraphy with ECV measurements from MR162 

The objectives of the present study were to assess the potential for ECV mapping, 

performed during routine cardiac MR scans to (1) detect amyloid in the liver and 

spleen, and (2) to measure severity of amyloid accumulation in these organs as 

assessed against the current reference standard SAP scintigraphy.  

Methods 

Study Population 

The study population comprised 533 patients referred to the National Amyloidosis 

Centre (NAC), Royal Free Hospital, London, United Kingdom between 2015 and 2017 

with suspected systemic amyloidosis. All patients underwent six-minute walk test, 
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echocardiography, SAP scintigraphy and cardiac MR with T1 mapping and ECV 

quantification within a 3-day integrated visit. Patients were managed in accordance 

with the Declaration of Helsinki and provided written informed consent with approval 

from the Royal Free Hospital ethics committee. 

Cardiac Magnetic Resonance Protocol 

All participants underwent cardiac MR on a 1.5-T clinical scanner (Magnetom Aera, 

Siemens Healthcare, Erlangen, Germany). A standard volumetric study was 

performed followed by a native T1 mapping 4-chamber long-axis image and three 

short axis slices using a modified look-locker inversion recovery sequence after 

regional shimming. After a bolus of contrast (0.1 mmol/kg of gadoterate meglumine, 

Dotarem, Guerbet S.A., France) and standard LGE imaging, T1 mapping was 

repeated 15 minutes post-contrast using the same slice locations with the modified 

look-locker inversion recovery sequence, to produce automated inline ECV mapping 

reconstruction. T1-mapping protocols used 5s(3s)3s and 4s(1s)3s(1s)2s sampling, 

pre- and post-contrast, respectively.163 Image analysis was performed offline using 

Osirix MD 9.0 (Bernex, Switzerland).For ECV measurement, a single region of interest 

(ROI) was drawn in the liver and spleen on left ventricular short axis ECV maps 

(analysis performed by MB and MF). The ECV error map was used to confirm that the 

ROI was drawn in areas with lowest error (Figures 15 and 16). Non-parenchymal 

anatomic structures were carefully excluded. Data pertaining to a specific organ was 

excluded if the organ was not imaged or imaged incompletely affecting reliability of 

ROI measurement. Inter-observer reproducibility was performed in fifty patients by 2 

blinded observers. 
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Figure 15. SAP Scintigraphy and ECV Mapping in a Patient With and Without Amyloid 
Deposits 

 

 

Figure 15. A) SAP scan of a patient without any spleen or liver amyloid deposition. B) 
ECV map of the same patient demonstrates normal liver and spleen ECV values. 
C)SAP scan of a patient with large liver and spleen amyloid deposition. D)ECV map 
of the same patient demonstrates high liver and spleen ECV values 
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SAP Scintigraphy Protocol 

As part of the routine assessment at the NAC, all patients since 1990 have undergone 

SAP scintigraphy which is the sole reference standard for assessment of amyloid 

burden in the spleen and liver.  Anterior and posterior whole-body images were 

acquired following administration of 123I-SAP using a General Electric Infinia 

Hawkeye or Discovery 670 gamma camera (GE, Milwaukee, Wis) with extended low-

energy general-purpose (ELEGP) collimators. A single physician (P.N.H) with more 

than 30 years of experience of over 30,000 studies, scored liver and splenic amyloid 

burden by visual assessment into four categories (no visceral organ uptake on SAP 

scintigraphy, small, moderate and large amyloid loads respectively). 157,160 

Statistical Analysis 

All continuous variables were tested for normal distribution (Shapiro-Wilk test). 

Baseline characteristics are expressed as mean (standard deviation) when normally 

distributed and median (interquartile interval) when non-normally distributed. 

Spearman’s rank correlation coefficient was calculated between liver and spleen SAP 

scores and corresponding ECV measurements. The diagnosis endpoint was defined 

as the presence of moderate or large amyloid load on SAP scintigraphy.  

Discrimination, distinguishing between patients who do and do not experience the 

endpoint, was evaluated by determining the area (AUC or c-statistic) under the 

receiver operating characteristic (ROC) curve. The optimal cut off value was defined 

as the point with the highest sum of sensitivity and specificity and was calculated using 

the Youden and Liu methods. Area under the curve (AUC) with its associated 

confidence interval (CI), predictive probabilities, sensitivity and specificity were 
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calculated. Inter-observer variability was assessed by calculating the intraclass 

correlation coefficient (ICC) with 95% confidence intervals (CI) and Bland Altman 

analysis (as expressed as bias +/- 2 standard deviations for limit of agreement).  A 

probability value of <0.05 was considered statistically significant. Statistical analysis 

was performed using IBM SPSS Statistics Version 25 (IBM, Somers, New York). 

Figure 16. ECV Mapping in a Patient With and Without Extracardiac Amyloid Deposits 

 

Figure 16. A) Pre-contrast T1 map of a patient without any liver or spleen amyloid 
deposition. A1) ECV map of the same patient. A2) ECV Error map of the same patient. 
B) Pre-contrast T1 map of a patient with large liver and spleen amyloid deposition. B1) 
ECV map of the same patient. B2) ECV Error map of the same patient. ROI indicates 
region of interest. 
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Results  

Characteristics of the Cohort at Baseline 

Five hundred and thirty-three patients with ECV Mapping and SAP scintigraphy were 

retrospectively analysed. Of the 533 patients in the study population, the median age 

was 69 (IQR 59 to 76), the mean body mass index (BMI) was 27.28 (SD 4.93) with 

347 (65%) males and 186 females (35%). The final diagnosis was systemic AL 

amyloidosis in 250 patients (46.9%), transthyretin (ATTR) amyloidosis in 111 patients 

(20.8%) (91 ATTR wild type, 20 ATTR hereditary amyloidosis), other rare types of 

systemic amyloidosis in 2 patients (1 apolipoprotein AI (ApoAI), 1 leukocyte 

chemotactic factor 2 (LECT 2)), localized amyloidosis in 43 (8.1%) (31 with localised 

AL, 3 with localised ATTR, 9 unconfirmed) and no systemic amyloidosis in 127 patients 

(23.8%). (Figure 17). 
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Figure 17. Final Diagnosis in the Overall Population with Suspected Systemic 
Amyloidosis 

 

Figure 17. Flowchart demonstrating the final diagnosis and presence of spleen, liver, 
or cardiac amyloid involvement by cardiac magnetic resonance and SAP (serum 
amyloid P component) scintigraphy in all 533 patients analysed. AL indicates light 
chain; and ATTR, transthyretin. 
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Of the 111 patients with a final diagnosis of ATTR amyloidosis, 83% (92/111) had a 

biopsy, of whom 36% (33/92) had a positive result. Of the 250 patients with AL 

amyloidosis, (241/250) 96% had a tissue biopsy, of whom 91% (220/241) had a 

positive result. 

SAP Scintigraphy Organ Uptake 

385 out of 533 (72.2%) patients had no visceral organ uptake on SAP scintigraphy. 

Sixty-seven patients (12.6%) had both liver and spleen involvement, 4 patients had 

only liver involvement (0.75%) and 77 (14.4%) patients had only spleen involvement. 

(Figure 18) Of the patients with isolated spleen involvement, 1 patient had ApoA1 

amyloidosis and 1 had LECT 2 amyloidosis. All remaining patients with spleen or 

liver involvement had AL amyloidosis. Among patients with ATTR amyloidosis, none 

had extracardiac visceral involvement. In patients with any liver involvement, 27 

(38%) had small amyloid load, 18 (25.3%) had moderate amyloid load and 26 

(36.6%) had large amyloid load. In patients with any spleen involvement, 63 (43.4%) 

had small amyloid load, 62 (43.1%) had moderate amyloid load, and 19 (13.2%) had 

large amyloid load. 
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Figure 18. Grades of Uptake by SAP Scintigraphy and Corresponding ECV Fraction 

Figure 18. ECV map of a patient with both splenic and hepatic amyloid infiltration 
(A); ECV map of a patient with only splenic infiltration (B); ECV map of a patient 
without splenic or hepatic infiltration (C); ECV map of a patient with only hepatic 
infiltration (D). Right, Pie chart denoting distribution of organ distribution by SAP 
scintigraphy. 

 

Spleen and Liver ECV Mapping 

Extra-cardiac ECV measurement of the liver and spleen was possible in 493 (92.5%) 

patients. The liver in 19 patients (3.6 %) and spleen in 24 patients (4.5%) could not be 

measured due to absent or incomplete imaging affecting reliable ROI measurement. 

