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0.4 Abstract

Cardiac amyloidosis occurs when misfolded protein fibrils are deposited in the extracellular
space of the myocardium. The most common causes for cardiac amyloidosis are light chain
(AL) amyloidosis and transthyretin (ATTR) amyloidosis. ATTR amyloidosis can occur with
ageing due to the accumulation of wild-type transthyretin or can due to an inherited genetic
mutation. One of the more common inherited forms in the United Kingdom (UK) is associated
with the V1221 mutation.

I have described the clinical features, electrocardiogram and multimodality imaging findings in
the most common forms of ATTR cardiac amyloidosis diagnosed in the UK. I found significant
differences between ATTR amyloidosis types. In particular, those with V1221 associated ATTR
cardiac amyloidosis present at a younger age than those with wild-type disease but have a more
advanced cardiac phenotype at diagnosis and a worse survival. I identified predictors of survival
in transthyretin cardiac amyloidosis which were predominantly those associated with a more
severe cardiac phenotype and found that the most common form of death in these patients is
from heart failure.

I examined the use of DPD in ATTR and AL cardiac amyloidosis and showed that higher DPD
grades are associated with more severe cardiac disease in ATTR amyloidosis. However, DPD
grade does not predict survival in ATTR amyloidosis and I demonstrated that this is also the
case in AL amyloidosis.

I conducted a retrospective study to examine the effect of the non-steroidal anti-inflammatory
drug, diflunisal, in ATTR amyloidosis. I found that even in highly selected patients, diflunisal
was poorly tolerated and I did not find any evidence for benefit. I described the UK experience
of a phase 2 trial of a silencing RNA treatment, revusiran. I described challenges to recruitment
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and patient characteristics for those I recruited.



0.5 Impact statement

Cardiac amyloidosis cannot be considered a single entity owing to the extensive heterogeneity
in pathophysiology, clinical phenotype and prognosis. This is well established when
considering the differences between amyloid light chain (AL) and transthyretin (ATTR) cardiac
amyloidoses, however, the importance of differences between subgroups of patients with ATTR
cardiac amyloidosis is often underappreciated. ATTR cardiac amyloidosis can be caused by
accumulation of wild-type transthyretin (TTR) in older patients or by accumulation of mutant
forms of TTR due to a mutation in the TTR gene, with more than 100 mutations identified.
These different aetiologies may have important implications when considering all aspects of
ATTR cardiac amyloidosis from clinical phenotype and natural history to response to treatment
in clinical trials.

I have demonstrated that significant differences exist between types of ATTR cardiac
amyloidosis, particularly between wild-type transthyretin (ATTR-wt) cardiac amyloidosis
and amyloidosis associated with the V1221 transthyretin variant (ATTR-V122I). There are
differences in findings at diagnosis in the electrocardiogram, echocardiogram, cardiac magnetic
resonance imaging and cardiac biomarkers. These differences suggest that patients with
ATTR-V122I cardiac amyloidosis present with a more severe cardiac phenotype than those
with ATTR-wt cardiac amyloidosis. This is further corroborated by my finding that survival
in those with the ATTR-V1221 is significantly worse than those with wild-type ATTR cardiac
amyloidosis. I found that Perugini DPD grade correlated with disease severity in ATTR cardiac
amyloidosis but there was also a signal to suggest that differences in DPD grade may reflect
different ATTR types.

This constellation of differences between ATTR-wt and ATTR-V 1221 cardiac amyloidoses may
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point to diverse underlying pathophysiology between the types of ATTR cardiac amyloidosis,
and would suggest that it is important to separate types of ATTR amyloidosis when describing
observational data and should be a key consideration when designing clinical trials.

An additional impact of my data relates to treatment. Diflunisal has been used in familial
amyloid polyneuropathy but little data is available regarding its use in ATTR cardiac
amyloidosis. In a retrospective trial I found that the drug was poorly tolerated and there were no
signals for benefit. While these data are flawed by their retrospective nature and a randomised
trial is required to address this question, it seems unlikely that diflunisal will have a significant
impact on the disease trajectory of cardiac ATTR amyloidosis.

The field of cardiac amyloidosis research and drug development is currently a particularly
active one. This work has contributed to a better understanding of this sometimes overlooked

debilitating disease.
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Chapter 1

Introduction

The systemic amyloidoses are a rare group of diseases characterised by the progressive
extracellular accumulation of insoluble fibrillar proteins [1-3]. This process results in
the disruption of architecture in affected tissues and subsequent organ dysfunction. The
amyloidoses are classified according to the responsible amyloid fibril protein. There are more
than 30 proteins identified that can form amyloid in man [4] with amyloid light chain (AL)
amyloidosis being the most common form diagnosed in developed countries [5] . Reactive
systemic (AA) amyloidosis is the most common form of amyloidosis worldwide but rarely
affects the heart in a clinically meaningful way [6].

The two predominant types of cardiac amyloidosis are AL amyloidosis and transthyretin
amyloid (ATTR) amyloidosis [7]. AL amyloidosis is caused by the accumulation of amyloid
fibrils composed of monoclonal immunoglobulin light chains. These light chains are typically
produced in patients with myeloma or other plasma cell dyscrasias [8]. ATTR amyloidosis
is subdivided into hereditary and acquired types. Hereditary ATTR amyloidosis is due to
misfolding of a mutated form of transthyretin (TTR) and can be termed mutant transthyretin
amyloid (ATTR-m) while the acquired form is due to misaggregation of wild-type TTR and
is termed amyloidosis due to wild-type transthyretin (ATTR-wt) [9]. ATTR-wt has previously
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been termed senile cardiac amyloidosis.

Much of the literature describing cardiac amyloidosis refers to AL amyloidosis while ATTR
amyloidosis is less well described. There has been a significant change in referrals to the
National Amyloidosis Centre (NAC), UK over the last two decades with the rate of ATTR-wt
amyloidosis, as a proportion of all new referrals, increasing from 0.2% for the period 1988-99,
to 6.4% for the period 2009-12 [10]. The absolute number of new referrals with ATTR
amyloidosis is illustrated in Figure 1.1. The NAC has seen a greater than 10-fold increase

in the number of patients diagnosed with cardiac ATTR-wt amyloidosis over the last decade.

120

100 B ATTR-wt
B ATTR-V1221

80 0 ATTR-T60A

60

%mhthk

2007 2008 2009 2010 2011 2012 2013 2014 2015
Year

Number of new cases diagnosed

Figure 1.1: New cases of cardiac transthyretin amyloidosis diagnosed at the National Amyloidosis
Centre, UK from 2007 to 2015. ATTR-T60A, Amyloidosis associated with the T60A transthyretin
variant; ATTR-V 1221, Amyloidosis associated with the V1221 transthyretin variant; ATTR-wt, Wild-type
transthyretin amyloidosis.

The treatment of cardiac amyloidosis is determined by the underlying amyloid type. The
published data on therapies for cardiac amyloidosis predominantly focus on AL amyloidosis
but there are emerging therapeutics designed to target ATTR amyloidosis [7].

The subject matter for this thesis is cardiac amyloidosis and as such I will predominantly discuss
AL and ATTR amyloidoses. In particular, I will focus on ATTR amyloidosis since there is a
sparsity of published data in this condition and it may become more important in coming years
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due to an increase in new diagnoses and the potential future impact of emerging therapeutics.

1.1 Pathophysiology

Amyloidosis is classified according to the respective amyloid fibril precursor protein. More than
30 different amyloid forming proteins have been identified [9]. The process of amyloidogenesis
involves substantial unfolding of the native protein structure and aberrant misfolding into an
alternative highly ordered aggregated form with a predominant -sheet fold [11]. Under the
light microscope all types of amyloid appear in tissue sections as homogeneous amorphous
eosinophilic material that stains with Congo red dye to produce characteristic apple-green
birefringence when viewed under cross-polarised filters [12]. Under electron microscopy
amyloid appears as a meshwork of randomly dispersed non-branching fibrils of 7-10 nm
diameter and indeterminate length [13]. Immunohistochemical staining using a panel of
anti-fibril protein antibodies enables determination of amyloid type in most cases, but does
have pitfalls [14]. Accumulation of amyloid in the extracellular space progressively disrupts
the structure and function of affected tissues, ultimately leading to organ failure.

Some types of amyloid have a greater predilection for the heart than others. The two most
commonly encountered forms of cardiac amyloidosis are the AL and ATTR types [3]. AL
amyloidosis may involve almost any organ in the body and cardiac involvement occurs in
50-70% of patients [15-17]. Inherited ATTR amyloidosis may involve the heart, autonomic
and peripheral nerves. Wild-type ATTR amyloidosis has an almost exclusive cardiac phenotype
although deposition of amyloid may be found at other sites.

A simplified schematic representing the basic pathophysiology of transthyretin and AL cardiac
amyloidoses is displayed in Figure 1.2.

TTR is a homo-tetrameric plasma protein encoded by a gene on chromosome 18. Each
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Figure 1.2: Pathophysiology of transthyretin and light chain cardiac amyloidosis. Detailed description
in main text. TTR, transthyretin. Reproduced with permission.

monomer is comprised of 127 amino acids. TTR is produced almost exclusively by the liver but
also in minor amounts within the choroid plexus and retina. The physiological function of serum
TTR is transportation of retinol-binding protein and thyroxine, although thyroxine-binding
globulin has the chief role for the latter [18]. Normal (wild-type) TTR is an inherently
amyloidogenic protein, but genetic variants have been identified that enhance this property.
TTR can evidently undergo a major transformational change to form amyloid fibrils, which
is thought to involve dissociation into TTR monomers. Progressive accumulation of ATTR
amyloid deposits in the nerves and heart is responsible for causing neuropathic and cardiac
amyloidosis respectively. The fibrils in ATTR-wt amyloid are composed of normal wild-type
TTR [19], whereas those in FAC and FAP are derived from a combination of both wild-type
and variant TTR.

Variant transthyretin amyloidosis is usually associated with a single amino acid substitution
caused by a point mutation in the TTR gene. Amyloidogenic TTR variants are thought to be less
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stable than their wild-type counterpart, underlying their increased propensity to form amyloid
fibrils. To date at least 120 point mutations of the TTR gene have been identified, most of which
are associated with amyloidosis [20]. However, just a few of these variants are responsible
for the majority of cases for example in the case of Val30Met, where the mutation results in
the amino acid methionine being substituted for valine at position 30 of the TTR molecule.
Other common variants include Thr60Ala, Ser77Tyr and Vall22lIle. Inheritance is autosomal
dominant with variable penetrance. Other genetic or environmental factors influencing disease
expression are not known, with the exception of the TTR Thr199Met variant, which is more
stable than wild-type and reduces the likelihood that a co-existing amyloidogenic TTR variant
may cause disease [21], and in the Val30Met TTR variant (see below).

Cardiac AL amyloidosis is associated with a B cell dyscrasia and is the most commonly
diagnosed form of cardiac amyloidosis. AL amyloidosis fibrils are composed of fragments
of either kappa or lambda monoclonal immunoglobulin light chains. In some patients overt
multiple myeloma may co-exist and is associated with a poorer prognosis [22]. One or many
vital organ systems may be involved, commonly the kidneys, liver, peripheral and autonomic
nervous systems and soft tissues. The heart is frequently the predominant organ affected by
amyloid deposition, and is the sole organ involved in a smaller proportion of patients [17].

Cardiac involvement is a key determinant in the prognosis in AL amyloidosis [23].

1.2 Epidemiology

The incidence of systemic AL amyloidosis has been estimated to be 9/million/year based
on a study of the population of Olmstead County, Minesota, USA [24], and similar
findings were obtained in a more recent study in the UK [5]. In contrast, the prevalence
of cardiac ATTR amyloidosis is unknown and likely to vary according to the population
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examined. The small number of patients referred to the NAC, approximately 100 per year,
contrasts sharply with published autopsy series that have described cardiac ATTR amyloid
deposits in up to 25% of individuals over 80 years of age [25]. In a 2015 study of 120
patients with heart failure and preserved ejection fraction aged over 60 years, screening with
99mT¢_3,3-diphosphono-1,2-propanodicarboxylic acid scintigraphy (°*”"Tc DPD scintigraphy)
detected ATTR amyloidosis as a cause of heart failure in more than 13% of patients [26].
ATTR amyloidosis may go undiagnosed because differentiation of cardiac amyloid from left
ventricular hypertrophy is often not possible by standard echocardiography. The diagnostic
gold standard remains endomyocardial biopsy (EMB) but this is an invasive test with a risk
of complications in what is a relatively aged and frail population. More recently, Cardiac
Magnetic Resonance (CMR) imaging and scintigraphy with **"Tc phosphate derivatives have
been shown to be sensitive, very informative, and in selected cohorts highly specific methods
for imaging amyloid deposits in the heart [27-33]. These techniques have the potential for
identifying amyloid at an early stage in its natural history, however cardiac uptake with **"'Tc
phosphate derivatives can be found in other conditions, such as dilated cardiomyopathy and
sarcoidosis [34], and following acute myocardial infarction [35].

In selected cohorts within specialist centres, the commonest types of cardiac amyloidosis are
the AL and TTR types with greatest proportion being the AL type [10,23,36]. However recent
data from a heart failure clinic in a tertiary cardiac centre found that ATTR amyloidosis was a

more common cause of heart failure than AL amyloidosis [37].

1.3 Clinical Features

The clinical features observed in patients with amyloidosis depends on the type of amyloid and
this is summarised in Table 1.1.
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AL Amyloidosis | ATTR-wt ATTR-V1221 | ATTR- ATTR-V3OM
T60A
Precursor/ Monoclonal Wild-type Variant Variant Variant
amyloidogenic immunoglobulin transthyretin | transthyretin transthyretin | transthyretin
protein light chain
Age at 60-70 70-80 260 260 30-40 or 50-60
presentation (yrs)
Common ethnicity | Any Caucasian African/ Caucasian Any
Caribbean (Irish) (Portuguese,
Swedish,
Japanese)
Frequency of 40-50% Almost all Almost all Detectable Uncommon
cardiac in at least
involvement 90%
Other systemic Kidney, liver, soft | Carpal Carpal tunnel | Nerves Nerves
involvement tissue, nerves, tunnel,
spleen (bladder,
spine)
Treatment ASCT or Supportive Supportive Supportive Liver
chemotherapy. Cardiac transplantation
Consider cardiac transplantation (+cardiac
transplantation in young transplantation)
followed by patients in select cases
ASCT
Prognosis/ Generally poor 3-5 years 2-3 years 2.5-5.5years | Good with liver
median survival but variable. transplantation
from diagnosis but variable

Table 1.1: Characteristics of the most common cardiac amyloidoses. AL amyloidosis, Light
chain amyloidosis; ASCT, Autologous peripheral blood stem cell rescue/transplantation; ATTR-T60A,
Amyloidosis associated with the T60A transthyretin variant; ATTR-V122I, Amyloidosis associated with
the V1221 transthyretin variant; ATTR-V30M, Amyloidosis associated with the V30M transthyretin gene
mutation; ATTR-wt, Wild-type transthyretin amyloidosis.
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1.3.1 Cardiac amyloid light chain amyloidosis

The clinical presentation in cardiac amyloid light chain amyloidosis reflects the multisystem
nature of the disease with a variety of non-specific findings that depend on the nature and
severity of organ involvement. Examination findings may reflect soft tissue and small vessel
changes as a result of amyloid deposition and include periorbital purpura, macroglossia,
submandibular gland enlargement and nail dystrophy [23]. Some patients have hoarseness
of voice due to amyloid deposition on vocal cords. Fatigue and weight loss are common.
Patients with co-existing myeloma may have bone disease and a history of infections.
Hepato/splenomegaly may occur, and hepatic or splenic infiltration may result in palpable
organomegaly. Renal dysfunction is common, typically manifesting as nephrotic syndrome
often with very heavy proteinuria, dependent peripheral oedema, hypoalbuminaemia, and
varying degrees of impaired glomerular filtration. Complications of nephrotic syndrome such
as deep vein thrombosis and infection may ensue. Early cardiac amyloidosis may be difficult to
detect from the history or examination, but a history of rapidly diminishing exercise tolerance
is a strong clue. The classical features of right-sided congestive heart failure may not be evident
until cardiac disease is very advanced. Elevated jugular venous pressure (JVP), third heart
sound, hepatomegaly and peripheral oedema may be very subtle or absent in patients who have
already commenced diuretics before the diagnosis has been made.

Minor peripheral neuropathy is relatively common. Patients may describe symptoms of
parasthesiae or dysasthesiae typically in a ’glove and stocking’ distribution reflecting the
symmetrically ascending pattern of axonal neuropathy. Carpal tunnel syndrome and previous
decompression surgery may significantly pre-date the diagnosis. Autonomic neuropathy may
manifest as orthostatic hypotension, alternating diarrhoea and constipation, early satiety due to
delayed gastric emptying, and erectile failure. Monoclonal whole immunoglobulin or free light
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chains are identifiable in the serum and/or urine in at least 95% of patients with AL amyloidosis
using the most sensitive assays, though routine electrophoresis is negative in about half of cases.
The absence of an identifiable and measurable monoclonal protein is problematic for diagnosis
and tracking response to treatment. The proportion of plasma cells identified on bone marrow
trephine is usually in the order of 5-10%. In contrast to myeloma there is a predominance of

lambda light chain idiotype in patients with AL amyloidosis [38].

1.3.2 Cardiac transthyretin amyloidosis

Cardiac amyloidosis is the predominant manifestation in ATTR-wt and familial amyloid
cardiomyopathy (FAC) (hereditary ATTR causing amyloid cardiomyopathy), whilst the
peripheral and autonomic nerves are predominantly affected in familial amyloid polyneuropathy
(FAP) (hereditary ATTR causing neuropathy). Biopsies of other tissues often contain ATTR
amyloid deposits that appear to have no clinical significance. This is the basis of diagnosis by
screening rectal tissue and fat sampling.