There was good correlation between liver ECV and SAP amyloid burden in the liver 

as assessed by SAP scintigraphy (r= 0.504, p<0.001) and between spleen ECV and 

amyloid burden in the spleen (r= 0.693, p<0.001) (Figure 19) in patients with systemic 

AL amyloidosis.  
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Figure 19.  Extracardiac ECV Fraction Correlated to Amyloid Load on SAP 
Scintigraphy 

 
Figure 19. Mean extracellular volume fraction ±2 SE in patients with AL amyloidosis 
correlated to amyloid load assessed on SAP scintigraphy as none, mild, moderate, 
and large in the liver (top) and spleen (bottom). Bonferroni adjustment was applied. 
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Diagnostic Accuracy of ECV to Detect Liver and Spleen Amyloid Loading 

The diagnostic performance of ECV to detect any degree of amyloid infiltration (mild, 

moderate or large) of liver and spleen amyloid loading was as follows: Liver AUC 

0.833, 95% CI 0.782-0.884, liver ECV cut-off = 0.395, Sensitivity 74.3%, Specificity 

79.3% p<0.001; Spleen AUC 0.898, 95% CI 0.864-0.931, spleen ECV cut-off = 0.355, 

Sensitivity 83.9%, Specificity 82.8%, p<0.001. (Figure 20). The diagnostic 

performance of ECV to detect clinically significant liver amyloid loading (moderate and 

large amyloid load) was high (AUC 0.917, 95% CI 0.880-0.954, liver ECV cut-off = 

0.395, Sensitivity 90.7%, Specificity 77.7%, p<0.001), and similarly the diagnostic 

performance of ECV to detect clinically significant splenic amyloid loading (moderate 

and large amyloid load) was high (AUC 0.944, 95% CI 0.925-0.964, spleen ECV cut-

off = 0.385, Sensitivity 93.6%, Specificity 87.5%, p<0.001). (Figure 20). This accuracy 

to detect clinically significant (moderate and large amyloid loading) persisted in the 

subgroup of systemic AL amyloidosis to identify patients with moderate and large liver 

amyloid load (AUC 0.891, 95% CI 0.841-0.942, liver ECV cut-off = 0.435, Sensitivity 

79.1%, Specificity 82.4%, p<0.001) and  to identify patients with moderate and large 

spleen amyloid load (AUC 0.882, 95% CI 0.839-0.924,  spleen ECV cut-off = 0.385, 

Sensitivity 93.5%, Specificity 75.5%, p<0.001). 

For inter-observer reproducibility, liver and spleen ECV measurement was carried out 

by two blinded observers in 50 patients. There was high interobserver agreement for 

both the liver and the spleen (ECV liver ICC 0.991, 95% CI 0.984-0.995, p<0.001, ECV 

spleen ICC 0.995, 95% CI 0.991-0.997, p<0.001) with little bias across a wide range 
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of ECV values (Bias ECV liver: -0.002, 95% CI -0.040-0.036; bias ECV spleen 0.000, 

95% CI -0.028-0.028). (Figure 21). 

Figure 20. ROC Curves for Detecting Amyloid Load Assessed Against SAP 
Scintigraphy 

 

Figure 20. Top. ROC curve for patients with mild, moderate, and large liver amyloid 
load (left) and mild, moderate, and large spleen amyloid load (right). Bottom. ROC 
curve for patients with moderate and large liver amyloid load (left), and ROC curves 
for patients with moderate and large spleen amyloid load (right). AUC indicates area 
under the curve; and ECV, extracellular volume. 
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Figure 21. Bland-Altman and Scatter Plots for ECV Mapping Interobserver 
Reproducibility 
 

 

Figure 21. Bland-Altman plots (left) and scatter plots (right) for interobserver 
reproducibility of liver ECV (extracellular volume; top) and spleen ECV (bottom) 

 

Discussion 

Our study of a large cohort of patients with systemic amyloidosis demonstrates for the 

first time that liver and spleen ECV mapping obtained during the course of a routine 

clinical cardiac MR study can identify the presence and measure the magnitude of 

amyloid infiltration in the liver and spleen. This additional clinical information, available 
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immediately and readily, has potential not only to support the type of amyloid under 

investigation, since hepatic and splenic amyloid is frequent in AL but does not occur 

in the prevalent wild-type ATTR type, but also to inform clinical management strategies 

and to serially track amyloid load and response to therapies in these non-cardiac sites.   

Amyloidosis is a systemic disease in which different organs are involved in different 

types of the disease, but organ involvement also differs greatly among individuals with 

particular types, most notably AL amyloidosis. Although cardiac involvement is usually 

the main driver of prognosis in AL and ATTR amyloidosis, by far the two most common 

types, the ability to identify and serially measure visceral amyloid load has not 

generally been possible. Standard cross-sectional imaging is widely used to ascertain 

enlargement of an amyloidotic organ but is not at all specific. 123I-SAP scintigraphy 

is very sensitive and specific for evaluating amyloid in large solid organs159  and is 

considered the current reference standard and the only clinically validated method to 

assess presence and degree of amyloid infiltration in the spleen and liver. Organ 

uptake of injected radiolabelled SAP correlates with the amount of amyloid157, 

mirroring the endogenous biodistribution of this normal plasma protein, and SAP 

scans are diagnostic of amyloid in all patients with AA and AL amyloidosis in whom 

there is clinically significant involvement of the liver or spleen156.  At our centre and at 

the University of Groningen, 123I-SAP scintigraphy has been used routinely in the 

assessment of patients with suspected or proven amyloidosis and for serially 

monitoring visceral amyloid load for over 30 years.164 However, the technical 

complexity of this procedure, high cost and lack of a commercial supply of pure clinical 

grade SAP protein has limited its availability to just two academic centres 

internationally.  Therefore, there is no measure of visceral organ infiltration to inform 
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clinical care or to follow in clinical trials in the vast majority of amyloidosis patients 

globally.  

Since myocardial involvement is the main recognised cause of morbidity and mortality 

in most patients with amyloidosis, there has been substantial interest in cardiac 

imaging. Cardiac MRI with ECV mapping is emerging as the reference standard to 

visualize and quantify the continuum of cardiac amyloid deposition.22,59,161A few years 

ago, we performed a small pilot study that explored the potential role of ECV mapping 

in assessing the degree of amyloid infiltration within the liver and the spleen, showing 

good correlation between ECV and amyloid load ascertained by SAP scintigraphy, 

demonstrating the proof of concept that measurement of extra-cardiac ECV is 

technically feasible, with potential to track amyloid infiltration.165 However, these 

results were based on ECV measurements using infusion gadolinium protocols 

(infusion for at least 30 min, starting 15 min after bolus administration) and multi-breath 

hold T1 weighted approaches, making the analysis extremely cumbersome, operator 

dependent and only accessible to skilled operators, therefore rendering routine 

implementation of this technique in clinical practice impracticable. Ascertainment of 

ECV has evolved greatly over time, with bolus-only techniques and ECV maps 

available on the scanner within a few seconds of post contrast image acquisition.166 

The ECV of the liver and the spleen is visualized immediately and a single ROI per 

organ delivers the amyloid burden in percentage on the left ventricular short axis stack 

images without any further acquisition (Figures 15 and 16). This provides not only a 

true quantitative estimate of amyloid burden in the liver and spleen, but also represents 

a significant advantage over SAP scintigraphy which is only semi-quantitative, with a 

degree of overlap between different grades, as opposed to ECV which is a continuous 
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measure. Our results demonstrated a slightly higher diagnostic accuracy with spleen 

ECV compared to liver ECV, a finding which most likely reflects the susceptibility of 

the liver to the effects of venous congestion. Despite this, an integrated assessment 

of both liver and spleen amyloid burden is required to fully characterise the patient’s 

clinical phenotype. T1 mapping is available on scanners from all manufacturers 

potentially permitting early, wide adoption with no added cost as the measurement of 

spleen and liver ECV can be performed with a single ROI on routine images acquired 

during a CMR scan. We confirm here for the first time that inline ECV maps, acquired 

during the course of a routine cardiac MR performed to evaluate the possibility and 

characterisation of cardiac amyloidosis, can readily provide a reliable estimate of 

amyloid burden in the liver and the spleen. 

This is important for several reasons. In terms of diagnosis, spleen and liver ECV 

measurement would enable the identification of patients with systemic amyloidosis 

with spleen or liver involvement but no cardiac involvement. In our cohort, 17% of 

patients fell into this category. The presence of expanded ECV in the liver and/or 

spleen helps both to identify these patients, but also to corroborate the diagnosis of 

cardiac involvement when amyloid deposits in the heart are at a very early stage. 

Evidence of significant expansion of the ECV in the liver and/or spleen also helps to 

differentiate between AL and ATTR amyloidosis, virtually excluding the latter. Liver 

infiltration has never been described in ATTR amyloidosis, and the presence of spleen 

infiltration has only been described in a small proportion of patients with very rare 

genetic variants, such as V30M.156 In terms of patient management, knowledge of 

spleen and liver amyloid infiltration helps in choosing risk-adapted treatment 

approaches. Splenic and liver infiltration is very common in AL and the extent of 
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amyloid infiltration in these organs has prognostic implications and influences 

treatments; for example, a large amyloid load in patients with AL amyloidosis is 

associated with a higher risk of complications related to chemotherapy, peripheral 

blood stem cell or solid organ transplantation. 165,167  

Within a clinical cardiac MR protocol, we can thus now assess the cardiac, splenic and 

hepatic amyloid burden without any further imaging, enabling a much more 

comprehensive assessment of organ involvement in patients with systemic 

amyloidosis, improving the diagnosis of patients with systemic amyloidosis, but also 

identifying liver and/or spleen involvement with those with absence of or very early 

cardiac involvement. Our findings have an immediate impact on clinical practice since 

cardiac MR with T1 mapping is now available from all cardiac MR manufacturers and 

T1 mapping is considered a standard approach in patients with suspected 

amyloidosis. The findings from this study might also extend beyond clinical utility. The 

development of therapies to reduce production of amyloid or enhance its clearance 

has gained substantial momentum168 . In a phase 1 clinical trial, after the depletion of 

circulating plasma SAP with the drug (R)-1-[6-[(R)-2-carboxy-pyrrolidin-1-yl]-6-oxo-

hexanoyl]pyrrolidine-2-carboxylic acid (CPHPC ) followed by infusion of IgG anti-SAP 

antibody targeting SAP in amyloid deposits, it was shown to be possible to effectively 

track treatment response and regression of amyloid infiltration in the liver by ECV and 

SAP scintigraphy.169  Several more molecules are being developed that are able to 

specifically suppress amyloid production or enhance the clearance of amyloid 

deposits. The widespread availability to track changes in amyloid load in the spleen 

and liver overtime in visceral organs would represent a step change in drug 

development.  
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Study Limitations 

As ours was a retrospective analysis, in 3.6 % and 4.5% patients respectively, liver 

and spleen ECV could not be measured. This was due to absent or incomplete 

imaging affecting reliable ROI measurement. Secondly the shimming was done on the 

heart and not the liver and spleen. Potential off-resonance due to imperfect shim could 

lead to errors in estimates of T1 and ECV170, estimated to be on the order of a few 

percent. The presence of fat in the liver may also influence the estimate of tissue 

T1.171,172 The present study did not incorporate fat saturation in T1-mapping. The ROIs 

were drawn to avoid large vessels, however it is unknown how much intravascular 

volume contributed to the estimate of extracellular space. In spite of these technical 

limitations, our results confirm this biomarker has very high diagnostic accuracy, 

proving to be the first, widely available imaging tool, to assess extra cardiac amyloid. 

Thirdly, prognostic outcome data is not available from this cohort. Multi-organ 

involvement in systemic AL amyloidosis has been proven to be a strong prognostic 

predictor,2 therefore it is very likely that ECV of the liver and spleen will add important 

information in risk stratification and determining prognosis, but a further study will be 

needed to confirm the prognostic value of spleen and liver ECV measurement. Another 

limitation is that the presence of liver fibrosis may also increase the ECV, but the 

degree of increase associated with liver fibrosis is minimal compared to that caused 

by amyloid infiltration. 173 Finally, ECV has been validated against SAP scintigraphy, 

the major drawbacks of which include its limited availability and use of ionising 

radiation and its semi-quantitative scoring system. However, SAP scintigraphy is 

known to be extremely sensitive for detection of splenic amyloid 157 and histological 
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studies have confirmed complete concordance between presence of amyloid in the 

liver and SAP tracer uptake174 Indeed, the liver and spleen are the organs for which 

SAP scintigraphy has been shown to have the highest diagnostic performance, with 

false negative results in only 1 to 3% of patients, depending on type of amyloid.156 

In conclusion, we report cardiac MR derived ECV mapping for the measurement of 

amyloid burden in the spleen and liver offering a much-needed non-invasive measure 

of extra-cardiac burden, without carrying any additional time to the current protocol, 

and also holds potential to become an important tool to monitor treatment response. 
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CHAPTER 6: MYOCARDIAL ISCHAEMIA IN CARDIAC AMYLOIDOSIS  

This chapter is based on unpublished data assessing myocardial perfusion in a series 

of patients with AL and ATTR cardiac amyloidosis with adenosine stress perfusion 

MRI scans.  

My contribution was designing the study, recruiting participants with cardiac 

amyloidosis, performing CMR scans, analysing all the data, performing 

statistical analysis and writing the manuscript. 

Introduction 

Cardiac amyloidosis (CA) is an infiltrative cardiomyopathy characterised by 

progressive deposition of insoluble amyloid protein fibrils in the myocardial 

extracellular space, resulting in disruption of normal tissue architecture and 

function.3,4The majority of cases result from misfolded monoclonal immunoglobulin 

light-chain (AL) type and transthyretin (ATTR) proteins.2 Cardiac infiltration is the main 

determinant of prognosis in amyloidosis, but the reasons for cardiac amyloid 

deposition resulting in adverse clinical outcomes is only partially understood.  Amyloid 

can accumulate in all four cardiac chambers as part of an infiltrative process, resulting 

in biventricular wall thickening, systolic and diastolic dysfunction, and low cardiac 

output.145 Many clinical observations cannot be fully explained by the simple concept 

of physical and mechanical replacement of the interstitium with amyloid material. 

Within the ventricular myocardium, biopsy and autopsy-based studies have 

documented that amyloid deposits lead to perivascular and capillary infiltration,72-75 
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resulting in narrowing of the vessel lumen, capillary disruption and rarefaction, 

supporting the possibility that myocardial ischaemia may contribute to cell damage.  

Multiparametric cardiovascular magnetic resonance (CMR) characterises several 

processes within the evolution of the CA phenotype starting with amyloid deposition, 

visualised as late gadolinium enhancement (LGE) and detected as raised extracellular 

volume (ECV), acute damage detected as raised myocardial T211, and differential 

myocyte response measured as myocyte volume. CMR advances allow the capability 

to assess myocardial perfusion with automated in-line perfusion mapping technology 

allowing for pixel-wise quantification of myocardial blood flow (MBF)71 as part of a 

comprehensive study that co-registers structural, functional and tissue 

characterisation, information alongside MBF.175-177 Studies utilising stress N-13 

ammonia positron emission tomography (PET) imaging demonstrated reduced stress 

perfusion and myocardial perfusion reserve (MPR) in small cohorts of patients with 

CA.178 However, PET imaging is limited by inferior spatial resolution, use of ionizing 

radiation and lack of information on other myocardial processes, including amyloid 

infiltration.  

This study aims to assess the presence and mechanisms of myocardial ischaemia in 

CA patients using CMR with multiparametric mapping and histopathological analysis 

of myocardial biopsies and explanted hearts.  
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Methods 

Study Population 

A total of 189 patients from 2 centres (162 from Royal Free Hospital, United Kingdom 

and 27 from Barts Heart Centre, United Kingdom) were included. Of these, 92 patients 

had a confirmed diagnosis of cardiac amyloidosis.  

Patients with cardiac amyloidosis.CA patients underwent stress perfusion CMR with 

T1, T2, ECV and perfusion mapping between December 2016 and February 2020. 

They underwent a comprehensive assessment at the National Amyloidosis Centre, 

including clinical evaluation, echocardiography and serum biochemistry.  

ATTR amyloidosis patients. Cardiac ATTR amyloidosis was defined as the 

combination of symptoms with an echocardiogram consistent with or suggestive of 

cardiac amyloidosis, a grade 2 or 3 cardiac uptake on 99mTc-DPD scintigraphy in 

the absence of a monoclonal gammopathy or, in the presence of monoclonal 

gammopathy, a cardiac biopsy confirming ATTR23 . All subjects underwent 

sequencing of exons 2, 3, and 4 of the TTR gene. 

AL amyloidosis patients. Cardiac AL amyloidosis was determined on the basis of 

international consensus criteria with typical features on CMR and biopsy proven 

systemic AL amyloidosis. 179 
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Patients without Cardiac Amyloidosis: 

Seventy-three patients without CA underwent stress perfusion CMR only. All patients 

had undergone coronary angiography for investigation of suspected coronary artery 

disease within 6-months of the CMR scan. Forty-seven had angiographically 

confirmed three-vessel coronary disease (3VD) and 26 had angiographically 

unobstructed coronary arteries. Twenty-four healthy volunteers (HV) with no 

symptoms or past history of cardiovascular disease, hypertension or diabetes also 

underwent stress perfusion CMR without coronary angiography.  

CMR Protocol  

All participants underwent CMR on a 1.5T (Magnetom Aera, Siemens Healthcare, 

Erlangen, Germany). Scans were performed in accordance with local protocol and 

included localizers, cine imaging (with steady state free precession (SSFP) 

sequence), native T1 mapping, late gadolinium enhancement (LGE) imaging with 

phase sensitive inversion recovery (PSIR) and extracellular volume (ECV) mapping.  