The clinical presentation of cardiac transthyretin amyloidosis may be indistinguishable from
cardiac AL amyloidosis, and the features of neuropathy may also be similar. There
are differences in characteristics between wild-type and most hereditary forms of ATTR

amyloidosis.

Wild-type transthyretin amyloidosis (also known as senile cardiac amyloidosis or senile

systemic amyloidosis)

This is almost exclusively a disease affecting older individuals with most patients being more
than 70 years of age at the time of diagnosis. There is a tenfold male predominance. Most
patients have substantial left ventricular wall thickening at diagnosis, and early diagnosis
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remains an elusive goal which could affect outcomes. Only small cohorts of patients
with ATTR-wt amyloidosis have been characterised systematically [39-41], and the natural
history remains unclear. However, various new investigational tools are now available, with
expectations that this will translate into improved diagnosis, potentially without the need for
invasive biopsies and may facilitate improved monitoring.

The heart appears to be the only vital organ to be affected clinically in most patients, but carpal
tunnel syndrome in association with ATTR-wt amyloid deposits in the flexor retinaculum is
common and may precede the development of cardiac symptoms by 10-15 years. More recently
however, it is increasingly recognised that involvement of other tissues may also occur and
cause symptoms. As an example, histological analysis of specimens taken at surgery for spinal
canal stenosis in a small case series revealed a high frequency of ATTR amyloid deposits [42].
Furthermore, the NAC has reported the finding of ATTR amyloid deposition in the bladders
of 13 patients presenting with painless haematuria [43]. In this latter example, TTR gene
sequencing confirmed the absence of a mutation.

As in cardiac AL amyloidosis, features of right-sided heart failure are often present at diagnosis.
Hepatomegaly may be palpable but is caused by hepatic venous congestion rather than liver
amyloid infiltration, contrasting with AL amyloidosis in which hepatic infiltration by amyloid
may be the cause.

The presence of an incidental plasma cell dyscrasia in up to one quarter of ATTR-wt
amyloidosis patients [39] complicates the diagnostic pathway, necessitating cardiac biopsy to
obtain a definitive diagnosis in some patients. However, the presence of ATTR amyloid in
extra-cardiac tissue in conjunction with characteristic findings on °*"Tc DPD scintigraphy may
be sufficient to diagnose cardiac ATTR amyloidosis, avoiding the need for cardiac biopsy in

patients who are often elderly and frail and may be unkeen to undergo invasive diagnostic
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procedures.

Variant (hereditary) transthyretin amyloidosis

The most prevalent amyloidogenic TTR variants in the UK population are V1221 and T60A
types about which more detail is provided below. The V30M type is the most common ATTR
type worldwide and is also discussed below.

ATTR V1221 amyloidosis

Approximately 3 to 4% of African Americans carry the TTR V122I variant allele [44], which
increases susceptibility to developing amyloidosis after the age of 60-65 years. The chief
clinical manifestation is restrictive cardiomyopathy that is indistinguishable from ATTR-wt
amyloidosis except for the clear racial difference. It has a late-onset and marked male
preponderance [45]. Neuropathy is infrequent, but may be present in some cases. One
small prospective US study of 11 patients suggests a more severe phenotype with a worse
prognosis than ATTR-wt amyloidosis [41]. The diagnosis may be overlooked in a patient
of African descent with heart failure symptoms, as increased LV wall thickness may be
attributed to hypertension, or race. A high index of suspicion is necessary to prompt further
relevant investigations such as TTR gene sequencing and bone scintigraphy with **"Tc labelled
3,3-diphosphono-1,2-propanodicarboxylic acid (DPD) or pyrophosphate (PYP), fat aspirate or
endomyocardial biopsy to secure the diagnosis.

ATTR T60A amyloidosis

Another variant, termed amyloidosis associated with the T60A transthyretin variant
(ATTR-T60A), is the commonest cause of FAP in the United Kingdom (UK) and United States
(US). Clinical features comprise any permutation of peripheral or autonomic neuropathy and
cardiac involvement, although the latter is present in virtually all cases [46]. Most patients
are aged 50 years or more at presentation. The genetic variant was first described in 1986
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in a kindred from the Appalachian region of the US [47]. Seven cases of hereditary amyloid
polyneuropathy from seven different families originating from a small area of the north-west
coast of County Donegal in Ireland were reported in 1987 [48], and this TTR variant is now
thought to be prevalent throughout Ireland [49].

ATTR-V30M amyloidosis

Amyloidosis associated with the V30M transthyretin variant (ATTR-V30M) is thought to be
the commonest cause of hereditary ATTR amyloidosis in the world, with large foci in Portugal,
Japan and Sweden. The condition was first described by Andrade C. in 1952 in Portugal
where 74 cases were assessed [50]. ATTR-V30M usually causes a predominant sensorimotor
peripheral neuropathy and autonomic neuropathy, also known as type 1 FAP. Interestingly the
same mutation can causes a variety of phenotypes and is associated with a different age of onset
and different initial symptoms depending on a variety of factors including the geographical area,
even within the same country, and whether inheritance is from the mother or father [51-53].
Although cardiac amyloidosis may occur in older patients with this TTR mutation, the vast
majority of patients do not have cardiac involvement, which has favourable implications for
treatment by liver transplantation [54,55]. A summary of the clinical differences between AL

cardiac amyloidosis and the transthyretin cardiac amyloidoses is displayed in Table 1.2.

1.4 Prognosis

1.4.1 AL cardiac amyloidosis

The Mayo Staging system proposed in 2004 for AL amyloidosis [56] remains widely in
clinical use. Stage 1, with cardiac biomarkers below threshold values (TnT <0.035ug/L and
N-terminal-pro B-type Natiuretic Peptide (NT-proBNP) <332ng/L) had the lowest risk of
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Amyloid type Symptoms Signs
ATTR amyloidosis and Hoarse voice Peripheral neuropathy; ‘glove and
AL amyloidosis stocking,” carpal tunnel syndrome

or scar from previous release

Numbness hand/feet

Elevated JVP, 3™ heart sound,

pleural effusions

Breathlessness, reduced exercise

tolerance, fatigue

Peripheral oedema, ascites

Lower limb swelling, abdominal

swelling

Orthostatic hypotension

Light-headedness on standing or bending

forwards

Weight loss

Alternating diarrhoea/constipation; early

satiety

Erectile failure/dysfunction

AL amyloidosis

Easy bruising/bleeding

Peri-orbital purpura, purpura at

multiple sites

Dry mouth, altered taste,

difficulty with swallowing/speech

Macroglossia, submandibular

gland enlargement

Brittle nails

Nail dystrophy

Abdominal discomfort

Hepatomegaly/splenomegaly

Table 1.2: Clinical features of transthyretin and light chain cardiac amyloidoses. AL amyloidosis, Light

chain amyloidosis; ATTR amyloidosis, Transthyretin amyloidosis; JVP, jugular venous pressure.
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death with a median survival of 26.4 months; stage 2, with either one of the biomarkers above
threshold values had a median survival of 10.5 months; and Stage 3, with both biomarkers
above the threshold values had a median survival of 3.5 months.

In 2012 the Mayo Clinic group published an updated staging system [57] which incorporated
amyloidogenic free light chain (FLC) levels and amended the cut-off values for cardiac
biomarkers in an attempt to better discriminate between groups. More recently, a European
collaborative piece of work analysed outcomes in 346 patients with stage 3 disease [58] based
on the original 2004 staging system and reported better median survival for patients diagnosed
between 2001 and 2010 of 7.1 months. Multivariate analysis of this cohort identified serum
NT-proBNP >8500ng/L and low systolic blood pressure as the only independent factors

impacting death.

1.4.2 Transthyretin cardiac amyloidosis

Previous published data in small studies have reported that patients with ATTR cardiac
amyloidosis fair far better than those with AL amyloidosis [36, 59] but did not comprise
significant numbers of patients with amyloidosis associated with the V122l transthyretin
variant (ATTR-V122I) in the hereditary cohorts. There are limited data comparing the clinical
presentation and outcomes in patients with cardiac ATTR-wt versus ATTR-V122I amyloidosis.
The findings from two small studies suggest that despite a younger age at diagnosis, patients
with cardiac ATTR-V 1221 amyloidosis present with a more severe cardiac phenotype and have
a higher mortality rate compared to patients with ATTR-wt amyloidosis [41, 60]. It is unclear
whether inequalities in access to medical care may contribute to this difference in the US.
More recently, however, these findings have been disputed by the publication of the much
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larger Transthyretin Amyloid Outcome Survey (THAOS) [61]. In this multinational cohort,
there was no difference in survival between patients with cardiac ATTR-wt amyloidosis and
those with cardiac ATTR-V 1221 amyloidosis, despite the ATTR-V122I group presenting with a
more severe cardiac phenotype. Concerns have been raised about the reliability of the findings
from THAOS [62]. Thus there is uncertainty as to whether patients with cardiac ATTR-V 1221
amyloidosis have a worse prognosis compared to those with ATTR-wt amyloidosis.

THAOS should be recognised for its ambition; it is a multinational, longitudinal, observational
survey enrolling patients with all ATTR types. Patients are enrolled from Europe, US, South
America and Japan. A US subgroup of this population comprising 280 patients with either
ATTR-wt or ATTR-V122I amyloidosis was recently described [61]. In comparison, the largest
prior study included only 65 patients. Based on the size of the population alone, one might
expect the findings from THAOS to be the most accurate, however, there are a number of
concerns about the reliability of the conclusions from THAOS. Firstly, the two year follow-up
period is relatively short and the median survival was not reached by the end of the study.
This may be a particularly critical flaw as separation of the Kaplan-Meier survival curves does
not begin until two years of follow-up in other data [62], so a survival difference at two years
would not be expected. There are also concerns about the amount of missing data in THAOS,
for example left ventricular ejection fraction was only available in 44% of the population,
natriuretic peptide in 27% and date of diagnosis in 71%. Missing data for date of diagnosis
and the consequent reliance on date of enrolment to THAOS could particularly affect estimates
of survival from diagnosis.

No large systematic study of prognostic markers in patients with cardiac ATTR amyloidosis had
been reported at the outset of this thesis. Recently, two proposed staging systems for individuals

with cardiac ATTR amyloidosis have been published [33, 63], using cardiac biomarkers and/or
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renal function as assessed by estimated glomerular filtration rate (eGFR). Neither are in

widespread clinical use and both have limitations as discussed in more detail in Chapter 4.

1.5 Investigations of cardiac amyloidosis

1.5.1 Overview

A flow chart illustrating the typical work-up for a patient with possible cardiac amyloidosis is

presented in Figure 1.3.

1.5.2 Electrocardiogram

There are limited data describing the Electrocardiogram (ECG) in patients with cardiac
amyloidosis, particularly in those with ATTR amyloidosis. This is in part due to the small
populations studied, but also there has been focus on the development of more advanced
imaging modalities.

The combination of increased left ventricular wall thickness and low voltage QRS complexes
should rightly raise suspicion of an infiltrative cardiomyopathy. However, the classical
description that cardiac amyloidosis is associated with low voltage QRS complexes is not
universally correct. Although low voltage QRS complexes are common in cardiac AL
amyloidosis, variable definitions of ’low voltage’ have been used in published studies, making
the true prevalence of this finding uncertain [64]. Low voltage QRS complexes are, however,
less frequent in cardiac transthyretin amyloidosis [36]. A recent study of 64 patients with
ATTR-V122I showed that 44% of these patients did not have low voltage QRS complexes [45],
indeed the ECG in 26% of cases demonstrated left ventricular hypertrophy by standard criteria.
As such, the absence of low voltage QRS complexes should not divert the clinician from
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Suspicion of cardiac amyloidosis

History (including family history and ethnicity)
and
Clinical assessment (including bedside urinalysis)

¥

Initial Investigations

Cardiac: Blood tests:

12 lead ECG, echocardiogram To assess possible aetiology — (plasma cell

) dyscrasia) serum free light chains, serum
(Consider CMR- but do not delay other

aspects of assessment if access to this
modality is difficult) To assess for severity of cardiac
involvement/prognosis — serum NT-proBNP

paraprotein, urine for BJP

and Troponin T

‘ To assess for other significant organ

involvement or dysfunction — renal function

(including 24hr urine for protein and CrCl,
LFTs, FBC, bone profile)

Consider sequencing of TTR gene

Invasive and non-invasive assessments for amyloid deposition:

Fat aspirate or fat biopsy for Congo red staining ‘screening’ for amyloid
"I SAP scintigraphy (where available)
If known or suspected plasma cell dyscrasia - perform bone marrow aspirate and
trephine (for possible amyloid and plasma cell burden)

Non-invasive assessment for cardiac amyloidosis:

99m

Tc-DPD scintigraphy (or similar bone scintigraphy); high grade uptake (= Grade 2) along with

absence of a plasma cell dyscrasia may allow other biopsies to be deferred as cardiac ATTR amyloidosis most likely

L4

Invasive assessment for systemic amyloidosis:

Consider biopsy of other involved organ or heart if it will alter management
and aetiology remains unclear or unusual co-existing factors

Figure 1.3: Schematic of a diagnostic pathway for patients with possible cardiac amyloidosis.
1231 SAP scintigraphy, I Serum Amyloid P component scintigraphy; °*”"Tc DPD scintigraphy,
99mTc-3,3-diphosphono-1,2-propanodicarboxylic acid scintigraphy; ATTR amyloidosis, Transthyretin
amyloidosis; BJP, Bence Jones Protein; CMR, cardiac magnetic resonance; CrCl, creatinine clearance;
ECG, Electrocardiogram; FBC, full blood count; LFT, liver function test. Reproduced with permission.
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considering and further investigating a patient in whom cardiac amyloidosis, particularly of
the transthyretin type, is a possibility.

A pseudoinfarct pattern and poor R wave progression is another common ECG finding, and
atrial fibrillation (AF) is particularly common in ATTR-wt [39,41].

Conduction system disease is a commonly cited finding in cardiac amyloidosis but data have
only been published in small studies. First degree AV block was reported in 23 out of 41 patients
with ATTR-V122I in sinus rhythm [45] and 13 of 25 patients in cardiac AL [65]. Bundle branch
block is also common, occuring in 20% of patients with cardiac AL amyloidosis [65] and 17%
patients with hereditary ATTR [36]. Although these are small studies there appears to be a
significantly higher prevalence of bundle branch block in patients with ATTR-wt amyloidosis
occuring in 53% [36].

AF is common in ATTR cardiac amyloidosis (present in 33% of 18 patients with ATTR-wt and
9% out of 11 patients with V1221 [41] and in 17% of AL amyloidosis [66]).

One study of 264 individuals with cardiac AL amyloidosis identified fragmentation of the QRS
as a prognostic factor [67]. There have been no large studies examining the prognostic value of

the ECG in ATTR cardiac amyloidosis.

1.5.3 Cardiac biomarkers

Cardiac biomarkers may raise the clinical suspicion of cardiac amyloidosis in a patient
with a known plasma cell dyscrasia and should prompt further investigation with ECG and
echocardiography. The combination of elevated serum NT-proBNP and troponin is associated
with a poor prognosis in AL amyloidosis as discussed above.
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1.5.4 Imaging

The goals of cardiac imaging in amyloidosis are to aid diagnosis and where possible
provide prognostic information. The greatest body of experience has been with standard
echocardiography, although strain and strain-rate imaging, CMR imaging and radionuclide

scintigraphy have lately emerged as highly informative clinical tools.

Transthoracic echocardiography

Transthoracic echocardiography is an essential investigation for cardiac assessment in
amyloidosis. Cardiac involvement in systemic AL amyloidosis is defined according to
consensus opinion by either an endomyocardial biopsy demonstrating amyloidosis or when
echocardiographic evidence of cardiac amyloidosis (mean left ventricle (LV) wall thickness
>12mm with no other cardiac cause) is found in a patient with amyloid confirmed on a
non-cardiac biopsy [68].

Standard echocardiography with M-mode, 2-dimensional (2D), pulsed wave, continuous wave
and tissue Doppler, may reveal all or some of the characteristic abnormalities of cardiac
amyloidosis. These include: concentric LV wall thickening with normal or small LV cavity
and normal or mildly impaired systolic function; moderate to severe diastolic dysfunction
or restrictive filling pattern; bi-atrial dilatation, pleural and pericardial effusions; and diffuse
valvular and inter-atrial septal thickening. However, many of these features may be absent,
especially in early disease where the differential from hypertensive disease is challenging, and
a diagnosis of cardiac amyloidosis may be delayed or missed. Standard echocardiography is
affected by inter and intra-observer variability which can limit its use for the detection of subtle
cardiac changes and identifying disease progression or regression following treatment.
Myocardial strain imaging is emerging as a useful additional echocardiographic technique

46



in cardiac amyloidosis. Strain and strain-rate imaging derived from tissue Doppler have
been reported to be more sensitive than standard tissue Doppler for the detection of systolic
impairment [69]. 2D speckle-tracking echocardiography (STE) uses automatic frame by frame
tracking of natural acoustic markers in the myocardium (speckles) which move together with

the tissue. An example is displayed in Figure 1.4.
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Figure 1.4: Representation of 2D-strain using speckle-tracking echocardiography of the left ventricle
in the apical 4-chamber view in a patient with cardiac amyloidosis. The upper left panel (A) depicts
each of the myocardial segments and shows the calculated value for the global myocardial strain (in
this case -10.3%; cf. for normal individuals approximately -20%). The lower left panel (B) shows the
peak systolic strain for each myocardial segment. The upper right panel (C) shows the strain curves
sampled in each of the analysed myocardial segments. The lower right panel (D) depicts longitudinal
strain processed according to a colour map for each segment. It clearly shows a longitudinal base to
apex strain gradient (reduced apical strain compared to basal strain), giving rise to the typical ’bulls eye’
appearance. Reproduced with permission.