Patients were asked to refrain from caffeine for at least 12 hours prior to the scan. 

Basal, mid-ventricular and apical short-axis perfusion images were acquired both at 

rest and during adenosine hyperaemia. The perfusion sequence used has been 

described previously71 . In brief, the sequence utilised a dual sequence approach with 

separate pulse sequences for the arterial input function (AIF) and myocardial tissue. 

Image acquisition was performed over 60 heart beats with a bolus of 0.05mmol/kg 

gadoterate meglumine (Dotarem, Guerbet SA, Paris, France) administered at 4 ml/sec 

followed by a 20 ml saline flush during acquisition of each perfusion sequence. Each 

patient received a total of 0.10mmol/kg gadoterate meglumine. The arterial input 
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function (AIF) was calculated using the left ventricular (LV) blood pool signal which 

was automatically segmented from optimised low-resolution images acquired in 

parallel with higher spatial resolution images used for estimating myocardial perfusion. 

Myocardial perfusion was calculated using a blood tissue exchange model126 after 

corrections to minimise T2* losses and for non-linearity of saturation recovery, and 

pixel-wise perfusion maps were automatically generated in-line. Hyperaemia was 

induced using adenosine infused via a peripheral cannula at a rate of 140mcg/kg/min 

for 4 minutes with a further 2 minutes at 175mcg/kg/min if there was evidence of 

insufficient stress such as no heart rate response and no symptoms. For native and 

post-contrast T1 mapping, 4-chamber long-axis images were acquired using the 

modified look-locker inversion recovery (MOLLI) sequence after regional shimming. 

After administration of contrast and standard LGE imaging, the T1 measurement was 

repeated with the MOLLI sequence and ECV maps where reconstructed inline on the 

scanner using the haematocrit as previously described.161 

CMR Image Analysis 

All CMR images were analysed using offline using Osirix MD 9.0 (Bernex, 

Switzerland). T1 and ECV measurements were performed by drawing a region of 

interest (ROI) in the basal to mid septum of the appropriate 4-chamber map. The LGE 

pattern was classified into 3 groups according to the degree of transmurality: group 1, 

no LGE; group 2, subendocardial LGE (when there was global subendocardial but no 

transmural LGE); and group 3, transmural LGE (when the LGE was extending 

transmurally). Thus, a patient with basal transmural LGE but apical subendocardial 

LGE would be classified as transmural LGE. 59 
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For quantitative analysis of perfusion maps, the endo- and epicardial borders were 

manually delineated for each basal, mid-ventricular and apical short-axis stress and 

rest perfusion maps. Obvious image artefacts and coronary arteries were excluded 

from the regions of interest. Using a custom-made plug-in, the maps were split into 16 

segments (6 segments for basal and mid cavity slices and 4 segments for apical slice). 

Global stress MBF (ml/g/min), global rest MBF (ml/g/min) and MPR (MPR-defined as 

global stress MBF/global rest MBF) were derived as the average blood flow across 

the 16 segments.  ECV was derived by myocardial ECV = (1−hematocrit) × 

(ΔR1myocardium/Δ R1blood), where R1 = 1/T1.125 Intracellular volume (ICV) was 

derived as (1-ECV). For patients with CA and HV, stress MBF, rest MBF and MPR 

were adjusted for intracellular volume by dividing each parameter by the ICV to assess 

effective cardiomyocyte perfusion. This adjustment was not done for patients with 3VD 

and unobstructed coronary arteries as ECV data was not available. 

Echocardiography Protocol 

All patients with cardiac amyloidosis underwent echocardiographic assessment which 

was reviewed by experienced operators blinded to the final diagnosis and analysed 

according as described in Chapter 3.145  

Coronary Angiography  

At invasive coronary angiography, a stenosis was assessed as significant if 

angiographic diameter stenosis was >90% by visual assessment (VA) or if fractional 

flow reserve (FFR) was <0.80 in the presence of angiographic diameter stenosis 50-

90%. Diameter stenosis <50% was considered non-significant180. Non-obstructive 
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disease was defined as angiographic diameter stenosis <50% or FFR <0.80 in all 

major epicardial vessels.  

Histology Protocol 

Twenty-six endomyocardial biopsies (EMB) from our study population and 3 explanted 

hearts with ATTR (2 cases: 1 with Leu68 hereditary ATTR (hATTR), 1 with wild-type 

(wtATTR)) and AL-amyloidosis (with lambda plasmacytoma) were studied. The EMBs 

were processed routinely. Evaluation of formalin fixed hearts was performed according 

to standards and definitions proposed by the Committee of the Society for 

Cardiovascular Pathology and Association for European Cardiovascular Pathology.181 

The specimens were cut in parallel transverse sections, 1.0-1.5cm thick, from apex to 

circa 4cm below the atrio-ventricular (AV) groove; the base of the heart was then cut 

along the longitudinal axis. The 2μm thick sections obtained from the paraffin blocks 

were stained with Haematoxylin–Eosin, Azan-Mallory trichrome and Congo-red. 

Immunohistochemistry (IHC) for CD31, endothelial marker, and C4d, carried out as  

early ischaemic myocyte damage marker was automatically performed with the 

immunostainer Benchmark® ultra (Ventana Medical System, Inc, Roche group; 

Tucson, AZ, USA). IHC for von Willebrand factor (Sigma) and vascular endothelial 

growth factor (VEGF) (Santa Cruz Biotechnology) was manually performed as follows: 

a secondary antibody conjugated with a horseradish peroxidase-labelled polymer 

(Envision Dako) followed by incubation with diaminobenzidine was used for 

visualization.  Sections were digitalized using an Aperio Scanner (Leica). The area of 

tissue immunopositive for VEGF was quantified in the whole biopsy area using the 

image analysis software Cell^D (Olympus Soft Imaging Solutions).  For both EMBs 
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and heart tissue we assessed various qualitative and semi-quantitative histologic 

parameters (Table 14).  For the explanted hearts only, capillary network density was 

quantified using CD31 immunostaining. Capillaries were counted in:  

§ 10 microscopic HPF (high power fields) (400x) with replacement amyloid 

deposits 

§ 10 microscopic HPF with linear perimyocyte amyloid deposits 

§ 10 microscopic HPF with no histologically evident amyloid deposits. 

Capillary numbers are expressed per square millimetre.  

Table 14. Qualitative and Semi-Quantitative Histological Parameters 

 
Amyloid deposits 

 
Overall extent Focal: <30% of myocardial surface 

Multifocal: >30% <60% 
Diffuse: >60% 

Type Interstitial myocardial perimyocyte deposits 
Interstitial myocardial replacement deposits (nodular 
or not) 
Subendocardial deposits 
Vascular deposits 

 
Amyloid deposits in intramural vessels 

(larger intermediate compartment with diameter 500-100 microns). Explanted hearts only 
 

Vascular deposit extent Focal: <30% of myocardial surface 
Multifocal: >30% <60% 
Diffuse: >60% 

Distribution of deposits within vessel wall 
 

Focal 
Diffuse (covering entire circumference) 
Mixed 

Degree of vessel lumen stenosis Mild: <30% 
Moderate: 30% - 60% 
Severe: >60% - 90% 
Occlusion: >90% 

Deposition site within vessel wall:  Intima 
Media 
Both 
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Table 14. Quantitative and semi-qualitative histological parameters used to assess 
endomyocardial biopsies and explanted hearts. 

 
Amyloid deposits in intramural vessels 

(small distal compartment with diameter < 100 microns). 
Both explanted hearts and EMBs 

 
Vascular deposits extent Focal: <30% of myocardial surface 

Multifocal: >30% <60% 
Diffuse: >60% 

Distribution of deposits within vessel wall Focal 
Diffuse (covering entire circumference) 

Degree of vessel lumen stenosis Mild: <50% 
Severe: >50% 

 
Fibrosis 

 
Type Degree 
Subendocardial fibrosis Mild 

Moderate 
Severe 

Interstitial myocardial fibrosis (both 
perimyocyte and replacement) 

Mild 
Moderate 
Severe  

 
 

Myocyte alterations 
 

Type Extent 
Myocyte coagulative/ischaemic-like 
necrosis 

Focal <30% of myocardial surface 
Multifocal: >30% <60% 
Diffuse: >60% 

Myocyte vacuolisation 
(non-specific finding of chronic damage) 

Focal <30% of myocardial surface 
Multifocal: >30% <60% 
Diffuse: >60% 

Myocyte attenuation/atrophy  
(chronic alteration in remodelling 
myocardium) 

Focal <30% of myocardial surface 
Multifocal: >30% <60% 
Diffuse: >60% 

Myocyte hypertrophy  
(reactive/remodelling alteration) 

Focal <30% of myocardial surface 
Multifocal: >30% <60% 
Diffuse: >60% 
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Statistical Analysis 
 

Statistical analysis was performed using IBM SPSS Statistics Version 25 (IBM, 

Somers, New York). All continuous variables were tested for normal distribution and 

presented as mean ± standard deviation (SD) or median (interquartile range); other 

than NT-pro-BNP was natural log (ln) transformed for bivariate testing. The 

independent T-test was used to compare the distribution of two normally distributed 

groups, and the one-way analysis of variance (ANOVA) to compare the distribution of 

multiple groups, with a significant result followed by a post-hoc Bonferroni corrected 

pairwise comparison. Categorical data are presented as absolute numbers (n) and 

frequencies (%) and compared using the chi-square test or Fisher exact test as 

appropriate. Correlations between parameters were assessed using Pearson (r) or 

Spearman’s rho. Statistical significance was defined as p<0.05. 

Results 

Characteristics of the Cohort at Baseline 

Ninety-two CA patients (77 males, 83.7%; age 71.3±9.3years) were recruited, of 

whom, 41 had cardiac AL-amyloidosis (32 males, 78.0%; age 66.0±9.6years) and 51 

had cardiac ATTR-amyloidosis (45 males, 88.2%; age 75.6±6.4years). Of the 51 

patients with ATTR-amyloidosis, 42 (82%) had wtATTR and 9 (18%) had hATTR 

(V122I = 4(44%), T60A = 4(44%), H90D = 1(11%)). Of the 73 patients without CA, 

47 had 3VD, (41 males, 87.2%; 66.9±12.2years), 26 had unobstructed coronary 

arteries (12 males, 46.2%; 63.8±9.2years). Twenty-four HV (18 males, 75.0%; 
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45.9±8.9years) underwent stress perfusion CMR without coronary angiography. 

Baseline characteristics presented in Table 15 and 16. 

Table 15. Characteristics of the Cohort at Baseline 
 

 

 

All cardiac 
amyloidosis 

(n =92) 

AL 
(n =41) 

ATTR 
(n =51) 

 
p-value 

Age, years 71.3 ± 9.3 66.0 ± 9.6 73.6 ± 6.6 p<0.001 

Gender (M) 77 (83.7%) 32 (78%) 45 (88%) p=0.189 

Biomarkers  

NT-proBNP (ng/L) 2457.5 
(1663.5 – 4068.3)  

2305.0 
(1493 - 4402) 

2537.0 
(1719-4130) 

p=0.393 

Troponin T (ng/L) 57.5 (38.0-97.5) 61(39-114) 57 (37-83) p=0.649 

CMR parameters  

LVEDV (mL) 129.6 (37.3) 121.5 (32.0) 136.3 (40.3) p=0.059 

LVEDV index (mL/m2) 68.4 (17.3) 65.0 (14.2) 71.2 (19.3) p=0.091 

LVESV (mL) 53.4 (31.2) 44.6 (24.0) 60.6 (34.7) p=0.014 

LVESV index (mL/m2) 28.1 (15.7) 23.8 (12.3) 31.6(17.5) p=0.018 

LVSV (mL) 76.4 (19.0) 77.0 (18.6) 75.9 (19.5) p=0.782 

LVSV index (mL/m2) 40.4 (9.0) 41.4 (8.8) 39.6 (9.2) p=0.355 

LVEF (%) 60.4 (13.4) 64.7 (12.0) 56.8 (13.6) p=0.004 

LV mass (g) 239.6 (78.7) 225.7 (90.5) 251.1 (66.3) p=0.127 

LV mass index (g/cm2) 126.4 (39.1) 120.1(44.7) 131.6 (33.3) p=0.165 

MAPSE (mm) 8.1 (2.6) 8.7 (2.3) 7.6 (2.8) p=0.050 

TAPSE (mm) 14.5 (5.3) 16.1 (5.5) 13.2 (4.8) p=0.009 

LAA (cm2) 31.1 (6.6) 29.0 (6.4) 32.7(6.4) p=0.007 
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LAA index (cm2/m2) 16.5 (3.4) 15.6 (3.3) 17.2(3.4) p=0.031 

RAA (cm2) 27.1 (7.8) 23.8(5.9) 29.7(8.1) p<0.001 

RAA index (cm2/m2) 14.3 (3.8) 12.8 (3.1) 15.5 (3.9) p=0.001 

Native Myocardial T1(ms) 1157.2 (59.2) 1178.0 (68.4) 1140.5 (44.7) p=0.002 

Myocardial T2 (ms) 51.3 (3.6) 52.9 (3.9) 50.1 (2.7) p<0.001 

ECV, % 54.1 (9.6) 52.0 (10.3) 56.0 (8.5) p=0.042 

Stress MBF (ml/min/g) 1.03 (0.51) 1.07 (0.58) 1.00 (0.43) p=0.502 

Rest MBF (ml/min/g) 0.69 (0.25) 0.80 (0.28) 0.60 (0.18) p<0.001 

MPR 1.55 (0.60) 1.36 (0.53) 1.72 (0.62) p=0.005 

Stress MBF/ICV 2.23 (1.02) 2.24 (1.12) 2.22 (0.93) p=0.951 

Rest MBF/ICV 1.46 (0.50) 1.61 (0.48) 1.33 (0.49) p=0.007 

MPR/ICV 3.36 (1.56) 2.93 (1.48) 3.72 (1.54) p=0.016 

Echo parameters  

E wave(m/s) 85.3 (22.9) 91.5 (26.1) 80.5 (19.0) p=0.023 

a wave(m/s) 57.9 (27.4) 67.3 (28.5) 46.5 (21.5) p=0.003 

E/a ratio 1.9 (1.0) 1.70 (1.00) 2.1 (0.9) p=0.153 

DT (ms) 169.8 (49.9) 159.3 (45.5) 177.6 (52.0) p=0.087 

e’lateral (m/s) 6.6 (2.3) 6.4 (2.4) 6.8 (0.39) p=0.390 

e’septal (m/s) 5.1 (2.0) 5.6 (2.1) 4.8 (0.04) p=0.040 

RV s’ (m/s) 11.2 (3.0) 12.4 (3.2) 10.5 (2.60) p=0.009 

E/e’ average 15.7 (5.6) 16.6 (6.4) 15.0 (4.77) p=0.158 

4ch GLS -11.1 (4.0) -11.9 (4.3) -10.5 (3.70) p=0.087 

Table 15. Values are mean ± SD, %, or median (interquartile range). p-value is 
presented for the difference between AL and ATTR.  
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Table 16. CMR Parameters in Patients with Cardiac Amyloidosis, 3VD and 
Unobstructed Coronary Arteries 
 

 
CA 

(n=92) 

3VD (n=47) Unobstructed 
coronary 
arteries 
(n=26) 

Healthy 
Volunteers 

(n=24) 

p-value 

Demographics  

Age 71.3 ± 9.3 66.9 (12.2) 63.8 (9.2) 45.9 (8.9) p<0.001(°,§) 

Gender (M) 77 (83.7%) 41 (87.2%) 12 (46.2%) 18 (75.0%) p<0.001(overall) 

BSA 1.89 (0.21) 1.93 (0.26) 1.94 (0.17) 2.01 (0.23) p=0.127 

Ethnicity  p<0.001(overall) 

Black 8 (8.7%) 2 (4.3%) 2 (7.7%) 2 (8.3%)  

Caucasian 83 (90.2%) 17 (36.2%) 19 (73.1%) 14 (58.3%) 

Asian 1 (1.1%) 23 (48.9%) 1 (3.8%) 7 (29.2%) 

Other/Unknown 0 (0%) 5 (10.6%) 4 (15.4%) 1 (4.2%) 

Medical History  

Hypertension 33 (37%) 36 (76.7%) 15 (58%) 0 (0%) p<0.001 

Diabetes Mellitus 12 (13%) 18 (38%) 7 (27%) 0 (0%) p<0.001 

Hyperlipidaemia 18 (20%) 38 (81%) 14 (54%) 0 (0%) p<0.001 

Previous PCI 6 (6.5%) 12 (26%) 4 (15%) 0 (0%) p=0.002 

Previous CABG 2 (2.2%) 0 (0%) 0 (0%) 0 (0%) p=0.546 

CMR Parameters  

LVEDV (mL) 129.6 (37.3) 168.3 (69.7) 140.5 (32.0) 173.1 (40.1) p<0.001(*,§) 

LVEDV index (mL/m2) 68.4 (17.3) 87.7 (38.8) 72.3 (14.1) 85.8 (16.1) p<0.001(*,§) 

LVESV (mL) 53.4 (31.2) 79.0 (68.1) 47.3 (16.0) 59.5 (18.9) p=0.003(*) 