It is a more reproducible technique than Doppler-derived strain imaging, and has been reported
to be an independent predictor of survival [70]. Terminology in myocardial strain imaging
includes strain (deformation) which is the percentage change in an objects dimension in
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comparison to the object’s original dimension and strain-rate which is the speed at which
deformation occurs.

A relative apical sparing pattern of longitudinal strain has been shown to be sensitive and
specific for the diagnosis of cardiac amyloidosis in a study of 55 patients with moderately
increased LV wall thickness [71].

Strain imaging has significant advantages in terms of reproducibility but there remain significant
inter-vendor differences in global longitudinal strain (GLS) measurements [72] which limits

comparison between studies.

Radionuclide imaging in amyloidosis

1231 Serum Amyloid P component scintigraphy (Y231 SAP scintigraphy)

All amyloid deposits contain serum amyloid P component (SAP), a normal plasma protein
that binds specifically to all types of amyloid fibril. Radiolabelled SAP scintigraphy was
developed at the NAC, UK and has been used routinely for more than 20 years [73] with an
excellent safety record. It can provide diagnostic images for the majority of patients with
systemic amyloidosis and is a non-invasive and quantitative method for monitoring response of
amyloid deposits to treatment. Renal impairment is not a contraindication to SAP scintigraphy.
While the technique can provide useful information about amyloid burden affecting the liver,
spleen, kidneys, adrenal glands and bones, it cannot image amyloid burden in the moving heart,
gastrointestinal tract, skin or nerves.

OmTe DPD scintigraphy and 99mTc-PYP scintigraphy

There has lately been a resurgence of interest in the off-label use of the bone scintigraphy
tracers *”"Tc DPD and 99mTc-PYP for the diagnosis of cardiac ATTR amyloidosis (an example
is illustrated in Figure 1.5). Although the basis for localisation of these agents to cardiac
amyloid remains unknown, the technique appears to be very sensitive for imaging cardiac
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ATTR amyloid deposits and are even able to identify pre-symptomatic disease. *°"*Tc DPD
scintigraphy is favoured in Europe but not available in the US, where broadly similar results
appear to have been obtained using 99mTc-PYP. CT-SPECT (fused X-ray CT with single photo
emission CT) imaging can be performed simultaneously to enable more accurate localisation
of tracer and, potentially, quantification of cardiac amyloid. There are data to suggest that a
higher Perugini grading of °*"Tc-3,3-diphosphono-1,2-propanodicarboxylic acid scintigraphy
(DPD grade) is associated with a greater burden of cardiac amyloidosis [74—76] but this has
not been systematically analysed in a large population utilising multiple measures of cardiac

involvement.

i

'

Figure 1.5: °"Tc-3,3-diphosphono-1,2-propanodicarboxylic acid scintigraphy (left) in a patient with
cardiac wild-type transthyretin amyloidosis and a cross-sectional Single-photon emission computed
tomography (SPECT-CT) image at the cardiac level (right). In this case cardiac uptake is of equal
intensity to bone uptake (grade 2 scan). A cross-sectional SPECT-CT image at the cardiac level (right)
confirms tracer localisation to the heart (predominantly in septum in this case where it is seen as a bright
yellow colour). Reproduced with permission.

While %" Tc DPD scintigraphy appears to show cardiac uptake in all patients with clinically
significant cardiac ATTR amyloidosis, it is not specific for this amyloid type. Cardiac
localisation also occurs in a significant proportion of patients with AL amyloidosis [75] and
cardiac Apoprotein A-1-Related Amyloidosis (ApoAl amyloidosis) [76,77].
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Cardiovascular magnetic resonance

CMR has recently been found to provide utility in the evaluation of suspected cardiac
amyloidosis. Although advanced cardiac amyloidosis with classical imaging features may
be easy to detect by standard echocardiography techniques, CMR provides more accurate
measurements of LV volume, mass and wall thickness than echocardiography which may
be of particular benefit in sequential assessment. Furthermore, CMR has the ability to
perform myocardial tissue characterisation which has many potential advantages over other
imaging techniques (an example of CMR imaging is displayed in Figure 1.6). CMR utilises
the magnetic properties of hydrogen nuclei protons within a magnetic field. After an
intravenous bolus of chelated gadolinium contrast (Gd-DTPA; gadolinium diethylenetriamine
penta-acetic acid) cardiac amyloidosis reveals a unique appearance of global subendocardial
late gadolinuium enhancement (LGE) [78] which, when classical, is virtually pathognomonic
of cardiac amyloidosis and may be found even before increased LV wall thickness is evident,
thus potentially serving as an early marker of disease. Typically in amyloidosis, there is global
subendocardial LGE in a non-coronary distribution with a dark blood pool although various
other characteristic findings have been identified including localised, diffuse transmural or

patchy LGE [79].

CMR enables quantification of amyloid deposits which are confined to the interstitial space.
In the LGE technique, this extracellular agent passes through the vascular wall and into
the extracellular space but the molecules are too large to pass into intact myocardial cells.
Amyloidosis is the exemplar of an interstitial disease, and the massive expansion of the
extracellular compartment by amyloid can be quantified by the technique of T1 mapping
through the measurement of the native (non-contrast) myocardial T1, post-contrast T1 and
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Figure 1.6: Example cross-sectional images from cardiac cardiac magnetic resonance scans in a patient
with cardiac AL amyloidosis (top) and a patient with aortic stenosis (bottom). End-diastolic frames
from cine (left), non-contrast T1 maps (middle), and late gadolinium enhancement LGE images (right).
Note in the upper panes: no significant increase in left ventricular (LV) wall thickness (left); red pixels
amongst the green LV wall (middle) in keeping with high T1 values; and diffuse patchy subendocardial
late gadolinium enhancement LGE (right). T1 is the longitudinal relaxation time of a tissue (ie. the time
taken for recovery of longitudinal magnetization); a property of tissue predominantly determined by the
water content of the tissue see CMR section. Note in the lower panes: the increased LV wall thickness
(left), green LV wall without red pixels (middle) in keeping with normal T1 values and no LGE (right).
Reproduced with permission.

extra-cellular volume (ECV). T1 is the longitudinal relaxation time of a tissue (i.e. the time
taken for recovery of longitudinal magnetization). Relaxation times are properties of tissue
which are predominantly determined by water content. In the T1 mapping technique each pixel
on a CMR image can be colour-coded to reflect the T1 value and aid interpretation. Increases in
native T1 occurs in various pathological states including diffuse fibrosis and localised scar, but
T1 is markedly elevated in the presence of cardiac amyloid and has been proven to be useful in
differentiating the commonest cardiac amyloidosis types (AL and ATTR) from other causes of
increased LV wall thickness. This may find clinical utility particularly in patients with severe
renal failure, when the use of gadolinium contrast is contraindicated. The measurement of
native myocardial T1, shows promise for the detection and tracking of cardiac AL amyloidosis
and ATTR amyloidosis [29, 80] thus offering a much desired and useful measure in current and
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future clinical trials of treatments for cardiac amyloidosis.

Following the administration of gadolinium-chelated contrast, post-contrast T1 may also be
assessed and shows lower values in the presence of expanded interstitial space (as in amyloid).
However, interpretation must be cautious in view of the potential for misleading alterations in
these values due to body fat percentage, variation in time taken from contrast administration
to T1 measurement, and renal function. Measurement of ECV (the proportion of tissue that is
interstitial space) after contrast administration has been shown to be hugely increased in AL
amyloidosis compared with normal individuals and patients with other causes of increased LV
wall thickness such as aortic stenosis, and hypertrophic cardiomyopathy and is thought to reflect
interstitial expansion due to amyloid deposition [81]. ECV correlates with CMR measures of
LV mass, wall thickness and cardiac function, as well as functional assessment by six minute
walk test (6MWT) distance in AL amyloidosis [82], and highlights its potential for the serial
quantification of cardiac amyloid burden and therefore also to serve as a useful non-invasive
surrogate in clinical trials assessing novel treatments.

Histological validation of these techniques are limited. This is largely due to ethical
considerations as cardiac biopsy is not necessary for the clinical management of the patients
in the majority of cases. This approach to ECV measurement has some further limitations,
the most significant of which is that it is more time consuming than standard CMR, however
technical developments are underway to simplify the approach to ECV measurement [83].
Other limitations of CMR include that it is contraindicated in the presence of non-MRI
conditional pacemakers and Implantable Cardioverter Defibrillator (ICD)s and is relatively
contraindicated in the presence of significant renal failure due to the rare possibility of causing
nephrogenic systemic sclerosis. Furthermore, it is less clinically useful than echocardiography

for certain functional assessments; namely diastolic function and myocardial strain.
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1.5.5 Histology, immunohistochemistry and proteomics

A definitive diagnosis of amyloidosis is obtained through biopsy of an involved organ in a
patient with a compatible clinical phenotype. This may require endomyocardial biopsy in
patients with suspected cardiac amyloidosis. However, a multidisciplinary approach, potentially
including echocardiography, °*”"Tc DPD scintigraphy, CMR along with a non-cardiac biopsy
containing amyloid, may be sufficient [33]. A fat aspirate is a simple non-invasive way to
obtain tissue for histological studies, which can be easily performed in minutes under local
anaesthesia in the clinic room, but sensitivity is limited to about 25-70% depending on the
amyloid type [84].

Confirmation of amyloid deposition in a tissue section through Congo red histology should be
followed-up by immunohistochemical typing using a panel of monospecific antisera to serum
amyloid A (SAA), transthyretin and kappa and lambda light chain proteins. Histology images
of an endomyocardial biopsy taken from a patient with cardiac ATTR amyloidosis are shown
in Figure 1.7. Characterisation of amyloid fibril type is a crucial step in guiding further clinical

management and treatment.

Panel A Panel B Panel C

Figure 1.7: Histology images from an endomyocardial biopsy taken from a patient with cardiac
transthyretin amyloidosis. The presence of amyloid deposits is demonstrated throughout and is seen
as a pink amorphous material when stained with Congo red (panel A) and displaying apple-green
birefringence when viewed under high intensity cross polarised light (panel B). Immunohistochemical
staining using monospecific antibodies reactive with transthyretin (TTR) show the amyloid stains with
antibodies to TTR (seen in panel C stained dark brown), thereby confirming amyloidosis of the TTR
type. Reproduced with permission.
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Immunohistochemical staining of amyloid deposits has numerous pitfalls and may fail to
identify fibril type, even in experienced hands. Proteomic identification of amyloid type
through mass spectrometry, using amyloidotic material cut out from tissue sections by laser
dissection, is being used increasingly in specialist amyloidosis practice with a substantial
improvement in diagnostic yield. The technique has been reported to be useful in assessing
samples of subcutaneous fat which may increase its clinical utility [85]. At the NAC,
immunohistochemistry and mass spectrometry are regarded as complementary and often

mutually informative investigations.

1.5.6 Genetic sequencing

Hereditary types of amyloidosis may present with clinical features that cannot be distinguished
from acquired types, and the anticipated dominant family history is often absent due to reduced
penetrance [86]. Genetic sequencing using deoxyribonucleic acid (DNA) extracted from blood
is therefore often required during the initial assessment of a new patient, and is indicated
in all patients with suspected or proven ATTR amyloidosis to establish what form of ATTR

amyloidosis the patient has.

1.6 Treatment of cardiac amyloidosis

1.6.1 Heart failure management

Medical management

Management of cardiac amyloidosis can be challenging. Patient education and
multi-disciplinary input from cardiologists, heart failure nurse specialists and General
Practitioners is essential. Daily weighing is useful to guide pre-emptive adjustment of fluid

54



intake and diuretic therapy. Sodium and fluid restriction is paramount to managing symptoms
of heart failure. The combination of different diuretic types (loop diuretics and thiazides) can
be helpful in resistant cases, and the addition of an aldosterone antagonist can help to maintain
potassium homeostasis. Hypotension and orthostatic hypotension contribute to difficulties in
management [87].

There have been no prospective studies to evaluate the prognostic benefit of Angiotensin
Converting Enzyme inhibitor (ACEi)s, Angiotensin II Receptor Blocker (ARB)s and beta
blockers in cardiac amyloidosis. The use of such agents, particularly in larger doses, is
often limited by hypotension and low cardiac output. Digoxin should in general be avoided
due to its potential for cardiotoxicity as a result of possible accumulation in amyloidotic
tissues despite normal serum levels [88]. Calcium channel antagonists are also relatively
contraindicated [89, 90]. Warfarin or an alternative anti-coagulant for AF is recommended
unless a major contraindication exists since intra-cardiac thrombus formation is prevalent in
cardiac amyloidosis [91].

Orthostatic hypotension may be treated with the alphal-adrenoceptor agonist, midodrine, and
compression stockings. Fludrocortisone is relatively ineffective and may exacerbate fluid
retention. Frequency of diarrhoea can be improved with loperamide and opioids. Subcutaneous
octreotide prior to eating is effective in some patients [92]. Pro-kinetic agents such as
metoclopramide can be useful for gastroparesis. Painful peripheral neuropathy can be eased

with gabapentin and pregabalin, though some patients may require opiate analgesia.

Cardiac devices - pacemakers and implantable cardioverter defibrillators

Post-mortem histological studies have demonstrated fibrotic changes in various parts of the
heart [93] and progressive conduction system involvement commonly necessitates pacemaker
implantation. In our UK clinical practice pacemaker implantation is guided by the current
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general guidelines; no specific recommendations exist for pacemaker, ICD or cardiac
resynchronisation therapy (CRT) implantation in patients with cardiac amyloidosis in European
guidelines. The most recent US guidelines on device usage suggest consideration on a case by
case basis for ICD implantation for primary and secondary prevention of sudden cardiac death
(SCD) [94]. This guidance is in light of reported cases where benefit has been demonstrated,

although data are very limited [95].

Cardiac transplantation

Cardiac transplantation has been performed in a relatively small number of patients with either
AL or ATTR amyloidosis. When undertaken for life-threatening heart failure in cardiac AL
amyloidosis, it must be followed by chemotherapy to suppress the associated plasma cell
dyscrasia to prevent recurrent cardiac amyloidosis and disease progression in other organ
systems; outcomes in highly selected cases is comparable with patients receiving a heart
transplant for non-amyloid heart disease [96]. Given the typically advanced age at diagnosis
among patients with cardiac ATTR amyloidosis cardiac transplant is rarely feasible, but
outcomes in highly selected patients have been excellent in our experience and recurrence has

not occurred [97].

1.6.2 Disease modifying treatments for cardiac amyloid light chain

amyloidosis

Cardiac AL amyloidosis has a poor prognosis but it may respond to chemotherapy that rapidly
suppresses the underlying population of clonal plasma cells thereby reducing production of
amyloidogenic light chains and inhibiting further amyloid deposition. Selection and intensity
of chemotherapy regimen should be tailored individually, taking account of patient’s age,
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co-morbidities and performance status, presence and degree of extra-cardiac organ involvement,
and treatment-related toxicities. The effects of chemotherapy need to be monitored closely
in terms of haematological response and tolerability, and the treatment adjusted or changed

accordingly.

Chemotherapy for systemic amyloid light chain amyloidosis

Chemotherapy for AL amyloidosis has evolved greatly over recent years, tracking progress
and development of new agents in the treatment of myeloma. In our current practice, most
patients with cardiac AL amyloidosis who are deemed suitable for chemotherapy receive
a cyclic combination of the alkylating agent cyclophosphamide, the proteasome inhibitor
bortezomib (Velcade) and dexamethasone (CVD). If tolerated, this treatment is associated with
high haematological response rates and can achieve prolonged progression-free survival in a
proportion of patients with Mayo Stage 3 disease who would otherwise have amongst the
poorest prognosis [98,99]. In 43 patients at the NAC the estimated 2-year survival was 94.4%
for Mayo Stage 3 disease and 97.7% overall [98]. Other combination regimens may be more
appropriate in patients with significant peripheral or autonomic neuropathy, given the potential
neurotoxicity of bortezomib, and in patients with underlying lymphoplasmacytic lymphoma
in whom other combinations may be more effective. Although often a useful treatment,
bortezomib for patients with cardiac AL amyloidosis can cause worsening of heart failure
symptoms with a measurable fall in ejection fraction, worsening peripheral oedema, orthostatic
hypotension and hypotension. Dexamathasone is also frequently associated with fluid retention
and may require dose reduction or omission in some circumstances. In our practice, patients
with the very worst prognostic markers, are typically treated with lower dose regimes initially
and are up-titrated according to tolerability.
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ASCT for systemic amyloid light chain amyloidosis

High dose chemotherapy comprising intravenous melphalan at 140-200mg/m? supported by
autologous peripheral blood stem cell rescue/transplantation (ASCT) is widely used in younger
patients with multiple myeloma, in whom there is usually no significant impairment of vital
organ function. This rationale prompted its early trials in AL amyloidosis. ASCT was first
described as a potential treatment strategy for AL amyloidosis in 1993 when it was given to a
53 year old Italian patient. [100]. This first patient succumbed but more promising outcomes
were reported in 1998 in a series of 25 patients treated at the Boston University Medical
Center [101], and the approach has been refined progressively since. Clonal response rates
and durability of response following ASCT surpass those achieved with cyclophosphamide,
thalidomide and dexamethasone (CTD), lenalidamide based regimens [102], and oral melphalan
and dexamethasone [103]. However, ASCT in AL amyloidosis remains associated with
substantial treatment related morbidity and mortality in patients with cardiac involvement, and

is unsuitable for most of these patients.