LVESV index (mL/m2) 28.1 (15.7) 41.3 (38.4) 24.2 (7.7) 29.5 (8.7) p=0.005(*) 

LVSV (mL) 76.4 (19.0) 89.5 (19.7) 93.4 (20.2) 113.6 (24.1) p<0.001(*,°,§) 

LVSV índex (mL/m2) 40.4 (9.0) 46.5 (9.0) 48.0 (8.8) 56.3 (8.8) p<0.001(*,°,§) 

LVEF (%) 60.4 (13.4) 57.8 (16.7) 66.8 (5.6) 66.2 (5.5) p=0.008 
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LV mass (g) 239.6 (78.7) 136.3 (46.2) 110.7 (27.7) 126.1 (32.8) p<0.001(*,°,§) 

LV mass index (g/cm2) 126.4 (39.1) 70.2 (22.0) 56.7 (12.3) 62.2 (12.5) p<0.001(*,°,§) 

MAPSE (mm) 8.1 (2.6) 10.4 (2.7) 12.1 (2.6) 13.2 (1.9) p<0.001(*,°,§) 

TAPSE (mm) 14.5 (5.3) 18.5 (4.4) 22.0 (5.2) 22.8 (3.5) p<0.001(*,°,§) 

LAA (cm2) 31.1 (6.6) 24.9 (6.5) 22.7 (5.1) 23.0 (3.4) p<0.001(*,°,§) 

LAA index(cm2/m2) 16.5 (3.4) 13.0 (3.1) 11.8 (3.0) 11.4 (1.20) p<0.001(*,°,§) 

RAA (cm2) 27.1 (7.8) 19.5 (4.6) 20.3 (4.7) 22.5 (3.7) p<0.001(*,°,§) 

RAA index(cm2/m2) 14.3 (3.8) 10.1 (2.2) 10.1 (3.2) 11.2 (1.4) p<0.001(*,°,§) 

Native Myocardial 
T1(ms) 

1157.2 
(59.2) 

- - 1002.4 
(40.4) 

p<0.001 

Myocardial T2 (ms) 51.3 (3.6) - - 45.8 (2.8) p<0.001 

ECV % 54.1 (9.6) - - 27.8 (2.9) p<0.001 

ICV% 45.9 (9.6)   72.2 (2.9%) p<0.001 

Stress MBF (ml/min/g) 1.03 (0.51) 1.35 (0.50) 2.92 (0.52) 3.14 (0.69) p<0.001(*,°,§) 

Rest MBF (ml/min/g) 0.69 (0.25) 0.89 (0.27) 1.13 (0.39) 0.79 (0.19) p<0.001(*,°) 

MPR 1.55 (0.60) 1.54 (0.51) 2.78 (0.70) 4.08 (0.86) p<0.001(°,§) 

Stress MBF/ICV 2.23 (1.02) - - 4.38 (1.06) p<0.001 

Rest MBF/ICV 1.46 (0.50) - - 1.07 (0.25) p=0.001 

MPR/ICV 3.36 (1.56) - - 5.75 (1.22) p<0.001 

Table 16. CMR parameters in patients with CA, 3VD and unobstructed coronary arteries. 
p-value provided with *: p<0.05 for CA vs 3VD; °: p<0.05 for CA vs. UO; §: p<0.05 CA 
vs. HV. For gender and ethnicity, overall p-value only provided. 

 

Myocardial Perfusion in All Patients  

Stress myocardial blood flow was severely reduced in patients with cardiac 

amyloidosis, with lower values in patients with CA than those with 3VD, unobstructed 

coronary arteries and healthy volunteers (CA 1.03±0.51ml/min/g, 3VD 

1.35±0.50ml/min/g, Unobstructed coronary arteries 2.92±0.52ml/min/g, healthy 
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volunteers 3.14±0.69ml/min/g; CA vs 3VD p=0.008, CA vs Unobstructed coronary 

arteries p<0.001, CA vs HV p<0.001) . Figures 22 & 23.  Rest myocardial blood flow 

was comparable between patients with CA and healthy volunteers, but patients with 

CA had a lower rest MBF than patients with 3VD and unobstructed coronary arteries 

(CA 0.69±0.25ml/min/g, 3VD 0.89±0.27ml/min/g, unobstructed coronary arteries 

1.13±0.39ml/min/g, HV 0.79±0.19ml/min/g; CA vs 3VD p<0.001, CA vs unobstructed 

coronary arteries p<0.001, CA vs. HV: p=0.531). MPR was severely reduced in 

patients with CA, as compared to HV and patients with unobstructed coronary arteries, 

with the degree of reduction being comparable only with patients with 3VD. (CA 

1.55±0.60, 3VD 1.54±0.51, unobstructed coronary arteries 2.78±0.70, HV 

4.08±0.86ml/min/g; CA vs 3VD p=1.000, CA vs unobstructed coronary arteries 

p<0.001, CA vs. HV p<0.001). See figure 23. 

 Stress MBF and MPR were significantly reduced in patients with CA when 

compared to healthy volunteers, even after adjustment for ICV. (Stress MBF/ICV: CA 

2.23±1.02, HV 4.38±1.06, p<0.001 and MPR/ICV CA 3.36±1.56, HV 5.75±1.22 

p<0.001). After adjustment for ICV, there was a significant difference between CA and 

rest MBF (Rest MBF/ICV: CA 1.46±0.50, HV 1.07±0.25, p=0.001).  

 
Myocardial Perfusion in AL and TTR  

Stress MBF after adjustment for ICV, was similarly reduced in AL and ATTR but 

significantly lower than healthy volunteers. (Stress MBF/ICV: AL 2.24±1.12, ATTR 

2.22±0.93, HV 4.38±1.06; AL vs. TTR, p=1.000, AL vs HV, p<0.001, TTR vs. HV, 

p<0.001). Rest MBF after adjustment for ICV, was higher in AL and ATTR than healthy 

volunteers. (Rest MBF/ICV: AL 1.61±0.48, TTR 1.33±0.49, HV 1.07±0.25; AL vs. TTR, 
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p=0.011, AL vs HV, p<0.001, TTR vs. HV, p=0.089). Mean MPR, after adjustment for 

ICV was reduced in AL and TTR when compared to HV, to a greater degree in AL 

patients when compared to TTR patients. (MPR/ICV: AL 2.93±1.48, TTR 3.72±1.54, 

HV 5.75±1.22; AL vs. TTR, p=0.037, AL vs HV, p<0.001, TTR vs. HV, p<0.001). See 

Table 15 and figure 24. 
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Figure 22. Comparison of Angiography, First-Pass Perfusion and Perfusion Maps in 
Cardiac Amyloidosis, Triple Vessel Disease and Unobstructed Coronary Arteries 

 
Figure 22.  Examples of coronary angiography, stress first-pass perfusion images and 
stress myocardial perfusion maps of 3 patients with cardiac amyloidosis, obstructive 
three-vessel disease (Top panel) and unobstructed coronary arteries (bottom panel). 
In cardiac amyloidosis, the coronary angiogram is unobstructed, visual analysis of first 
pass perfusion shows a global reduction in stress myocardial blood flow and stress 
perfusion maps show extensive global ischaemia. In 3VD, the coronary angiography 
shows severe obstructive coronary disease (see arrows) and stress first pass 
perfusion and stress perfusion maps are similar to that of cardiac amyloidosis. In 
unobstructed coronary arteries, coronary angiography shows unobstructed coronary 
arteries and visual analysis of stress first pass perfusion is normal as are the stress 
perfusion maps. Stress myocardial blood flow values for each segment are in 
ml/mg/min. 
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Figure 23. Stress MBF, Rest MBF and MPR in Patients with CA, 3VD, Unobstructed 
coronary Arteries and Healthy Volunteers 
 

 

Figure 23. Top panel: Stress and rest myocardial blood flow and myocardial perfusion 
reserve (bottom panel) in patients with cardiac amyloidosis, three vessel coronary 
disease, unobstructed coronary arteries and healthy volunteers.  
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Figure 24. ECV, Stress Myocardial Blood Flow, Rest Myocardial Blood Flow and 
Myocardial Perfusion Reserve in Patients with AL, TTR and Healthy Volunteers 
 

 

Figure 24. Mean ECV, mean stress MBF, mean rest MBF and mean myocardial 
perfusion reserve all adjusted for ICV in patients with AL amyloidosis, ATTR 
amyloidosis and HV. 
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Correlations with Stress Myocardial Blood Flow 

In patients with CA, myocardial stress perfusion correlated with the transmurality of 

LGE, ECV fraction, myocardial mass, indexed myocardial mass, markers of chamber 

remodelling (LVESV, LVESV indexed, LA area, LA area indexed), markers of LV 

systolic function (LVEF, MAPSE) markers of right heart function (TAPSE, RV s’), 

markers of diastolic function (a wave, E/a, e’ lateral, e’ septal, e’ average, E/e’ 

average), longitudinal strain parameters (4Ch global longitudinal strain) and blood 

biomarkers (NT-pro BNP and troponin). See table 17 for correlation coefficients and 

p-values. 

 

Table 17. Correlations between Stress MBF, Biomarkers and CMR Findings in Cardiac 
Amyloidosis patients 
 

 Parameters All cardiac amyloidosis 
(n=92) 
 
r, p-value 
 

Biomarkers NT-proBNP (ng/L) -0.419, p<0.001 
 Troponin T (ng/L) -0.477, p<0.001 
CMR parameters LVEDV (mL) -0.203, p=0.055 
 LVEDV index (mL/m2) -0.121, p=0.257 

LVESV (mL) -0.263, p=0.012 
LVESV index (mL/m2) -0.238, p=0.024 
LVSV (mL) 0.034, p=0.753 
LVSV index (mL/m2) 0.185, p=0.081 
LVEF (%) 0.326, p=0.002 
LV mass (g) -0.456, p<0.001 
LV mass index (g/cm2) -0.401, p<0.001 
MAPSE (mm) 0.381, p<0.001 
TAPSE (mm) 0.447, p<0.001 
LA (mm2) -0.352, p=0.001 
LA index (mm2/cm2) -0.228, p=0.031 
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RA (mm2) -0.182, p=0.086 
RA index (mm2/cm2) -0.080, p=0.451 
ECV, % -0.399, p<0.001 
Native Myocardial T1, ms -0.188, p=0.076 
Myocardial T2, ms -0.066, p=0.535 
LGE transmurality -0.345, p=0.001 

Echo parameters E wave(m/s) -0.171, p=0.111 
 a wave(m/s) 0.329, p=0.010 

E/a -0.364, p=0.004 
DT (ms) 0.058, p=0.594 
e’ lateral 0.235, p=0.028 
e’ septal 0.306, p=0.004 
RV s’ 0.326, p=0.007 
Average e’ 0.224, p=0.035 
E/e’ average -0.304, p=0.004 
4Ch GLS -0.429, p<0.001 

 

Table 17. Correlations between stress MBF, biomarkers and CMR findings in cardiac 
amyloidosis patients 

 

Histology from Endomyocardial Biopsies and Explanted Hearts 

Endomyocardial biopsies. All 26 EMBs (median number of fragments: 3.3±1.6; 

range 1-8) showed amyloid deposits within myocardial interstitium, distributed around 

myocytes (perimyocyte pattern) in all cases, and in nodular aggregates (replacement 

pattern) in 69.2% of cases; subendocardial deposits were found in 46.1%. The extent 

of amyloid deposition was predominantly multifocal (50%), focal in 34.6% and diffuse 

in 15.3%. Vascular deposits were observed in 5 cases (19.2%), distributed along the 

entire microvessel circumference, causing stenosis >50% of the lumen in 15.3% of 

cases and less than 50% in 1(3.8%). Mild subendocardial and interstitial myocardial 

fibrosis were present in 19.2% of cases, mild in 11.5% and moderate in 7.6%. 
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Morphological myocyte alterations were present in all EMBs as non-specific findings 

of chronic damage in remodelling myocardium consequent to amyloid deposits. These 

changes included: myocyte attenuation/atrophy in 92.3% of cases (focal in 57.6% and 

multifocal in 34.6%); myocyte vacuolisation in 65.3% (focally distributed in 42.3% and 

multifocally in 23%); focal reactive myocyte hypertrophy in 23%. No myocyte 

coagulative necrosis or ischaemic-like damage was found either at histology or using 

C4d immunostaining, nor was there any evidence of inflammatory infiltrates (Figure 

25). VEGF expression was significantly increased and strongly expressed by 

endothelial cells and cardiomyocytes.  

  



 166 

Figure 25. Histological Findings, Endomyocardial Biopsies  

 

Figure 25. A-C. EMBs with perimyocyte and nodular amyloid deposits, made up of a 
homogeneous eosinophilic substance at Haematoxylin-Eosin stain (A, 50x), appearing 
bluish at Azan-Mallory trichrome stain (B, 50x) and showing green birefringence at Congo 
Red under polarized light (C, 50x). D-F show amyloid deposits in small arteries along the 
entire circumference, severely narrowing the lumen (arrows): D, Haematoxylin-Eosin, 
100x; E, Haematoxylin-Eosin 200x; F, Congo red 400x. Myocytes show atrophy (G, 
Haematoxylin-Eosin 200x) and cytoplasmic 
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Explanted hearts. In all left and right ventricular samples, amyloid deposits were 

present in the sub-endocardium and myocardial interstitium, with both peri-myocyte 

and replacement patterns, mostly (83.8%) diffusely distributed. Intermediate 

compartment vessel deposits were present in 5 specimens (2 focal, 1 multifocal, 2 

diffuse), covering the entire circumference of the vessel and causing mild lumen 

stenosis in 2 specimens, moderate in 1 and severe in 2. In one specimen amyloid 

deposits were found only in the intima layer; in the rest the deposits involved both 

intima and medial layers. Distal compartment vessel deposits were present in 4 

specimens (2 focal, 2 multifocal) and covering the entire circumference in 3 

specimens. Lumen stenosis was mild in 3 samples and severe in 1 sample. Capillary 

quantification showed a clear decrease in capillary numbers related to amyloid 

deposits (Table 18): statistically significant differences were found in capillary numbers 

per mm2 between fields with replacement amyloid deposits, fields with peri-myocyte 

deposits and fields with no evident deposits (p<0.001).  Mild subendocardial fibrosis 

was present in 2 samples; mild myocardial interstitial fibrosis in 1 sample. In all 

samples, the widespread amyloid deposits were responsible for myocardium 

histological remodelling (myocyte attenuation/atrophy and vacuolisation, mostly 

multifocally distributed); reactive hypertrophied myocytes were seen in 4 specimens. 

Histologically evident acute myocyte injury was absent in all samples and there were 

no significant inflammatory infiltrates (Figure 26). 
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Figure 26. Histological Findings, Explanted Heart 

 
 
Figure 26. A-B show a left ventricle specimen with extensive and diffuse amyloid 
deposits  (A: Azan-Mallory trichrome, scanner magnification; B: Congo Red 25x) C-
F: Intramural vessels of varying size with amyloid deposits covering walls entirely (C-
D) and partially (E); Azan-Mallory trichrome, C 200x; D 100x; E 200x; Congo Red F 
50x. G-J. CD31 immunostaining highlights the irregular distribution of the capillary 
network in the left ventricle specimen (G, 50x) with few capillaries in nodular amyloid 
aggregates (H, 400x), and even fewer in areas with perimyocyte deposits (I, 400x) 
compared to areas with no histologically evident deposits (J, 400x)  
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Table 18. Capillary Quantitative Assessment 
 

 Capillary 
numbers/mm2 
in areas with 
replacement 
amyloid 
deposits 

Capillary 
numbers/mm2 
in areas with 
perimyocyte 
amyloid 
deposits 

Capillary 
numbers/mm2 
in areas with 
no evident 
amyloid 
deposits 

p = 0.001 
ATTR-wt RV 68 340 680 

ATTR-wt LV 94 338 629 

ATTRm RV 91 282 506 

ATTRm LV 75 224 545 

AL RV 83 254 666 

AL LV 79 275 730 

Mean ± SD 81.8 ± 9.8 285.4 ± 45.8 626.1 ± 85.3 

 

Table 18. Quantitative assessment of capillaries in explanted hearts. 

Discussion 

This is the first study to comprehensively assess the presence, extent and 

mechanisms of myocardial ischaemia in CA, in association with the degree of 

infiltration, myocyte volume, functional and structural myocardial changes, all of which 

play an important role in the pathophysiology of the disease.  Our findings show that 

CA is associated with myocardial ischaemia, as confirmed by the presence of both 

extensive myocardial hypoxia on myocardial biopsies and severe reduction in stress 

MBF during adenosine perfusion CMR, with the degree of reduction only being 
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comparable to 3VD. This study also highlights the multifactorial origin of myocardial 

ischaemia, which encompasses reduction in the stroke volume and cardiac output, 

secondary to the extensive changes in myocardial structure, systolic and diastolic 

function; but also amyloid infiltration at the level of the epicardial arteries with reduction 

in the vessel lumen and disruption and rarefaction of the capillaries. 