Immunotherapy

Therapeutic antibodies that recognise an epitope expressed in human light chain amyloid
fibrils have been shown to trigger clearance of experimentally induced amyloidomas in
mice [104]. A chimeric form of this monoclonal antibody currently designated 11-1F4 has
similar activity [105], and entered Phase I clinical trials in patients with AL amyloidosis
(ClinicalTrials.gov Identifier: NCT02245867) in 2014 with promising results presented at
the 16th International Symposium on Amyloidosis (March 2018). Another monoclonal
antibody designated NEODOO1 also entered Phase I clinical testing in AL amyloidosis in 2013
(ClinicalTrials.gov Identifier: NCT01707264) and has reported promising results [106].
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An alternative immunotherapeutic approach, designed to have application in all
types of amyloidosis, comprises the combination of a small molecule that depletes
circulating SAP co-administered with a monoclonal antibody that targets SAP that
remains associated with the amyloid deposits. The novel compound (R) -1-[6-[(R)-2-
Carboxy-pyrrolidin-1yl]-6-oxo-hexanoyl] pyrrolidine-2 carboxylic acid (CPHPC) cross-links
pairs of SAP molecules in the plasma, triggering their rapid removal by the liver [107].
Whilst sustained depletion of circulating SAP is well tolerated and may itself be therapeutic
with prolonged administration [108], this treatment does not deplete SAP from amyloid
deposits in the very short term. This novel pharmacological phenomenon enables residual
amyloid-associated SAP to be targeted by anti-SAP antibodies [109], and the validity of this
strategy has been confirmed in experimental murine amyloidosis. The combination of CPHPC
and a fully human monoclonal anti-SAP antibody has favourable outcomes with reduction in

hepatic, kidney and lympth node amyloid burden in a phase 1 trial [110].

1.6.3 Disease modifying treatments for cardiac ATTR amyloidosis

A summary of the potential therapeutic strategies in cardiac transthyretin cardiac amyloidosis

is displayed in Figure 1.8 with detailed explanation in the following sections.

RNA silencing - small interfering RNA and anti-sense oligonucleotide therapies

Ribonucleic acid (RNA) silencing, or RNA interference, is a promising strategy being
developed to inhibit hepatic synthesis of both wild-type and variant TTR. RNA silencing
therapeutics potently silence specific messenger ribonucleic acid (mRNA) sequences, thereby
having potential to prevent disease-causing proteins from being made. This new technology is
particularly able to target liver derived proteins. Different approaches to RNA silencing can
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Figure 1.8: Schematic illustrating potential therapeutic strategies in transthyretin cardiac
amyloidosis. See main text for detailed explanation. DNA, deoxyribonucleic acid; FAP, Familial
amyloid polyneuropathy; mRNA, messenger ribonucleic acid; RNA, ribonucleic acid; TUDCA,
Tauroursodeoxycholic acid; TTR, transthyretin. Reproduced with permission.

be employed but relevant to the development of treatments for TTR amyloidosis are the use of
small interfering ribonucleic acid (siRNA)s and anti-sense oligonucleotides.

SiRNAs bind to a specific complementary mRNA sequence resulting in cleavage of the mRNA
thus causing a reduction of the targeted protein. Systemic administration of unmodified and
unformulated siRNA is an ineffective strategy as insufficient tissue distribution is attained
due to rapid degradation and elimination [111]. Patisiran (Alnylam Pharmaceuticals) is an
investigational product administered as an intravenous infusion and comprises an siRNA
encapsulated in a lipid nanoparticle which has been shown to effectively reduce serum TTR
levels in healthy volunteers (NCT01814839) and patients with ATTR amyloidosis [112]. In
a Phase 2 open-label extension study in 27 patients with hereditary ATTR amyloidosis with
polyneuropathy, Patisiran administered every 3 weeks was generally well tolerated, and disease
stabilization was observed over 24 months treatment. Liver specificity of RNAI therapeutics
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also appears to be achievable by conjugation with an N-acetylgactosamine (GalNAc) ligand
which can be taken up into hepatocytes by the asialoglycoprotein receptor [113]. Revusiran
(ALN-TTRSC-002) is a second generation investigational product of this type and has the
advantage over Patisiran that it can be administered subcutaneously. Revusiran is an siRNA
consisting of 21 base pair double-stranded oligonucleotides in a staggered duplex with a
covalently attached triantennary GalNAc ligand which targets the 3’UTR of TTR mRNA and
is thus homologous in wild-type TTR and all known TTR mutations, and is formulated in
water for injection. When administered subcutaneously to healthy volunteers in a phase 1
multiple ascending dose study up to 10 mg/kg, it was generally well-tolerated and resulted
in mean reduction in plasma TTR concentration of approximately 90% at doses of >5mg/kg
per week [114]. The development of revusiran for cardiac TTR amyloidosis will be discussed
further in Chapter 7.

Anti-sense oligonucleotide therapy is an alternative approach that also inhibits production of
TTR by some 80% or more. This approach has been investigated in a variety of diseases
such as cytomegalovirus retinitis and homozygous familial hypercholesterolaemia. A short
synthetic single chain of nucleotides bind to RNA preventing translation and synthesis of the
target protein. Inotersen is a second generation agent administered subcutaneously on a weekly
basis for 64 weeks that binds to TTR mRNA and results in its degradation. Results published
in 2018 of a phase 3 randomised, double blind trial showed improvement in quality of life
scores and modified the course of neuropathy in patients with FAP. However, there were safety
concerns regarding thrombocytopenia and glomerulonephritis and there were more deaths in

the treatment arm [115].
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Liver transplantation

Orthotopic liver transplantation for FAP was first performed in 1990 in Sweden [116] to remove
the source of variant TTR in the plasma. Over 2000 liver transplants have been performed since
for this indication, and outcomes have been better among patients with the ATTR-V30M variant,
in whom cardiac involvement is much less common than in patients with other TTR mutations.
Stabilisation or even some improvement in neuropathy can occur when the procedure is
performed at an early stage [117]. However, liver transplantation appears to precipitate rapid
progression of cardiac ATTR amyloidosis in patients with any significant cardiac involvement
prior to the procedure. This has been shown to be due to continued deposition of wild-type
ATTR amyloid [46, 118, 119]. This has largely ruled out liver transplantation among British
FAP patients, most of whom have the TTR T60A variant with cardiac involvement. In these
patients, combined cardiac and liver transplantation remains a mainly theoretical option for
reasons of feasibility.

Explanted livers from FAP patients may be re-used to transplant patients with end-stage
liver disease in a procedure known as domino liver transplantation, but some recipients have

developed iatrogenic FAP 5-10 years later.

TTR tetramer stabilisation

Dissociation of the TTR tetramer into its subunits has been hypothesised to be a crucial step in
ATTR amyloid fibril formation, prompting interest in and development of agents that bind to
and thermodynamically stabilise the circulating protein tetramer in order to maintain its normal
soluble conformation. The properties of drugs that are bound in the plasma by TTR, diflunisal
and tafamadis, have recently been investigated in patients with ATTR amyloidosis.

Diflunisal
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In vivo studies have found that diflunisal, a non-steroidal anti-inflammatory drug (NSAID)
stabilises the TTR tetramer which may prevent mis-folding monomers from forming amyloid
deposits in the heart [120]. However, diflunisal appears to be variably tolerated due to
adverse gastro-intestinal effects, fluid retention which exacerbates heart failure symptoms and
impairment of renal function. In a recent placebo-controlled clinical study, diflunisal 250mg
taken orally twice daily in patients with FAP was associated with reduced progression of
neuropathy [121]. There was however, substantial attrition of participants during the trial
reportedly due to disease progression, raising questions about the effectiveness of the treatment
and adverse effect profile. In one small single-arm open-label study in 2012 of 12 patients with
cardiac ATTR amyloidosis diflunisal was reported to be reasonably well-tolerated accepting
some renal decline at 1 year follow-up [122].

Tafamidis meglumine

Tafamidis meglumine (Vyndagel, Pfizer) is licensed in the European Union (EU) and Japan for
use in patients with early polyneuropathy associated with hereditary transthyretin amyloidosis.
A randomised placebo-controlled trial was conducted in 125 patients with early peripheral
neuropathy associated with the ATTR-V30M mutation. Progression of neuropathy was slightly
slower among patients receiving tafamidis (20mg orally once daily) compared to placebo [123].
Recently, Vyndagel has been approved by the FDA for use in ATTR cardiomyopathy after the
publication of the ATTR-ACT trial, a double-blind placebo-controlled trial which showed a
reduction in the combined primary end-point of all-cause mortality and cardiovascular-related
hospitalisations, and secondary outcomes of lower rate of decline in both 6MWT and KCCQ-OS
score compared with placebo [124]. The National Health Service (NHS) in the UK does not

currently support funding tafamidis meglumine for the treatment of FAP.
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Interrupting fibrillogenesis

Doxycycline and Tauroursodeoxycholic Acid (TUDCA)

The combination of doxycycline and tauroursodeoxycholic acid (TUDCA), a bile acid, has been
investigated in an ATTR-V30M transgenic mouse model of FAP with a suggestion that it may
interfere with ATTR amyloid formation [125]. It has been proposed that doxycycline acts as a
fibril disrupter and TUDCA as an anti-apoptotic and anti-oxidant agent. An open-label phase 2
study of 20 patients, including 17 with hereditary ATTR amyloidosis, suggests this combination
therapy is safe and tolerated [126]. An 18-month open label phase 1/2 study in inherited and
acquired cardiac ATTR amyloidosis has yet to report its findings (ClinicalTrials.gov identifier:

NCTO01855360).

1.7 Aims

e To compare the clinical features and outcomes between patients with the most common
forms of cardiac ATTR amyloidosis in the UK; cardiac ATTR-wt, ATTR-V122I and

ATTR-T60A amyloidosis.

e To identify prognostic markers in ATTR-wt and ATTR-V122I cardiac amyloidosis.

e To investigate **"Tc DPD scintigraphy as a marker of amyloid burden in cardiac

transthyretin amyloidosis and prognosis in cardiac AL amyloidosis.

e To evaluate the safety and tolerability of diflunisal for cardiac transthyretin amyloidosis

in a retrospective study.

e To describe experience in a prospective multi-centre phase 2 clinical trial of revusiran in
patients with cardiac ATTR amyloidosis, with particular focus on the effect of enrolment
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criteria on the generalisability of the findings from such a trial.

1.8 Structure of thesis

Chapter 3 and Chapter 4 describe and compare the clinical characteristics and investigation
findings for individuals with different forms of cardiac ATTR amyloidosis. Published data in
this uncommon disease have only been reported in modestly sized cohorts, often combining
patients with a variety of hereditary types of ATTR amyloidosis to form heterogeneous
groups, potentially limiting clinical usefulness and disease understanding. Furthermore, data
on prognosis from the largest study, THAOS, conflicts significantly with smaller studies.
However, there are major limitations to the THAOS study that adds further uncertainty to the
expected prognosis in these patients. Chapter 3 focuses on the ECG characteristics of the most
common forms of cardiac ATTR amyloidosis in the UK; cardiac ATTR-wt, ATTR-V122I and
ATTR-T60A amyloidosis. Chapter 4 focuses on multi-modality imaging, describing prognosis
and identifying prognostic markers in cardiac ATTR-wt and ATTR-V 1221 amyloidosis. Patients
with ATTR-T60A were ultimately excluded from Chapter 4 due to significant missing imaging
data as described in the chapter. The data presented in these two chapters describe the largest
comparable populations of cardiac ATTR-wt and ATTR-V122] amyloidosis to date.

In Chapter 5 I investigated the visual grading score of **"Tc DPD scintigraphy in cardiac
ATTR-wt, ATTR-V122I and AL amyloidosis. I examined associations between DPD grade
and clinical, biochemical and echocardiographic findings. I went on to evaluate the value of
visual scoring of **"Tc DPD scintigraphy as a measure of disease severity and prognosis.

In Chapter 6 I evaluated the real world use of diflunisal for cardiac transthyretin amyloidosis
at the NAC, UK, and undertook a retrospective case-control study to investigate the safety and
efficacy of diflunisal for those individuals receiving treatment for 1 year.

65



Chapter 7 summarises my work as a sub-investigator for, and the results of, a phase 2 clinical
trial of a novel treatment for cardiac transthyretin amyloidosis. Additionally I investigated the
applicability of the results to the NAC cardiac ATTR amyloidosis cohort, and evaluated the

effect of patient selection criteria on recruitment to the trial.
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Chapter 2

General Methods

2.1 Patient population

The patients described in this thesis have been evaluated at the NAC, UK. A Microsoft Access
database at the NAC is maintained with details of all patients who have amyloidosis. All patients
provided explicit informed consent for their data to be used for research purposes. Survival
status was ascertained by hospital attendance and telephone communication. Death certificate
data for patients who died in England and Wales were provided by the Office for National

Statistics.

2.2 Functional evaluation

New York Heart Association (NYHA) Classification was used to classify functional status.
This method provides a standardised and widely accepted method of characterising patients
with heart failure according to their symptom severity (Table 2.1) and was performed by the
assessing clinician.

Functional evaluation of patients with cardiac AL amyloidosis was also evaluated using the
Eastern Cooperative Oncology Group (ECOG) performance status (Table 2.2). Historically,
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NYHA Summary Description
Class

I Normal No limitation of physical activity. Ordinary physical activity does not
cause shortness of breath or undue fatigue

I Mild Slight limitation of physical activity. Comfortable at rest, but ordinary
physical activity results in fatigue, palpitation or dyspnea

I Moderate Marked limitation of physical activity. Comfortable at rest but less than
ordinary activity causes fatigue, palpitation or dyspnea

v Severe Unable to carry out any physical activity without discomfort. Symptoms
of cardiac insufficiency at rest. If any physical activity is undertaken,
discomfort is increased

Table 2.1: New York Heart Association Classification. NYHA, New York Heart Association.

Grade Summary Description
0 Normal No restriction to carrying out normal activities
1 With effort Ambulatory, able to do light work. Restricted only in strenuous activity
2 Restricted Self-caring and ambulatory but unable to carry out work
3 Dependent Capable of limited self-care, confined to bed or chair for over 50% of waking
hours
4 Immobile Unable to carry out self-care, completely confined to bed or chair

Table 2.2: Eastern Co-operative Group (ECOG) performance status

this tool has been used to determine suitability for chemotherapy and to guide dosing.
In addition, the Karnofsky performance status scale was used to assess eligibility for enrolment

in a phase 2 study of revusiran (Table 2.3).

2.3 Six-minute walk test

The 6MWT was used as a marker of functional capacity and measures the distance an individual
can walk over six minutes on a hard, flat surface. The individual walked back and forth along
a straight, marked, 30m walkway supervised by a nurse trained in overseeing the test who also
recorded the walk distance on completion of the test. The instructions provided to the individual
were standardized. Patients were informed of the time and encouraged each minute.
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Able to carry on normal activity 100 Normal no complaints; no evidence of disease.
and to work; no special care
needed. 90 Able to carry on normal activity; minor signs or
symptoms of disease.
80 Normal activity with effort; some signs or symptoms of
disease.
Unable to work; able to live at 70 Cares for self; unable to carry on normal activity or to
home and care for most personal do active work.
needs; varying amount of 60 Requires occasional assistance, but is able to care for
assistance needed. most of his personal needs.
50 Requires considerable assistance and frequent medical
care.
Unable to care for self; requires 40 Disabled; requires special care and assistance.
equivalent of institutional or
hospital care; disease may be 30 Severely disabled; hospital admission is indicated
progressing rapidly. although death not imminent.
20 Very sick; hospital admission necessary;active
supportive treatment necessary.
10 Moribund, fatal processes progressing rapidly.
0 Dead

Table 2.3: Karnofsky performance status scale

2.4 Electrocardiogram

A standard 12-lead ECG (MAC 1200 ST digital 12-lead electrocardiograph system, GE Medical
Systems, Milwaukee) was recorded at each clinic attendance. The calibration was 0.1mV/mm
and paper speed was 25mm/s. Heart rate, PR interval, QRS duration, QT correction with
Bazett formula (QTcB), and cardiac axis were determined by built-in software and confirmed
manually. Manual measurements to the nearest Imm were performed to evaluate for low QRS
voltage and left ventricular hypertrophy. Low QRS voltage was defined using the standard
criteria: a) all QRS amplitudes in the limb leads (I, I, III, aVL, and aVF) <5Smm; or as described
by Carroll et al. [127] (b) sum of S wave in V1 + R wave in V5 or V6 <15mm. Left ventricular
hypertrophy was characterised using both the (a) Sokolow-Lyon criteria (sum of S wave in V1
+ R wave in V5 or V6 >35mm [128]) and (b) Cornell criteria (sum of R wave in aVL + S wave
in V3 > 28mm in men and 20mm in women) [129].
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2.5 Transthoracic echocardiography

Standard transthoracic echocardiography using the parasternal long and short axes, apical 4,
3, and 2 chamber, sub-costal and suprasternal views was performed with Vivid E9 Version
112 with an MSS active matrix single-crystal phased array transducer, frequency range
1.5-4.5mHz, GE Healthcare. Scans were performed with the patient in the supine left lateral
decubitus position. Images were analysed offline using standard methods in accordance with
recommendations from the British Society of Echocardiography and the American Society of
Echocardiography . Left ventricular systolic function was categorised based on left ventricular
ejection fraction (LVEF) calculated by Simpson’s biplne in to the following categories: normal
LV function (LVEF>55%), mild left ventricular systolic dysfunction (LVSD) (LVEF 45-54%),
moderate LVSD (LVEF 36-44%) and severe LVSD (LVEF<35%). Strain analysis was
performed using the speckle tracking method; the GLS is reported. Data were not gathered

in cases where non-diagnostic images precluded accurate assessment.