Our study evaluated 92 CA patients, who demonstrated a profound reduction in stress 

MBF and MPR, but also had abnormalities in MBF at rest. The reduction in stress MBF 

and MPR in CA, was comparable only to patients with three vessel disease. However, 

as LV myocardial mass is a composite of cardiomyocyte volume and ECV, the simple 

measurement of stress MBF is insufficient, particularly when infiltrative conditions 

such as CA are concerned; therefore adjustments for the degree of amyloid infiltration 

through the measurement of intracellular volume, is an important step to measure 

effective cardiomyocyte perfusion. After stress MBF and MPR were adjusted for ICV, 

the severe reduction in stress MBF was confirmed. Rest MBF in patients with CA was 

comparable to HV but lower than those with 3VD and unobstructed coronary arteries. 

It could be hypothesised that patients with unobstructed coronary arteries who have 

other co-morbidities, including left ventricular hypertrophy, diabetes and hypertension 

exhibit a mild resting vasodilatory state in response to disease as they maintain the 

ability to upregulate this blood flow in response to stress. In contrast CA patients have 

a low rest and stress MBF as they are unable to maintain adequate resting flow and 

fail to upregulate blood flow under stress conditions. However, when the rest MBF was 

adjusted for ICV, there was evidence of a minor degree of upregulation at rest in 

patients with CA.   
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Crucially the presence of myocardial ischaemia was confirmed on histology, with 

evidence of VEGF upregulation at a cardiomyocyte level indicating activation of 

hypoxia pathways. In terms of the mechanisms leading to myocardial ischaemia, 

stress MBF significantly correlated with severity of cardiac amyloid infiltration, and the 

degree of systolic and diastolic dysfunction, as assessed by deformation and non-

deformation-based parameters; indicating the overall reduction in cardiac 

performance resulting in reduced stroke volume and cardiac output contributes to the 

reduction in MBF. However, the histological evaluation of 26 myocardial biopsies and 

3 whole hearts from patients with CA showed a more complex model, where direct 

disruption by amyloid deposits cause extensive structural changes such as infiltration 

of the vessel wall, lumen reduction and profound reduction in capillary density in areas 

with and without amyloid deposits.  

This is the first study to demonstrate that MBF can be quantified non-invasively in CA 

as part of a routine clinical study with the ability to evaluate structure and function as 

well as tissue composition with surrogate measures of amyloid burden. It is known that 

regulation of coronary blood flow and myocardial perfusion is dependent upon multiple 

mechanisms including extra vascular compressive forces, coronary perfusion 

pressure and local metabolic, endothelial and hormonal influences.182Our results 

confirm the complexity of mechanisms underlying myocardial ischaemia in CA, where 

myocardial perfusion is the final common pathway of different insults, which include 

the direct infiltrative effect of existing amyloid deposits, the consequences of amyloid 

infiltration on systolic and diastolic myocardial mechanics and coronary microvascular 

dysfunction. Our histological findings provide new insights into disease understanding 

with extensive disruption of micro-vessel architecture caused by the presence of 
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vascular amyloid deposits, lumen stenosis and global loss of capillaries, as well as 

evidence of diffuse staining for markers of hypoxia.  

These findings not only increase our disease understanding but are also important at 

a time where the landscape of potentially available therapeutics for CA is rapidly 

evolving. Many treatments aim to specifically block the source of amyloid production, 

but drugs that target the disruption of already formed amyloid fibrils and promote their 

clearance are also being developed. It is possible that the degree in the reduction in 

the myocardial perfusion will play a role in the efficacy of drugs that target the amyloid 

deposits, possibly affecting the degree of target engagement. It is also possible that 

clearance of amyloid deposits will improve myocardial perfusion. There is a strong 

requirement for further studies in this field as these novel insights into the underlying 

pathophysiological and histopathological mechanisms in CA have the potential to aid 

drug development and may have a role in monitoring treatment response and as a 

clinical trial endpoint. 

Study Limitations 

Our study sample size of 92 patients is relatively small sample size including patients 

with the two main types of CA. Secondly, the low proportion of patients with CA who 

underwent had coronary imaging (22%), means we are unable to fully exclude the 

possibility that some of the findings may be secondary to coronary artery disease. 

However, the severe and almost ubiquitous finding of severe global reduction in stress 

MBF and MPR among patients with CA makes this hypothesis unlikely.  
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CHAPTER 7: GENERAL CONCLUSIONS 

The work presented in my thesis evaluates the role of cardiac imaging to optimise 

diagnosis and improve understanding of the natural history and disease 

pathophysiology of cardiac amyloidosis.  Through assessing a large cohort of patients 

with ATTR cardiomyopathy, I identified key echocardiographic variables that predicted 

prognosis. In recent years, the prevalence of ATTR cardiomyopathy has risen owing 

to improvements in diagnosis and awareness. In patients with co-existent aortic 

stenosis and ATTR cardiomyopathy, there is often clinical uncertainty as to whether 

aortic valve intervention will be of benefit in this population. This work demonstrated 

that patients with severe aortic stenosis had worse clinical outcomes, demonstrating 

for the first time that aortic stenosis has an independent prognostic role in patients with 

ATTR cardiomyopathy. Patients with co-existent ATTR cardiomyopathy and severe 

aortic stenosis had dramatically worse survival than those with only ATTR 

cardiomyopathy, suggesting that aortic stenosis drives the poor outcome in this 

population. Whilst the numbers of patients with severe aortic stenosis in the studied 

cohort was small, there is an urgent need for further studies in this area to determine 

the role of aortic valve intervention in this population. The next chapter in my thesis 

describes the 12 and 24-month echocardiographic follow up results in the same 

cohort, demonstrating that worsening mitral and tricuspid regurgitation at 12-and 24-

months was independently associated with mortality. This was supported by 

histological assessment of explanted hearts and endomyocardial biopsies showing 

extensive remodelling and amyloid infiltration at the level of the atrioventricular valves. 

These findings emphasise the central and previously unrecognised role played by 

valves in the disease progression of ATTR-CM, providing direction to physicians 
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interpreting echocardiograms and reviewing patients, with robust data to support 

tracking individual changes over time. The third and fourth chapter of this thesis 

focuses on the use of cardiac MRI for diagnostic purposes and to enhance disease 

understanding. In chapter three, by analysing SAP scintigraphy and extracellular 

volume mapping on CMR in a large cohort of patients referred to the NAC with 

suspected amyloidosis, this study demonstrates that ECV performed during routine 

CMR scans can identify and assess the severity of liver and spleen amyloid deposits 

thereby offering a non-invasive measure of visceral amyloid burden that can help 

guide and track treatment. The final chapter of my thesis focuses on CMR adenosine 

stress perfusion imaging in patients with both AL and ATTR cardiac amyloidosis. This 

technique provides an estimate of myocardial blood flow measured in ml/g/min 

following the administration of adenosine. Patients with CA had severely impaired 

myocardial blood flow, which was supported by histological assessment of cardiac 

biopsies and explanted hearts demonstrating evidence of diffuse hypoxia, capillary 

rarefaction and extensive disruption of normal myocardial tissue architecture. These 

findings indicate that reduced myocardial perfusion in patients with CA is the final 

common pathway of different insults including the direct infiltrative effect of existing 

amyloid deposits, the effects of amyloid infiltration on systolic and diastolic myocardial 

mechanics and coronary microvascular dysfunction. As therapeutics rapidly develop, 

the possibility that the degree in the reduction in the myocardial perfusion may play a 

role in the efficacy of drugs that target the amyloid deposits must be considered. There 

is therefore a strong requirement for further studies in this field as further insights into 

myocardial perfusion may be of benefit to drug development, the ability to monitor 

treatment response and potentially as a clinical trial endpoint in the future. 
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APPENDIX I: FUTURE WORK 

Drug therapies within cardiac amyloidosis are rapidly developing with several clinical 

trials in progress. Follow up work from this PhD will involve prospective studies on 

patients with cardiac amyloidosis who have both SAP scintigraphy and ECV mapping 

on CMR, in addition to assessment of ECV in patients receiving disease modifying 

treatment, as ECV mapping holds potential to become an important tool to monitor 

treatment response without carrying any additional time to the current protocol. 

Similarly, prospective studies using CMR with perfusion mapping in patients receiving 

disease-modifying treatment will be important in assessing whether myocardial 

perfusion is altered with an improvement in amyloid burden. 
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APPENDIX II: PRIZES  

 

Awarded the Melvyn Judkins Early Career Investigator Award  
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Awarded the Young Investigator Award  

International Oral Abstract Presentation-Myocardial and Pericardial Diseases 

Conference, La Corruna, Spain. Fat Water Gadolinium Enhancement Imaging in 

Myocarditis: What are we missing? (October 2019) 

Finalist: SCMR Early Career Award 

International Oral Abstract Presentation Society for Cardiovascular Magnetic 

Resonance, Orlando, USA. Regression of cardiac ATTR amyloidosis with novel 

therapeutics: achieving the unthinkable? (February 2020) 

Finalist: Three Minute Thesis Competition 

Shortlisted for the Dean’s Research Three Minute Thesis Competition 
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