2.6 Cardiac magnetic resonance imaging

Subjects underwent standard CMR imaging on a 1.5-T clinical scanner (Avanto, Siemens
Healthcare, Erlangen, Germany). A standard volume and LGE study was performed. Native
T1 measurement was performed with the use of the shortened modified look-locker inversion
recovery sequence (ShMOLLI) [130] with regions of interest drawn in the 4-chamber view
at the level of the basal and mid inferoseptum (2 segments, large region of interest) [131].
Native T1, a composite signal from both the interstitium and cells, is sensitive to the presence
of amyloid, fibrosis and oedema. After a bolus of gadoterate meglumine (0.1 mmol/kg,
gadolinium-DOTA, Dotarem, Guerbet S.A. France) and standard LGE imaging (standard fast

70



low-angle shot inversion recovery or balanced steady state free precession sequence with
MAG-IR and PSIR reconstruction). At this stage, the patient was removed from the scanner.
The ECV measurement approach used equilibrium CMR with a primed infusion: At 15 minutes
after bolus, an infusion at a rate of 0.0011 mmol/kg/min contrast (equivalent to 0.1 mmol/kg
over 90 minutes) was given. Between 45 and 80 minutes after bolus, the patient was returned to
the scanner with the infusion continuing, and the T1 measurement was repeated using the same
parameters of the pre-contrast SAMOLLI sequence. ECV represents the fraction of myocardium
that is amyloid and is calculated with the equation: myocardial ECV = (1-haematocrit) x

(AR1myocardium/AR1blood) where R1 = 1/T1.

2.7 °”"Tc-3,3-diphosphono-1,2-propanodicarboxylic acid

scintigraphy

Subjects were scanned using two GE Medical Systems (Fairfield, Connecticut) hybrid single
photon emission computed tomography (SPECT) and computed tomography (CT) gamma
cameras (Infinia Hawkeye 4 and Discovery 670) following administration of 700 MBq
of intravenously-injected 99mTc DPD. The 3 hour (delayed) whole body planar images
were acquired, followed by SPECT of the heart with a low-dose, non-contrast CT scan.
Gated/non-gated cardiac SPECT reconstruction and SPECT-CT image fusion was performed
on the GE Xeleris workstation. Visual scoring was reported as described by Perugini et al. [132]

and 1s summarised in Table 2.4.
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9mTe DPD visual grade Description
0 Absent cardiac uptake and normal bone uptake
1 Mild cardiac uptake, inferior to bone uptake
2 Moderate cardiac uptake associated with attenuated bone uptake
3 Strong cardiac uptake with mild/absent bone uptake

Table 2.4: Perugini scoring for °”"Tc-3,3-diphosphono-1,2-propanodicarboxylic acid °*"Tc
scintigraphy.

2.8 2’| SAP scintigraphy

SAP scintigraphy was performed in all subjects at initial assessment. Each subject received
approximately 200ug of SAP with 190MBq of '2I as an intravenous injection. Thyroid
uptake was blocked by the administration of 60mg of potassium iodide as an oral suspension
immediately prior to the study. Five further doses of potassium iodide were dispensed
for self-administration over the subsequent 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).

2.9 Diagnosis of cardiac involvement

Patients were diagnosed with cardiac amyloidosis if they had the combination of histological
confirmation of amyloid (cardiac or non-cardiac biopsy) and increased wall thickness
(Interventricular septal thickness in diastole (IVSd) and left ventricular posterior wall thickness
in diastole (LVPWd) greater than 1.2cm in the absence of any other causes of increased wall
thickness) [68].

Alternatively, patients were diagnosed with cardiac amyloidosis without biopsy evidence
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if other criteria were satisfied; in 2016 following a meeting of an international panel of
experts, non-invasive diagnostic criteria for cardiac ATTR amyloidosis were proposed [33]
in which in patients with heart failure and an echocardiogram or CMR suggestive of
amyloidosis, the combination of grade 2 or 3 cardiac uptake by radionuclide (99mTc-DPD/
99mTc-PYP/99mTc-HMDP) scintigraphy and the absence of a detectable monoclonal protein
despite serum immunofixation, urine immunofixation and serum FLC (Freelite) assay can
reliably establish the diagnosis of cardiac ATTR amyloidosis.

Patients were excluded if echocardiography showed severe aortic stenosis, regional wall motion
abnormalities, or LV wall thinning consistent with a previous large transmural myocardial

infarction.

2.10 Mayo staging system for amyloid light chain

amyloidosis

The Mayo Staging system proposed in 2004 for AL amyloidosis [56] is used in clinical practice
for prognostic purposes. Mayo stage 1, with cardiac biomarkers below threshold values (cTnT
<0.035ug/LL and NT-proBNP <332ng/L) is associated with the lowest risk of death. Mayo
stage 2, with either one of the biomarkers above threshold values confers an intermediate
prognosis; and Mayo stage 3, with both biomarkers above the threshold values confers the
poorest prognosis. There is currently no widely used validated staging system for patients with
transthyretin amyloidosis.
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2.11 Histology and immunohistochemistry

Histological assessment for amyloid deposition was undertaken on all histological samples at
the NAC. Formalin fixed de-paraffinised tissue sections 6-8um thick were rehydrated, and
counterstained with haematoxylin under running tap water. Sections were then stained using
the alkaline-alcoholic Congo-red method as described by Puchtler et al. in 1962. A series
of ascending ethanol concentrations to xylene were used to dehydrate the sections which were
then mounted in distyrene plasticiser xylene (DPX) mounting medium. Stained slides were then
viewed in bright field and under cross polarised light. Positive controls were obtained from a
known Congo-red positive block validated by laser micro dissection and mass-spectrometry
based proteomic analysis which was always processed in parallel. Samples deemed to be
positive for amyloid deposition demonstrated the characteristic apple-green birefringence and
were confirmed after review by at least one other individual experienced in this assessment.
The amyloid type was characterised by immunohistochemical staining. Formalin fixed
de-paraffinised 2um sections of tissue were rinsed with water. Endogenous peroxidise
activity was quenched by incubation in aqueous (0.3%) hydrogen peroxide (H,O;) for 30
minutes. Samples were then rinsed in phosphate-buffered saline (PBS) containing 0.05% Tween
(Calbiochem). Prior to the application of antisera, non-specific tissue binding was abolished by
incubation for a further 30 minutes in normal non-immune serum from the species providing
the secondary antibody (Vector Part of the ImmPRESS Kit). Sections were then incubated
overnight with primary antisera at 4°C. They were then rinsed with PBS containing 0.05%
Tween (Calbiochem) and labelled with secondary antibodies. Sections were washed in PBS
and bound enzyme-antibody bound complexes were then visualised using a metal-enhanced
3,3’-diaminobenzidine (DAB) (Fisher Scientific solution).
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Gene (exon) Forward primer sequence Reverse primer sequence

Transthyretin (2) 5’-TTTCGCTCCAGATTTCTAATAC -3’ 5" CAGATGATGTGAGCCTCTCTC -3’
Transthyretin (3) 5-GGTGGGGGTGTATTACTTTGC -3’ 5" TAGGACATTTCTGTGGTACAC -3’
Transthyretin (4) 5-GGTGGTCAGTCATGTGTGTC-3’ 5-TGGAAGGGACAATAAGGGAAT -3’

Table 2.5: Primers used in the polymerase chain reaction process for genotyping Transthyretin
Amyloidosis

A panel of anti-human monospecific antibodies reactive with: SAA (Eurodiagnostica,
Huntington UK) AL kappa, lambda, transthyretin and lysozyme (Dako Ltd, Denmark
House Ely UK), Apolipoprotein AI (Genzyme Diagnostics) and fibrinogen Ao chain
(Calbiochem) were used where appropriate. Congo red overlay was used in duplicate sections.
Immunohistochemically stained sections were counterstained in haematoxylin, blued under
running tap water and stained with Congo-red.

For TTR staining, pre-treatment was performed for enhanced antigen retrieval using 10 minute
incubation with 1% sodium periodate. Slides were then washed and further incubated for 10
minutes with 0.1% sodium metabisulphate, washed again and incubated for 5 hours at room

temperature with 6M Guanadine in 0.9% sodium chloride.

2.12 Transthyretin gene sequencing

Transthyretin genotyping was performed in all patients with suspected transthyretin
amyloidosis. A whole blood sample was taken in an ethylenediaminetetraacetic vial and
was frozen and stored for gene sequencing. Genomic DNA was isolated. polymerase chain
reaction (PCR) was used to amplify the coding regions for the transthyretin gene (exons 2, 3

and 4). The primers used as part of the PCR process are outlined in Table 2.5.
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2.13 Ethical approval

All patients whose data have been used in this thesis have given informed written consent at the
National Amyloidosis Centre. The consent form was approved by the Royal Free Hospital
Ethics Committee (REC Ref 06/Q0501/42). The dosage and administration of radioactive
isotopes were approved by the Administration of Radioactive Substances Advisory Committee

of the Department of Health.

2.14 Statistical analyses

Statistical analyses were performed with SPSS 22 (IBM). A detailed description of the statistical

methods will be presented in the relevant chapters.
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Chapter 3

Heterogeneity of Electrocardiographic Findings
in Biopsy Proven Cardiac Transthyretin
Amyloidosis and Electrocardiographic Markers

of Prognosis

3.1 Introduction

ATTR amyloidosis can be classified as being either ATTR-wt or secondary to an underlying
genetic abnormality in which case it is described interchangeably as variant, hereditary or
mutant ATTR (ATTR-m). The clinical characteristics of patients with ATTR-m amyloidosis
depend predominantly on the underlying genetic abnormality, but can also be affected by
other factors including the area of their ethnic origin and whether the genetic abnormality
is inherited from the mother or father [51-53]. The limited published data examining a
heterogeneous group of patients with cardiac transthyretin amyloidosis, consider this group
as a single entity when describing ECG findings, or at best make a simple distinction between
wild-type and variant (mutant) and have not directly compared the different forms of ATTR-m
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amyloidosis [36,40]. As the clinical phenotype of those with ATTR amyloidosis is hugely
dependant on the underlying genotype, heterogeneity in the ECG findings amongst patients
with the different types of ATTR is highly plausible and may have been overlooked. Studies
have demonstrated that certain ECG characteristics may portend a poor prognosis in cardiac
AL amyloidosis [64, 133]. Such data and analyses are lacking in patients with cardiac ATTR
amyloidosis with only one case series describing the ECG findings at diagnosis in cardiac
ATTR-V 1221 amyloidosis in detail [45] and there has been no systematic comparison of
ECG findings between the types of ATTR. An ECG marker of prognosis in cardiac ATTR
amyloidosis, as has been identified in systolic heart failure [134], may be of significant clinical

utility given the paucity of data to guide prognosis in this condition.

3.2 Aims

e To describe and compare baseline ECG findings in the most common forms of
cardiac ATTR amyloidosis in the UK; cardiac ATTR-wt, ATTR-V122I and ATTR-T60A

amyloidosis.

e To determine if abnormalities of the ECG at baseline (diagnosis) predict survival.

e To determine if there is progression of ECG abnormalities during follow-up.

3.3 Methods

3.3.1 Patient population

Medical records for patients assessed at the NAC, UK, between May 2007 and June 2013 were
reviewed retrospectively. All patients with histologically proven cardiac ATTR amyloidosis
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who had TTR gene sequencing confirming either wild-type, V1221 or T60A gene mutations
were included in the study. All patients were followed from the date of their initial assessment

until death, 1st January 2014 or last patient contact for any patients lost to follow-up.

3.3.2 Data collection

A standard 12-lead ECG was recorded at diagnosis (baseline) and at follow-up visits. Follow-up
ECGs were included if they were performed at defined intervals from baseline: 1 year (+/-
3months), 2 years (+/- 3months), 3 years (+/- 3months) and 4 years (+/-3months). Baseline and
follow-up ECGs were analysed as described in the general methods, Chapter 2. Patients with
left bundle branch block or ventricular pacing were excluded from the analysis of left ventricular
hypertrophy. Patients with ventricular pacing were also excluded from the analysis of QRS
duration. A QRS duration of 120ms or more was considered to be a broad QRS. Following
initial analysis, to determine if any baseline ECG abnormalities were independent predictors of
mortality, selected additional data from transthoracic echocardiography and cardiac biomarker

assessment were retrospectively collected as appropriate for patients in the wild-type group.

3.3.3 Statistics

Continuous variables are expressed as median and interquartile ranges, and categorical variables
as number of patients (percentage). Comparisons between the three cardiac ATTR amyloidosis
groups were made using the Kruskal Wallis test for continuous variables, and Chi square test
for categorical variables except where expected frequencies were small, where the alternative
Fisher’s exact test was used. All reported P values are two-sided. A P value of less than 0.05
was considered to be statistically significant. For co-variates that were statistically significant
across the three populations, pairwise comparisons were performed with the Mann-Whitney
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U test, Chi square or Fisher’s exact tests as appropriate. Cox regression analysis was used to
identify co-variates that predict survival. All data analyses were performed using IBM SPSS

Statistics 22 software.

3.4 Results

3.4.1 Patient characteristics

One hundred and fifty-eight patients satisfied the inclusion criteria: 75 with ATTR-wt, 49 with

ATTR-V122I and 34 with ATTR-T60A.

The baseline characteristics of the patients are displayed in Table 3.1 and those co-variates that
reached a statistically significant difference across the three groups are represented as pairwise

comparisons in Figure 3.1 (categorical variables) and Figure 3.2 (continuous variables).

There were significant differences in age, proportion of males and ethnic origin between
the three groups. All groups showed a male predominance but this was greatest in the
ATTR-wt and ATTR-V1221 groups. All patients in the ATTR-T60A group were Caucasian,
as were the majority of patients in the ATTR-wt group which contrasts with the 88% of
patients in the ATTR-V122I group who were of African origin. Echocardiographic assessment
demonstrated similar degrees of LV wall thickening (median 1.7cm), however, LVEF as
assessed by Simpson’s Biplane was significantly lower in the ATTR-V122I group compared
with ATTR-T60A.

80



ATTR-wt ATTR-V1221 ATTR-T60A P
n=75 n=49 n=34
Patient Characteristics:
Age at diagnosis (years) 78 (73, 81) 75 (69, 78) 70 (66, 71) <0.001
Male 70 (93) 39 (80) 21 (62) <0.001
African descent 4(5) 43 (88) 0 <0.001
ECG Characteristics:
Heart rate (bpm) 77 (66, 89) 79 (68, 87) 78 (71, 85) 0.87
Sinus rhythm 35 (47) 36 (73) 26 (76) 0.001
Atrial arrhythmia: 39 (52) 12 (24) 8 (24) 0.001
Atrial fibrillation 37 (95) 9 (75) 6 (75)
Atrial flutter 2(5) 2(17) 0
Atrial tachycardia 0 1(8) 2 (25)
A-Paced 1(1) 1(2) 0
A or V-Paced 8 (11) 4 (8) 5(15) 0.64
Cardiac axis**:
Normal 25337 1 14 (31) 3 (10) 0.03
LAD 35(52) 24 (55) 18 (62) 0.66
RAD 7(10) 5(11) 8 (28) 0.09
First degree AV block* 17 (55) 16 (47) 18 (72) 0.77
PR interval (ms) * 208 (184, 246) 196 (174, 224) 214 (194, 248) 0.30
QRSd, ms ** 108 (92, 134) 100 (90, 112) 118 (110, 138) 0.002
Broad QRS ( = 120ms)**: 25(37) 9 (20) 14 (48) 0.03
LBBB 11 (44) 3 (33) 9 (64)
RBBB 11 (44) 2 (22) 3201
NSICD 3(12) 4 (44) 2 (14
QTcB (ms) ** 458 (438, 488) 449 (433, 462) 481 (462, 495) 0.001
Low QRS voltage **:
Limb leads 18 (27) 11 (24) 3(10) 0.20
Low voltage (S in V1+ 34 (51) 26 (58) 15 (62) 0.75
Rin V5 or V6 <15mm)
Q waves***: 24 (43) 13 (31) 12 (38) 0.48
Anterior 7 (29) 3(23) 4 (33)
Inferior 14 (58) 7 (54) 3 (25)
Lateral 0 0 1(8)
Anterior and inferior 2(8) 2 (15) 4(33)
Anterior and lateral 0 1(8) 0
Anterior, inferior and lateral | 1 (4) 0 0
LVH***;
Cornell voltage criteria 3(5) 8 (19) 6 (30) 0.01
Sokolow-Lyon Index 24 0 0 0.66
Echocardiography Characteristics:
IVSd (cm) 1.7 (1.5,1.9) 1.7 (1.6, 1.8) 1.7 (1.5,1.9) 0.89
LVPWd (cm) 1.7 (1.5, 1.8) 1.6 (1.5, 1.8) 1.7 (1.5, 1.8) 0.74
LVEF (%) 48 (39, 55) 42 (32,49) 50 (45, 56) 0.005
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Table 3.1: Description and comparison of baseline ECG and echocardiographic findings in each type of
ATTR cardiac amyloidosis. Categorical data are presented as n (%) and continuous variables as median
(interquartile range). * of those in sinus rhythm, ** of those not paced, *** of those not paced or LBBB.
ATTR-T60A, Amyloidosis associated with the T60A transthyretin variant; ATTR-V1221, Amyloidosis
associated with the V1221 transthyretin variant; ATTR-wt, Wild-type transthyretin amyloidosis; ECG,
Electrocardiogram; IVSd, Interventricular septal thickness in diastole; LAD, left axis deviation; LBBB,
left bundle branch block; LVEF, Left Ventricular Ejection Fraction; NSICD, non-specific intraventricular
conduction delay; QRSd, QRS duration; QTcB, QT correction with Bazett formula; RAD, right
axis deviation; RBBB, right bundle branch block; LVH, Left Ventricular Hypertrophy; LVPWd, Left
ventricular posterior wall thickness in diastole.
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Figure 3.1: Pairwise comparisons of baseline categorical co-variates found to be significantly different
between types of cardiac transthyretin amyloidosis. ATTR-T60A, Amyloidosis associated with the
T60A transthyretin variant; ATTR-V1221, Amyloidosis associated with the V1221 transthyretin variant;
ATTR-wt, Wild-type transthyretin amyloidosis; LVH, Left Ventricular Hypertrophy.

3.4.2 Baseline electrocardiogram characteristics

Heart rhythm and cardiac axis

Atrial arrhythmias (predominantly AF) were relatively common in all three groups of ATTR
but there were significant differences in the prevalence between the groups (P=0.0014) with
the ATTR-wt group having significantly more atrial arrhythmias than both ATTR-V122I and
ATTR-T60A (52% in ATTR-wt vs 24% in both ATTR-V122I and ATTR-T60A). There was
no statistically significant difference between the groups in the proportion of patients with
pacemakers at diagnosis (P=0.64). Cardiac axis was deviated to the left in the majority
of patients in all three groups, but was normal in more patients with ATTR-wt than those
with ATTR-T60A (37% vs 10% P<0.05) despite similar degrees of LV wall thickness by
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Figure 3.2: Pairwise comparisons of baseline co-variates (continuous) found to be significantly
different between types of cardiac ATTR amyloidosis. ATTR-T60A, Amyloidosis associated with the
T60A transthyretin variant; ATTR-V122], Amyloidosis associated with the V122I transthyretin variant;
ATTR-wt, Wild-type transthyretin amyloidosis; LVEF, left ventricular ejection fraction; QRSd, QRS
duration; QTc, corrected QT interval.

echocardiography in all three groups.

Atrioventricular and intraventricular conduction delay

First degree AV block was present in a large proportion of patients in all three groups (55% in
ATTR-wt, 47% in ATTR-V122I and 72% in ATTR-T60A). There was no statistical difference
in PR interval or the prevalence of first degree AV block at diagnosis between groups. There was
a significant difference in QRS duration between the three groups. Broad QRS was present in
37% of ATTR-wt patients, 20% of ATTR-V 1221 patients and 48% of ATTR-T60A patients, with
a statistical difference between the ATTR-V122] and ATTR-T60A groups. Statistical analyses
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were not performed to compare proportions of left bundle branch block (LBBB), right bundle
branch block (RBBB) and non-specific intraventricular conduction delay (NSICD) due to the

small numbers in each group.

QRS amplitude, left ventricular hypertrophy and pathological Q waves

The prevalence of low voltage QRS complexes depended on the method used. The most
common method employed is to interrogate the QRS amplitude in the limb leads. Utilising
this method, less than one third of patients in each group exhibited low voltage QRS complexes
and there was no significant difference in the prevalence between groups. When assessed by the
method of summation of the S wave in V1 and the R wave in either V5 or V6 [127], low voltage
was much more commonly found (more than half of patients in each group) but the lack of
statistical difference in this respect between groups remained. The prevalence of left ventricular
hypertrophy (LVH) by ECG criteria was also dependent on the methodology employed. The
Cornell voltage criteria identified LVH in 30% of patients with ATTR-T60A which was
significantly greater than the 5% of patients in the ATTR-wt group but using the Sokolow-Lyon
Index identified very few patients with LVH. Pathological Q waves were common (43% of
ATTR-wt, 31% of ATTR-V122I, and 30% of ATTR-T60A); these were most commonly seen
in the anterior and inferior leads and did not correspond to echocardiographic appearances of

transmural infarcts in any of the patients studied (i.e. these were true pseudo-infarct waves).

3.4.3 Prognostic features of baseline electrocardiogram

The mean follow-up for the ATTR-wt, ATTR-V122I, and ATTR-T60A groups was 22.7+/-14.6,
23.8+/-12.8, and 31.3+/-20.4 months respectively. There were 63 deaths in total: 29 deaths in
the ATTR-wt group (12% of ATTR-wt group); 24 deaths in the ATTR-V1221I group (49% of
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Univariate analysis

Hazard ratio 95% CI P value
TTR aetiology 0.072
ATTR-wt vs ATTR-T60A 1.69 0.82-3.51 0.157
ATTR-V1221 vs ATTR-T60A 2.34 1.12-4.88 0.023
Age 1.06 1.01-1010 0.008
Gender (female vs male) 0.64 0.31-1.29 0.212
QRS duration (broad vs narrow) 1.95 1.15-3.32 0.013
Atrial arrhythmia 1.30 0.79-2.13 0.303
1%t degree HB 1.00 0.50-2.01 0.986
Low voltage QRS in limb leads 1.60 0.92-2.77 0.095
LV impairment 0.029
Moderate impairment vs normal 1.36 0.67-2.77 0.40
Severe impairment vs normal 2.83 1.24-6.48 0.014
IVSd 2.03 0.80-5.15 0.138

Table 3.2: Univariate analysis for survival in ATTR cardiac amyloidosis. Categorical data are presented
as n (%) and continuous variables as median (interquartile range). ATTR-T60A, Amyloidosis associated
with the T60A transthyretin variant; ATTR-V 1221, Amyloidosis associated with the V1221 transthyretin
variant; ATTR-wt, Wild-type transthyretin amyloidosis; CI, confidence interval; HB, heart block; IVSd,
Interventricular septal thickness in diastole; LV, left ventricular.

ATTR-V122I group); 10 deaths in the ATTR-T60A group (29% of ATTR-T60A group). The
median survival in the ATTR-wt group was 3.8years (95% CI 2.2-5.3) and in the ATTR-V 1221
group the median survival was 2.6 years (95% CI 2.2-3.1); the median survival was not reached
in the ATTR-T60A group (log rank P=0.65)

Univariate Cox regression analysis suggests that predictors of survival in cardiac ATTR

amyloidosis are TTR type (specifically ATTR-V1221 vs. ATTR-T60A), age, broad QRS and

severity of LV systolic impairment (Table 3.2).
When combined in a multivariate Cox regression model the only significant predictor of survival

was broad QRS (Table 3.3).

There was a trend for TTR type to be a significant predictor of survival with a trend for
ATTR-V122I having a higher mortality than ATTR-T60A (Figure 3.3) (HR 2.4 [0.98-5.88]

P=0.056).
Since there were significant baseline differences between the three types of ATTR, the effect of
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Multivariate analysis

Hazard ratio 95% CI P-value
TTR aetiology 0.157
ATTR-wt vs ATTR-T60A 1.79 0.742-4.33 0.195
ATTR-V1221 vs ATTR-T60A 2.40 0.98-5.88 0.056
Age (years) 1.03 0.98-1.09 0.245
QRS duration (broad vs narrow) 2.28 1.17-4.42 0.015
Low voltage QRS in limb leads 1.32 0.68-2.57 0.412
LV impairment 0.199
Moderate impairment vs normal 0.87 0.40-1.90 0.726
Severe impairment vs normal 176 066471 0258

Table 3.3: Multivariate analysis of survival in ATTR cardiac amyloidosis. ATTR-T60A, Amyloidosis
associated with the T60A transthyretin variant; ATTR-V122I, Amyloidosis associated with the V1221
transthyretin variant; ATTR-wt, Wild-type transthyretin amyloidosis; CI, confidence interval; LV, left

ventricular; TTR, transthyretin

Survival rate
S
(@)
|

ATTR-V1221 vs. ATTR-T60A
HR = 2.4 [0.98-5.88], P=0.056

1 ATTR-wt
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ATTR- ’
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Figure 3.3: Cox regression analysis survival plots for different types of transthyretin cardiac amyloidosis
adjusted for age, presence of broad QRS, presence of low voltage QRS and degree of left ventricular
impairment. ATTR-T60A, Amyloidosis associated with the T60A transthyretin variant; ATTR-V 1221,
Amyloidosis associated with the V1221 transthyretin variant; ATTR-wt, Wild-type transthyretin

amyloidosis.

Time (years)
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HR for broad QRS | 95% CI P value
ATTR-wt 4.79 2.08-11.05 <0.001
ATTR-V1221 1.33 0.43-4.09 0.624
ATTR-T60A 1.75 0.42-7.35 0.445

Table 3.4: Cox regression analysis assessing the effect of a broad QRS on survival in different types
of ATTR cardiac amyloidosis. ATTR-T60A, Amyloidosis associated with the T60A transthyretin
variant; ATTR-V122I, Amyloidosis associated with the V1221 transthyretin variant; ATTR-wt, Wild-type
transthyretin amyloidosis; CI, confidence interval; HR, hazard ratio.

a broad QRS on survival was assessed separately for the three groups (Table 3.4).
Only in the ATTR-wt groups was survival significantly dependent on the presence of a broad
QRS (HR 4.79 [2.08-11.05] P<0.001). Given the apparent utility of the ECG in predicting

survival in ATTR-wt this group was assessed in further detail.

Predictors of survival in the ATTR-wt group

Patients in the ATTR-wt group with a broad QRS (>120ms) had a median survival of 1.6 years
(95% CI 1.3-1.9 years) while patients with a normal QRS duration did not reach their median
survival by six years follow-up (Figure 3.4) (log rank P<0.0001).

Univariate Cox regression survival analyses are displayed in Table 3.5 for the ATTR-wt group.
A multivariate Cox regression model was developed using variables which on univariate
analysis were significant at a level of P<0.01 (i.e. broad QRS at baseline, age at diagnosis,
supine systolic blood pressure (BP), Ln NT-proBNP and Ln TropT). This more strict level of
statistical significance was chosen post-hoc as the number of events in this sub-population was
relatively low and as such the number of covariates represented in the multivariate model would
be too large if a less strict P value was used. In this multivariate model, broad QRS (P=0.024,
HR 2.9; 95% CI 1.2-7.5) and Ln NT-proBNP (P=0.026, HR 2.9; 95% CI 1.1-7.4) predicted
mortality (Table 3.6).

Cox regression analysis survival plots in ATTR-wt comparing those with a broad and narrow
QRS, adjusted for age, supine systolic BP, Ln NT-proBNP and Ln TropT are displayed in Figure
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Hazard ratio P value (95% CI) for Hazard ratio
Broad QRS 4.72 <0.001 (2.06-10.81)
Age at diagnosis (years) 1.10 0.007 (1.03-1.18)
Duration of symptoms prior 1.00 0.820 (0.999-1.00)
to diagnosis
Systolic BP (mmHg) 0.96 0.007 (0.93-0.99)
IVSd (cm) 1.47 0.550 (0.42-5.20)
LVEF by Simpson’s biplane 0.97 0.052 (0.93-1.00)
method (%)
Global longitudinal strain 1.06 0.290 (0.95-1.18)
Ln NT-proBNP 3.49 <0.001 (1.98-6.16)
Ln TropT 3.40 <0.001 (1.77-6.52)
eGFR (ml/min) 0.98 0.016 (0.968-0.996)
Hypertension 0.98 0.961 (0.44-2.17)
T2DM 0.61 0.506 (0.15-2.98)
IHD 0.70 0.443 (0.29-1.73)
Stroke 0.71 0.635 (0.17-2.98)

Table 3.5: Univariate survival analysis in ATTR-wt amyloidosis.

CI, confidence interval; eGFR,

estimated glomerular filtration rate; IHD, ischaemic heart disease; [IVSd, Interventricular septal thickness
in diastole; LVEF, Left Ventricular Ejection Fraction; NT-proBNP, N-terminal-pro B-type Natiuretic
Peptide; T2DM, type 2 diabetes mellitus.

Characteristics at diagnosis Hazard ratio P value (95% CI for Hazard ratio
Broad QRS (2120ms) 2.943 0.024 (1.156-7.491)
Age (years) 1.074 0.084 (0.990-1.164)
Systolic BP (mmHg) 1.000 0.984 (0.971-1.029)
Ln NT-proBNP 2.905 0.026 (1.138-7.419)
Ln TropT 1.383 0.541 (0.489-3.916)

Table 3.6: Multivariate analysis of survival in ATTR-wt amyloidosis. ATTR-wt, Wild-type transthyretin
amyloidosis; BP, blood pressure; CI, confidence interval; NT-proBNP, N-terminal-pro B-type Natiuretic

Peptide; Trop T, troponin T.
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Figure 3.4: Unadjusted Kaplan Meier plot of survival in patients with ATTR-wt cardiac amyloidosis
comparing those with a broad QRS to those with a narrow QRS.
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Figure 3.5: Cox regression analysis survival plots in ATTR-wt amyloidosis comparing those with a
broad and narrow QRS, adjusted for age, systolic BP, Ln NT-proBNP and Ln TropT
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Patient characteristic Narrow QRS Broad QRS P

(QRSd < 120ms) (QRSd = 120ms)

n*=41 n*=27
Age (years) 77 (73, 80) 79 (76, 82) 0.1314
Male 37 (90) 27 (100) 0.1516
Caucasian 38 (93) 25 (93) 1.0000
LVEF (%) 50 (42, 56) 48 (39, 55) 0.3754
Global longitudinal strain (%) -11.1 (-8.6, -15.0) -10.2 (-7.9, -12.8) 0.491
IVSd (cm) 1.7 (1.5, 1.7) 1.8 (1.6,1.9) 0.0552
NT-pro BNP (ng/L) 2483 (1975, 4822) 4670 (2511, 8861) 0.027
TropT (ng/L) 0.047 (0.042, 0.064) 0.056 (0.038, 0.128) 0.569
Hypertension 13 (32) 9 (33) 1.0000
Diabetes Mellitus 4(10) 2(7) 0.6944
Ischaemic heart disease 12 (29) 6 (22) 0.5843
Stroke 4 (10) 3(11) 1.0000

Table 3.7: Comparison of baseline patient characteristics and co-morbidity data in patients with
ATTR-wt amyloidosis. Continuous variables are presented as median (interquartile range) and
categorical variables are presented as n (%). *Excludes patients with paced electrocardiogram. ATTR-wt,
Wild-type transthyretin amyloidosis; IVSd, Interventricular septal thickness in diastole; LVEF, Left
Ventricular Ejection Fraction; NT-proBNP, N-terminal-pro B-type Natiuretic Peptide; TropT, Troponin
T.

In a sensitivity analysis, patients in the ATTR-wt group who had a narrow QRS were compared
to those with a broad QRS. There were no significant differences in other characteristics which

could be independently associated with survival other than NT-proBNP (Table 3.7).

3.4.4 Electrocardiogram changes during follow-up

There was attrition in the number of ECGs that could be analysed during follow-up due to
patient deaths, patients lost to follow-up and failure to satisfy inclusion criteria with regards to
time interval between sequential ECGs. At 1 year, there were 44 ATTR-wt, 40 ATTR-V122I and
28 ATTR-T60A evaluable ECGs. At 2 years, this was 22, 18 and 14 respectively. In total 364
ECGs were examined. Of the 99 patients who did not have an atrial arrhythmia at baseline, 24
(24%) developed an atrial arrhythmia during follow-up [ATTR-wt: 5/36 (14%); ATTR-V1221:
9/37 (24%); ATTR-T60A: 10/26 (38%), P=0.087], and of these, this occurred in 15 patients
by the end of the first year of follow-up [ATTR-wt: 4/36 (11%); ATTR-V122I: 6/37 (16%);
ATTR-T60A: 5/26 (19%), P=0.62)]. In those patients with normal PR interval at baseline,
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ATTR-wt | ATTR-V1221) ATTR-T60A | P
Number of ECGs evaluable at one year follow-up | 44 40 28
New atrial arrhythmias at one year follow-up 5/36 (14%) | 6/37 (16%) | 5/26 (19%) 0.62
New first degree heart block at one year follow-up | 3/10 (30%) | 5/16 31%) | 2/7 (29%) 0.94
New broad QRS at one year follow-up 7/42 (17%) | 4/36 (11%) 8/15 (53%) 0.003

Table 3.8: New Electrocardiogram abnormalities at one year. Data are presented as number of
new cases per number of patients who did not have said abnormality at baseline (%). Groups are
compared using Fisher’s Exact test. ATTR-T60A, Amyloidosis associated with the T60A transthyretin
variant; ATTR-V 1221, Amyloidosis associated with the V1221 transthyretin variant; ATTR-wt, Wild-type
transthyretin amyloidosis; ECG, Electrocardiogram.

3/10 (30%) of the ATTR-wt, 5/16 (31%) of ATTR-V122I and 2/7 (29%) of ATTR-T60A
developed first degree AV block after one year of follow-up (P=0.94). In those with a narrow
QRS at baseline, progression to broad QRS at one year was significantly different between the
three groups: 7/42 (17%) of the ATTR-wt, 4/36 (11%) of ATTR-V122I and 8/15 (53%) of
ATTR-T60A group (P=0.003. Pairwise comparisons; P<0.05 for ATTR-wt vs. ATTR-T60A,
and ATTR-V122I vs. ATTR-T60A). The changes that occurred at one year follow-up are
summarised in Table 3.8.

Twelve patients required pacemaker implantation during the follow-up period (all within 2 years
of diagnosis/baseline ECG); 4 (6%) ATTR-wt, 5 (11%) ATTR-V 122l and 3 (10%) ATTR-T60A
(P=0.52). All patients who required pacemakers during follow-up and who had been in sinus
rhythm, had evidence of first degree AV block at baseline. However, of patients with first
degree AV block, only 1/17 (6%) of the ATTR-wt group, 3/16 (19%) of the ATTR-V122I group,
and 3/18 (17%) of the ATTR-T60A group required pacemaker implantation during follow-up

(P=0.57).

3.5 Limitations

This study is limited by its retrospective nature. Patients were not reviewed at uniform
time intervals and the timescale of ECG changes were therefore variable. Although this
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study characterised the ECG findings in a large group of patients with cardiac transthyretin
amyloidosis subgroup analyses are likely to have been limited by small sample size and may
have therefore lacked the power to detect significant differences amongst these populations (ie.

Type II error).

3.6 Discussion

The main findings from data presented in this chapter are:

1. Atrial arrhythmias are common at diagnosis in ATTR cardiac amyloidosis. Furthermore,
there are significant differences in prevalence of atrial arrhythmias between the different types
of ATTR cardiac amyloidosis.

2. Conduction disease is common at diagnosis in ATTR cardiac amyloidosis. First degree
heart block is present in up to 72% of patients. The presence of a broad QRS was common
in all groups and there were significant differences in prevalence depending on type of ATTR
amyloidosis.

3. The presence of a broad QRS is feature predictive of a higher risk of death in a multivariate
survival model.

4. Progression of ECG abnormalities over the first 12 months from diagnosis were common.
New atrial arrhythmias developed over the first year and the QRS become broad in a significant

proportion of patients; the prevalence depending on the type of ATTR cardiac amyloidosis.

This was a comprehensive study investigating baseline and follow-up ECGs in a large
group of patients with the three commonest types of cardiac ATTR amyloidosis. The marked
prevalence of atrial arrhythmias, in particular AF, in the ATTR-wt group at diagnosis, is greater
than would be anticipated in this age group [135] or amongst patients with hypertension [136]
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and raises the possibility that earlier diagnosis of ATTR-wt may be possible though active
screening particularly of older Caucasian patients with a diagnosis of atrial arrhythmia. A
valuable screening study could be designed to determine the prevalence of ATTR-wt in patients
with AF using CMR imaging or DPD scintigraphy. Early diagnosis may permit intervention
at a stage before irreversible organ dysfunction has occurred. Interestingly, the prevalence of
atrial arrhythmia at baseline in the ATTR-V122I group was lower than the ATTR-wt group
despite similarities in age. The cause of this remains unclear but may reflect differences of the
underlying pathological process; perhaps different rates or sites within the heart of amyloid
deposition.

The differences in age at diagnosis, sex and race were expected based on published data.
Although the focus of this study was not on echocardiographic findings, there were similar
degrees of LV wall thickness at diagnosis in all three groups but significant differences in
systolic function as measured by LVEF between the ATTR-V122I group and ATTR-T60A
group, again possibly reflecting pathological differences due to the individual transthyretin
variants. Although this may be attributable to differences in age or co-morbidities, it raises the
possibility of a differential effect on the heart which could depend on the specific structure of
the amyloidogenic transthyretin and/or the site and distribution of amyloid within the heart.
This could include differences in the effect between TTR types on the cardiac conduction
system, and whether the disease process primarily results in myocardial cell death with
myocardial oedema, or perhaps alternatively, myocardial cell hypertrophy without myocardial
oedema.

This study demonstrates that there are differences in ECG characteristics not only between
cardiac ATTR-wt amyloidosis and cardiac ATTR-m amyloidosis patients but also between

the cardiac ATTR-m amyloidosis variants, which historically have not been considered as
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separate entities in published series. Despite the small numbers of patients, there was a
difference in QRS duration between the ATTR-T60A and ATTR-V122I groups. This is an
interesting finding, particularly given similar degrees of LV wall thickening in all three groups.
It remains unclear why this should be the case and may be helped by further investigation with
pathological correlation.

The classical teaching suggests that most patients with cardiac amyloidosis have low voltage
QRS complexes. This stems from the ECG description by Carroll et al. in 14 patients with
cardiac AL amyloidosis and a QRS duration <120ms. A significant proportion of patients with
cardiac amyloidosis of transthyretin type have bundle-branch block or pre-existing pacemaker
implantation which makes assessment of QRS voltage difficult. The definition of low QRS
voltage is variable in published studies which further complicates matters, however the most
widely accepted description of QRS voltage <5mm in all limb leads, was found much less
commonly than reported in patients with cardiac AL amyloidosis, and was least common
in the ATTR-T60A group where only 10% of patient had this ECG finding. The finding of
QS morphology in lead V1 was common in all three groups (despite a normal QRSd). In
this situation, no amplitude was recorded for S wave in V1 as the definition of an S wave
(downward deflection after an R wave) was not satisfied. This is likely to have contributed to
the high prevalence of apparent low voltage by the technique of ’summation of S wave in V1
and R wave in leads V5 or V6’ in contrast to that by the method of assessing the QRS voltage
in the all limb leads. Clinician awareness of the low prevalence of low voltage complexes
(when assessed by the most commonly used method in daily clinical practice) in these subtypes
of cardiac transthyretin amyloidosis is important as this may be contributing to a delay in the
diagnosis of this condition. Furthermore, voltage criteria for left ventricular hypertrophy, when

assessed by the Cornell method, was present in 30% of the ATTR-T60A group and 19% of
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the ATTR-V122I group, and particularly when LBBB was present (the most common pattern
of broad QRS complexes in the ATTR-wt and ATTR-T60A groups), QRS voltages are also
usually large and may further contribute to a lower clinical suspicion of cardiac amyloidosis
and delay in diagnosis. I did not attempt to assess patients with LBBB for voltage criteria for
LVH as there are no widely accepted criteria for this.

These data suggest that a broad QRS may help risk stratify patients with cardiac transthyretin
amyloidosis. In a multivariate analysis of the whole cohort (ATTR-wt, ATTR-V122I and
ATTR-T60A amyloidoses combined), a broad QRS was the only predictor of survival. Due
to concerns that this analysis was over represented by the larger wild-type group, and because
there were significant differences between the three groups of ATTR amyloidosis, I assessed
whether a broad QRS was predictive of survival in each of the types of ATTR amyloidosis
separately. These analyses showed that a broad QRS was predictive of survival in ATTR-wt
but not in ATTR-V122I or ATTR-T60A amyloidoses. This may be due to inherent differences
between the types of ATTR amyloidoses or may be as a result of the smaller populations of the
ATTR-V122I and and ATTR-T60A leading to underpowered analyses. The survival difference
in the ATTR-wt group could not be accounted for by differences in patient characteristics or
comorbidities which might affect outcomes or be independently associated with a wide QRS
complex. The presence of a broad QRS in these patients may reflect more severe disease as
supported by the finding of a higher serum NT-proBNP.

Interestingly, in multivariate analysis (and although not reaching statistical significance) there
was a trend for better survival in the ATTR-T60A group compared with the ATTR-V 1221 group
despite adjusting for various relevant factors including age, degree of left ventricular systolic
impairment and broad QRS. This is particularly intriguing as the ATTR-T60A group had the

greatest proportion of patients of any group with a broad QRS, in contrast to the ATTR-V1221
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group which had the smallest proportion of patients with a broad QRS. Despite apparently
having more advanced conduction disease, the ATTR-T60A group had a higher LVEF and
trend to better survival compared to the ATTR-V122I group. This finding may suggest that
survival in these two ATTR-m amyloidosis groups is determined by a different underlying
pathological process as a result of their different genotypes.

Follow-up ECG data in this study highlight the importance of monitoring to detect the
development of atrial arrhythmias and/or the progression of conduction system disease (50% of
the ATTR-T60A group with a normal QRS duration at baseline had progressed to broad QRS).
Of those requiring pacemakers during follow-up, the majority of patients in the ATTR-wt
and ATTR-V122I groups were in sinus rhythm, with 1st degree AV block and a normal QRS
duration at diagnosis. This poses a particular management challenge as predicting the need for
pacemaker implantation in this situation is difficult. This finding may be different compared to
the ATTR-T60A group where all three patients were in sinus rhythm with 1st degree AV block
and two of the three patients had a broad QRS complex at diagnosis with LBBB morphology.
These data not only suggest that there are significant ECG abnormalities present at diagnosis
but that there are significant differences between the different types of ATTR cardiac
amyloidosis. This has important implications and suggests that the different types of ATTR
cardiac amyloidosis should not be grouped together when it comes to describing natural history
and designing clinical trials. However, it must be borne in mind that while this is the largest
direct comparison of ECG findings in the different types of ATTR amyloidosis the numbers

described are still relatively small.
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Chapter 4

Prognostic Markers in Cardiac Transthyretin
Amyloidosis: A comparative study of wild-type
and V122l-associated cardiac transthyretin

amyloidosis using multi-modality imaging

4.1 Introduction

Wild-type transthyretin is innately amyloidogenic but mutations in the TTR gene can
augment this potential. Approximately one hundred transthyretin gene mutations enhance
amyloidogenesis with varying degrees of cardiac involvement, but the most common mutation
to present with a significant cardiac phenotype is the Vall22lle (commonly known as V122I)
TTR variant in individuals of African descent. Approximately 3-4% of African Americans are
thought to be heterozygote for the V1221 allele [137]. In Caucasians, cardiac ATTR amyloidosis
is most commonly caused by ATTR-wt. ATTR-wt amyloidosis is a late-onset (typical age 70
years and over), non-hereditary disease with an overwhelmingly male preponderance, and a
predominant and often isolated cardiac phenotype typically causing heart failure symptoms and
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congestive heart failure signs.

Cardiac amyloidosis is widely considered the archetypal restrictive cardiomyopathy with
preserved systolic function, although at presentation a restrictive filling pattern is not universally
found [36]. This absence of a restrictive filling pattern may contribute to a delayed diagnosis.
Although cardiac ATTR amyloidosis remains probably much under-diagnosed, the increasing
availability of CMR imaging in the UK appears to be pivotal in the surge of referrals for
specialist assessment. CMR has a high specificity for cardiac amyloidosis with characteristic
difficulty in nulling of the myocardium and subendocardial LGE [78]. International experience
of ®"Tc DPD scintigraphy is also proving that this non-invasive technique is inexpensive
and highly sensitive for diagnosing cardiac transthyretin amyloidosis [132]. The specificity
of these tests, however, is not sufficient to be used in isolation but the combination of CMR,
echocardiography and DPD scintigraphy may lead to an increase in the diagnosis of ATTR
amyloidosis in the future.

Historically, therapeutic options have been limited with no evidence-based treatments to offer
patients with cardiac ATTR amyloidosis and this may have contributed to the diagnosis being
considered one of academic interest. Clinical characteristics and outcomes for patients with
transthyretin amyloidosis have been reported [39—41,45,46] but a comprehensive understanding
of disease progression and prognostic markers remains lacking. With novel treatments for
cardiac ATTR amyloidosis on the horizon and the likely increase in the number of cases
diagnosed in the future, a more detailed understanding of the condition and its progression
is paramount to aid clinical management and assess the potential impact of disease-modifying

treatments.
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4.2 Aims

e To describe and compare the characteristics at diagnosis of patients with cardiac ATTR-wt

and ATTR-V 122l amyloidosis using multi-modality imaging.

e To describe and compare the outcomes of patients with cardiac ATTR-wt and

ATTR-V122I amyloidosis.

e To identify clinically useful prognostic markers in cardiac ATTR-wt and ATTR-V1221

amyloidosis.

4.3 Methods

4.3.1 Study design

I conducted a retrospective observational cohort study of patients with cardiac ATTR-wt
amyloidosis and cardiac ATTR-V122I amyloidosis between March 2005 and December 2012

at the NAC, UK.

4.3.2 Patient population

Consecutive patients with a new diagnosis of cardiac ATTR-wt or ATTR-V122] amyloidosis
were included.  Patients were identified by a local database search.  All patients
had echocardiographically defined amyloid cardiomyopathy. Where possible, histological
confirmation of amyloid was obtained. Histological confirmation of amyloid deposition
was deemed to have been gained if at least one tissue sample showed: a) Congo
red staining positivity with apple-green birefringence under cross-polarized light, and
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immuno-histochemical analysis confirmed amyloid of the TTR-type; or b) if Congo red staining
positivity with apple-green birefringence under cross-polarized light in which confirmatory
immuno-histochemical staining was not possible, and there was no evidence of plasma cell
dyscrasia based on a combination of clinical history, examination, blood and urine analyses.
Patients with secondary amyloidosis were excluded. Reflecting the change in clinical practice at
our tertiary referral centre [33], patients with transthoracic echocardiography findings consistent
with cardiac amyloidosis, a supportive history and examination, were included even without
histological diagnosis if they had undergone °*”Tc DPD scintigraphy yielding a positive result
with intense cardiac uptake (consistent with Perugini grade 2 or 3) [132], or demonstrated
characteristic CMR imaging findings, providing there was no evidence of plasma cell dyscrasia.
TTR gene sequencing was performed in all patients. Patients with hereditary ATTR amyloidosis
caused by TTR mutations other than V1221 were excluded.

The initial intention of this thesis had been to describe the three most common forms of cardiac
ATTR amyloidois; cardiac ATTR-wt, ATTR-V122] and ATTR-T60A amyloidosis. Data for
patients with cardiac ATTR-T60A amyloidosis were available for Chapter 3 describing the ECG
findings, however, these patients were excluded from this imaging chapter due to lack of data.
The majority of patients with cardiac ATTR-T60A amyloidosis were assessed at the NAC at a
time when fully comprehensive echocardiographic data were not systematically recorded and

most patients did not undergo **”"Tc DPD scintigraphy or CMR imaging.

4.3.3 Data collection

Demographic and other relevant clinical, serological, 12 lead ECG and transthoracic
echocardiogram data (as described in the general methods, Chapter 2) were collected in all
patients at diagnosis. Patients were re-assessed at 6 monthly intervals and follow-up data
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were collected. At our institution, the troponin assay changed to a higher sensitivity type,
in December 2012, so only results prior to this point were analysed. Electrocardiogram data
analysis was limited to the presence or absence of AF and broad QRS reflecting the key findings
from Chapter 3. Data from **"Tc DPD scintigraphy and CMR imaging are reported for scans
performed at our institution as per the techniques described in the general methods, Chapter
2. These scans were clinically indicated scans performed as part of the patient’s diagnostic
work-up and not all patients underwent these scans. For patients who died during the follow-up

period, cause of death was ascertained from death certificates held in the national registry.

4.3.4 Statistics

Continuous parametric data are expressed as mean +/- standard deviation. Continuous
non-parametric data are expressed as median (interquartile range). Categorical variables
are expressed as absolute values (percentages). Comparisons of characteristics at diagnosis
between the two groups of ATTR amyloidosis were made using independent samples T test
for parametric data, Mann Whitney U test for non-parametric data, and Pearson Chi-square
or Fisher’s exact test for proportions. A Bonferroni-type correction was used to account for
multiple testing: a P value of less than 0.01 was considered to be significant for comparisons
between the groups at baseline. Changes in characteristics over time were assessed with
repeated measures analysis of variance (ANOVA); only patients who were regularly followed
for 1 year were included in this analysis and serum levels of NT-proBNP were log transformed
for this analysis. A P value of less than 0.01 was considered to be significant in the repeated
measures ANOVA in view of multiple testing.

Survival curves were constructed according to the Kaplan-Meier method and compared by the
log rank test. Predictors of survival were identified in univariate, then multivariate analyses
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using the Cox proportional hazards model. A P value of less than 0.05 was considered
significant in the Cox proportional hazards models. Separate multivariate models for the
two cardiac ATTR groups were constructed. Interactions between variables were sought in
multivariate analysis, and only variables that were not collinearly associated were included in
the final multivariate models. In all survival analyses, follow-up data were censored on Ist
January 2014, and for patients who declined follow-up the censor date was taken as the date of

last contact.

4.4 Results

The study population comprised 293 consecutive patients with cardiac transthyretin
amyloidosis; 206 patients with ATTR-wt amyloidosis and 87 with ATTR-V 1221 amyloidosis.
Confirmatory histology was available in 136 (66%) of the ATTR-wt amyloidosis group and in
54 (62%) of the ATTR-V 1221 group. Of these, 57% and 56% respectively were attained from

endomyocardial biopsy.

4.4.1 Patient demographics and characteristics at diagnosis

Patient demographics

Patient demographics are displayed in Table 4.1. The ATTR-V122I group were younger than
the ATTR-wt group (75.3+/-5.8 years vs. 77.34/-6.2 years, P=0.008). The majority of patients
studied were male. In the ATTR-V 1221 group 21% (n=18) were female compared to 7% (n=15)
in the ATTR-wt group (P=0.002). In the ATTR-wt group, 94% were Caucasian compared with
7% of the ATTR-V122I group. In the ATTR-V 1221 group 87% were black and 5% were of
mixed ethnic origin. The vast majority of Caucasian patients in the wild-type group were of
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English origin. The majority of patients in the ATTR-V122I group described themselves to be

of West-Indian origin and a smaller proportion of African origin.

Patient characteristics

Patient characteristics at diagnosis are displayed in Table 4.2. Patients in both groups had
symptoms for more than 12 months prior to diagnosis. There was a significant difference in the
mode of presentation before diagnosis; with the majority of patients in the ATTR-V122I group
diagnosed following an emergency admission to hospital while patients with ATTR-wt were
predominantly diagnosed during outpatient investigations (P<<0.001). A history of hypertension
was more common in the ATTR-V122I group (53% vs. 31%; P<0.001), and ischaemic heart
disease more common in the ATTR-wt group (24% vs. 5%; P<0.001). At diagnosis, systolic
blood pressure was lower and more patients were receiving diuretic therapy in the ATTR-V 1221
group. Serum troponin T was greater in the ATTR-V122I group, however NT-proBNP was

similar in the groups, as were the proportions of patients in the different NYHA classes.

Possible markers of nutritional status (body mass index (BMI) and serum albumin) were similar
in the two groups, although interestingly, there was a significant difference in haemoglobin
concentration which may reflect the differing racial make-up of the two groups. Renal function
assessment by race-corrected eGFR was similar in both groups.

AF was common to both groups but more prevalent in the ATTR-wt group at diagnosis [126
(61%) vs. 29 (33%); P<0.001] with increasing prevalence in both groups during follow-up
[133 (65%) vs. 42 (48%); P=0.013). A broad QRS (as in Chapter 3) had a greater prevalence
in the ATTR-wt group (P=0.003). By the study conclusion, pacemaker implantation had been
performed in 42 (20%) of the ATTR-wt group and 12 (14%) of the ATTR-V1221I group in
comparison with 25 (12%) and 7 (8%) respectively at diagnosis.
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Patient demographics

ATTR-wt
n=206

ATTR-V1221
n=87

Age (years)

77.346.2

75.3£5.8

0.008

Gender (% male)

191 (93)

69 (79)

0.002

Ethnic origin
Caucasian:

England
Scotland
Ireland

Wales
Hungary

Italy
Austria/Czech Rep.
Sweden
Switzerland
Australia
Greece/Cyprus
Spain
Germany

Black:

African
Nigeria
Gambia
Ghana
Sierra Leone
Guyana
Mauritius
Unknown

West-Indian
Jamaica
Trinidad
Monseratt
Barbados
St Lucia
St Kitts
Unknown

Mixed:
Jamaica/England
Jamaica/Scotland
India/Guyana

Asian:

India
Pakistan

194 (94)

1

N

DO = et et et ek N = = OO0 = ]

10(5)

2(1)

6(7)

76(87)

p— (N

23

NN oo —

—_
O

4(5)

[

1(1)

<0.001

Table 4.1: Patient demographics at diagnosis. Data are presented as mean+/-SD for parametric
variables, or as number (% of group). A P value < 0.01 was considered statistically significant.
ATTR-V122I, Amyloidosis associated with the V1221 transthyretin variant; ATTR-wt, Wild-type
transthyretin amyloidosis.
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Patient characteristics ATTR-wt ATTR-V1221 P
n=206 n=87
Disease presentation
Duration of symptoms before 12.6 (0.4, 157.8) 14.9 (1.2, 123.0) 0.123
diagnosis (months)
Emergency presentation 69 (33%) 52 (60%) <0.001
Outpatient presentation 137 (67%) 35 (40%)
Co-morbidities
Hypertension 64 (31) 46 (53) <0.001
Diabetes mellitus 19 (9) 13 (15) 0.142
Cerebrovascular disease 24 (12) 7(8) 0.359
Ischaemic heart disease 49 (24) 405 <0.001
Cardiac failure medications
ACEi/ARB 133 (65) 65 (75) 0.102
Diuretic/Aldosterone 160 (78) 80 (92) 0.003
antagonist
Beta-blocker 92 (45) 51 (59) 0.031
Other anti-arrhythmics
Digoxin 21 (10) 7(8)
Amiodarone 14 (7) 0
Systolic BP (mmHg) 122+20 115+17 0.002
Diastolic BP (mmHg) 73+11 72+12 0.311
BMI 26.9+3.9 25.9+4.2 0.090
NYHA Class 0.284
I 23 (11) 4(5)
I 142 (69) 63 (72)
I 36 (17) 18 (21)
v 52 2(2)
Hb (g/L) 136+17 127£15 <0.001
eGFR corrected for race (ml/min) 56+21 61+19 0.025
Bilirubin (umol/L) 17£10 20+12 0.095
Albumin (g/L) 44+4 42+4 0.010
NT-proBNP (pg/ml) 3119 (1985, 5892) 3687 (2136, 5954) 0.420
Trop T (ng/L) 0.06 (0.02,0.31) 0.08 (0.03,0.4) 0.006
Atrial fibrillation 126 (61) 29 (33) <0.001
Broad QRS (QRS2120ms) 66 (32) 14 (16) 0.003
Pacemaker 25 (12) 7(8) 0.311

Table 4.2: Patient characteristics at diagnosis. Data are presented as mean+/-SD for parametric variables,
as number (% of group), or as presented as median (interquartile range).
0.01 was considered statistically significant. ACEi, Angiotensin Converting Enzyme inhibitor; ARB,
Angiotensin II Receptor Blocker; ATTR-V 1221, Amyloidosis associated with the V122I transthyretin
variant; ATTR-wt, Wild-type transthyretin amyloidosis; BMI, body mass index; BP, blood pressure;
eGFR, estimated glomerular filtration rate; Hb, haemoglobin; NT-proBNP, N-terminal-pro B-type

Natiuretic Peptide; NYHA, New York Heart Association; TropT, Troponin T.
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4.4.2 Multi-modality cardiac assessment

A summary of the results of the multi-modality imaging is displayed in Table 4.3. Transthoracic
echocardiography revealed that the majority of the measures of left ventricular systolic function
(LVEF, global longitudinal strain, mitral annular plane systolic excursion (MAPSE), S’ tissue
Doppler imaging (TDI) and fractional shortening), were significantly worse in the ATTR-V 1221
group at diagnosis despite similar degrees of wall thickness and LV mass. Right ventricular
systolic function as assessed by tricuspid annular plane systolic excursion (TAPSE) and tissue
Doppler was reduced similarly in both groups. There was evidence for greater diastolic
dysfunction (isovolumic relaxation time (IVRT) and mitral valve deceleration time (MV Dec
Time)) in the ATTR-V122I group and a restrictive filling pattern (E/A >2) was found more
commonly in the ATTR-V122I group (62% vs. 35%; P<0.001). This may have been
confounded by the greater proportion of patients with AF in the ATTR-wt group making a
diagnosis of restrictive filling more challenging given the absence of an A wave in the mitral
inflow pattern. Left atrium (LA) diameter was greater in the ATTR-wt group but LA size by
area was the same in both groups.

9mTc DPD scintigraphy was performed in 129 (63%) patients in the ATTR-wt group and
46 (53%) patients in the ATTR-V122I amyloidosis group (P=0.15). There was a significant
difference in the DPD grade between the two groups (P<0.001); DPD grade 3 occurred in a
greater proportion of patients in the ATTR-V122I group (43% vs. 11%; P<0.001) and DPD
grade 2 in a greater proportion of the ATTR-wt group (57% vs. 87%; P<0.001) with very few
patients having DPD grade 1 uptake (ATTR-V1221 0% vs. ATTR-wt 2%; P=0.567).

CMR imaging was performed at the NAC in 61 patients in the ATTR-wt group and 19 patients
in the ATTR- V1221 group. In addition to these scans performed at the NAC, some patients
had a CMR performed and reported by their local referring hospital but these scans were not
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Patient Imaging results ATTR-wt ATTR-V1221 P
n=206 n=87

Echocardiogram results
LVEF Simpson’s biplane (%) 47+11 41£10 <0.001
Global longitudinal strain (%) -11.0£3.5 -9.2+5.1 0.001
MAPSE (cm) 0.8+0.3 0.7£0.3 0.003
TAPSE (cm) 1.4+0.5 1.4+0.4 0.454
Lat S’ TDI (m/s) 0.06+0.02 0.05+0.01 0.001
Sep S’ TDI (m/s) 0.04+0.01 0.04+0.01 0.002
RV S’ TDI (m/s) 0.11+0.07 0.09+0.03 0.025
RYV wall thickness (cm) 0.7£0.2 0.7+0.2 0.339
IVSd (cm) 1.7+0.2 1.74£0.2 0.772
LVPWd (cm) 1.6+0.2 1.7+£0.2 0.596
LVIDd (cm) 4.5+0.5 4.3+0.5 0.004
LVIDs (cm) 3.4+0.6 3.4+0.6 0.917
FS (%) 24+8.2 21+£7.4 0.001
2D LA diam (cm) 4.6+0.6 4.4+0.5 0.002
LA area (cm sq) 27.94+6.0 26.4+4.7 0.035
RA area (cm sq) 26.0+7.1 25.7+6.0 0.718
E/A 2.2+1.1 2.5+0.9 0.099
Restrictive filling pattern (E/A >2) 72 (35) 54 (62) <0.001
IVRT (ms) 88+26 78+22 0.005
MV E’ 0.05+0.02 0.05+0.01 0.022
MYV DecT (ms) 188+51 169+52 0.005
E/e’ 17.0+£6.7 17.4+7.5 0.646
LV mass (g) 323486 305+69 0.087
LV mass cor. for BSA (g/m?) 109+28 10625 0.463

%mTc DPD scintigraphy n=129 n=46 <0.001
Grade 1 3(2) 0 0.567
Grade 2 112 (87) 26 (57) <0.001
Grade 3 14 (11) 20 (43) <0.001

CMR Imaging n=61 n=19
LV ejection fraction (%) 54+£13 45+14 0.016
LV mass (g) 249+64 245+65 0.874
LV mass-indexed (g/m’) 146+29 14131 0.127
ECV 0.55+0.13 0.62+0.13 0.004
Native myocardial T1 (ms) 1085+62 1087+46 0.879

Table 4.3: Patient imaging results at diagnosis.
(% of group). A P value of less than 0.01 was considered statistically significant.

Data are presented as mean+/-SD or as number
99mTC

DPD scintigraphy, *"Tc-3,3-diphosphono-1,2-propanodicarboxylic acid scintigraphy; ATTR-V 1221,
Amyloidosis associated with the V1221 transthyretin variant; ATTR-wt, Wild-type transthyretin
amyloidosis; CMR, cardiac magnetic resonance; ECV, Extra-Cellular Volume; FS, fractional shortening;
IVRT, isovolumic relaxation time; IVSd, Interventricular septal thickness in diastole; LA, left atrium;
LV, left ventricular; LVIDd, Left Ventricular Internal Dimension In diastole; LVIDs, Left Ventricular
Internal Dimension In Systole; LVPWd, Left ventricular posterior wall thickness in diastole; MAPSE,
Mitral annular plane systolic excursion; RV, right ventricular; TAPSE, tricuspid annular plane systolic
excursion; TDI, tissue Doppler imaging.
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included in these results. In total, CMR was performed in a total of 147 (71%) patients in the
ATTR-wt group, and 61 (70%) patients in the ATTR-V 122l group. CMR imaging demonstrated
a trend for a greater degree of left ventricular systolic impairment in the ATTR-V122I group
(P=0.016) and similar degrees of increased LV mass in both groups as identified by transthoracic
echocardiography. Interestingly, CMR also revealed a higher extracellular volume (ECV) in the

ATTR-V122I group despite similar T1 values in both groups.

4.4.3 Changes with time

Data were available for 136 patients reassessed at six months and twelve months following
diagnosis at the NAC; 93 patients in the ATTR-wt group and 43 patients in the ATTR-V1221
group. Repeated measures ANOVA was performed to assess for changes in characteristics over
time. The results of this are presented in Table 4.4 and Table 4.5.

Serum trop T levels were not examined in this assessment due to a large proportion of

incomparable values as a result of the assay change described previously.

There was a decline in eGFR over time in both groups. The only other parameter that changed
significantly with time was log NT-proBNP in the ATTR-V122I group. There was a trend for
an increase in log NT-proBNP in the ATTR-wt group. Selected pairwise comparisons can be

seen in Figure 4.1.

4.4.4 Survival analyses

The median duration of follow-up was 1.94 years (IQR 1.17, 2.65) (ATTR-wt 1.93 years; IQR
1.20, 2.86 and ATTR-V122I 1.96 years; IQR 1.16, 2.51). There were 79 (40%) deaths in the
ATTR-wt group and 50 (58%) deaths in the ATTR-V 1221 group (P=0.005). Overall unadjusted
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ATTR-wt n=93
Baseline 6 month 12 month P
Diastolic BP (mmHg) 74 (11) 73 (10) 71 (10) 0.421
Systolic BP (mmHg) 122 (17) 121 (15) 119 (16) 0.380
Log NT-proBNP (pg/ml) 2.52 (0.33) 2.58 (0.35) 2.60 (0.37) 0.011
eGFR (ml/min) 61 (21) 56 (20) 54 (19) <0.001
Albumin (g/L) 44 (4) 44 (3) 44 (3) 0.155
Bilirubin (umol/L) 16 (11) 18 (10) 17 (10) 0.804
NYHA Class 2.0 (0.6) 2.2 (0.6) 2.1 (0.6) 0.052
IVSd (cm) 1.7 (0.2) 1.7 (0.2) 1.7 (0.2) 0.704
LVPWd (cm) 1.6 (0.2) 1.6 (0.2) 1.7 (0.5) 0.238
LVEF (%) 48 (11) 47 (12) 48 (11) 0.087
GLS (%) -11.2 (3.6) -11.2 (3.7) -11.0 (3.7) 0.514
MAPSE (cm) 0.8 (0.3) 0.8 (0.3) 0.7 (0.3) 0.192
Lat S’ TDI (m/s) 0.06 (0.02) 0.06 (0.01) 0.05 (0.01) 0.302
Sep S’ TDI (m/s) 0.04 (0.01) 0.04 (0.01) 0.04 (0.01) 0.896
TAPSE (cm) 1.4 (0.5) 1.4 (0.5) 1.4 (0.50) 0.330
RV S’ TDI (m/s) 0.12 (0.14) 0.10 (0.03) 0.11 (0.13) 0.453
2D LA diam (cm) 4.6 (0.6) 4.6 (0.6) 4.6 (0.5) 0.763
E/A 2.2 (1.1) 2.5(1.0) 2.4 (1.3) 0.935
MY DecT (ms) 188 (62) 190 (58) 182 (40) 0.579
IVRT (ms) 87 (28) 85 (22) 88 (27) 0.655
E/e’ 16 (5) 17 (6) 18 (7) 0.031

Table 4.4: Repeated measures ANOVA for ATTR-wt group. Data are presented as mean+/-SD or as
number (% of group). A P value < 0.01 was considered statistically significant. ATTR-wt, Wild-type
transthyretin amyloidosis; BP, blood pressure; eGFR, estimated glomerular filtration rate; GLS, global
longitudinal strain; IVRT, isovolumic relaxation time; IVSd, Interventricular septal thickness in diastole;
LVEF, left ventricular ejection fraction; LVPWd, Left ventricular posterior wall thickness in diastole;
MAPSE, mitral annular plane systolic excursion; NT-proBNP, N-terminal-pro B-type Natiuretic Peptide;
NYHA, New York Heart Association; TAPSE, tricuspid annular plane systolic excursion; TDI, tissue
Doppler imaging.
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ATTR-V1221I n=43
Baseline Six month Twelve month P
Diastolic BP (mmHg) 73 (11) 74 (12) 71 (13) 0.644
Systolic BP (mmHg) 117 (18) 119 (18) 116 (19) 0.794
Log NTproBNP (pg/ml) 2.56 (0.30) 2.58 (0.37) 2.67 (0.33) 0.002
eGFR (ml/min) 63 (19) 61 (21) 52 (18) <0.001
Albumin (g/L) 43 (3) 43 4) 42 (4) 0.258
Bilirubin (umol/L) 19 (11) 23 (14) 25 (17) 0.043
NYHA Class 2.2 (0.6) 2.3 (0.8) 2.5(0.5) 0.387
IVSd (cm) 1.7 (0.2) 1.7 (0.2) 1.7 (0.2) 0.585
LVPWd (cm) 1.7 (0.2) 1.7 (0.2) 1.7 (0.2) 0.816
LVEF (%) 43 (10) 40 (11) 42 (14) 0.221
GLS (%) -10.3 (3.3) -9.9 (3.6) 9.4 (3.1) 0.221
MAPSE (cm) 0.7 (0.2) 0.7 (0.3) 0.6 (0.2) 0.545
Lat S’ TDI (m/s) 0.05 (0.01) 0.05 (0.01) 0.05 (0.01) 0.400
Sep S’ TDI (m/s) 0.04 (0.01) 0.04 (0.01) 0.04 (0.01) 0.559
TAPSE (cm) 1.4 (0.4) 1.3(04) 1.3 (0.5) 0.123
RV S’TDI (m/s) 0.10 (0.03) 0.09 (0.03) 0.09 (0.03) 0.073
2D LA diam (cm) 4.3 (0.5) 4.4 (0.5) 4.4 (0.5) 0.771
E/A 2.3(0.8) 2.5 (0.8) 2.5(0.8) 0.570
MYV DecT (ms) 170 (47) 170 (43) 172 (53) 0.916
IVRT (ms) 79 (22) 80 (24) 82 (19) 0.909
E/e’ 18 (9) 17 (5) 17 (5) 0.459

Table 4.5: Repeated measures ANOVA for ATTR-V122I group. Data are presented as mean+/-SD
or as number (% of group). A P value of less than 0.01 was considered statistically significant.
ATTR-V122I, Amyloidosis associated with the V122I transthyretin variant; BP, blood pressure; eGFR,
estimated glomerular filtration rate; GLS, global longitudinal strain; IVRT, isovolumic relaxation time;
IVSd, Interventricular septal thickness in diastole; LVEF, left ventricular ejection fraction; LVPWd,
Left ventricular posterior wall thickness in diastole; MAPSE, mitral annular plane systolic excursion;
NT-proBNP, N-terminal-pro B-type Natiuretic Peptide; NYHA, New York Heart Association; TAPSE,
tricuspid annular plane systolic excursion; TDI, tissue Doppler imaging.
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Figure 4.1: Pairwise comparisons of covariates that change with time over 12 months. Time O is baseline
data at diagnosis. * A P value < 0.01 was considered statistically significant. ATTR-V122I, Amyloidosis
associated with the V122I transthyretin variant; ATTR-wt, Wild-type transthyretin amyloidosis; eGFR,
estimated glomerular filtration rate; NT-proBNP, N-terminal-pro B-type Natiuretic Peptide.
measured in ml/min, NT-proBNP measured in pg/ml.

median survival for ATTR-wt group was 3.3 years (95% CI 2.9-3.8) and in ATTR-V122] 2.4

years (95% CI 2.2-2.7), log rank P=0.004 (Figure 4.2).

Univariate survival analyses of clinically relevant baseline characteristics and echocardiogram
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Figure 4.2: Overall (unadjusted) survival is superior in the ATTR-wt group compared to the
ATTR-V1221 group. ATTR-V122I, Amyloidosis associated with the V122I transthyretin variant;
ATTR-wt, Wild-type transthyretin amyloidosis.

results are shown in Table 4.6. CMR and DPD data were not included because this would limit
the number of patients that could be included in this analysis as a limited number of patients
underwent these investigations. These analyses combine both ATTR groups but investigates the

effect of TTR type by including it as a variable in the analyses.

All variables were considered as continuous variables except NYHA and NT-proBNP.
NT-proBNP was considered as a categorical variable in univariate analysis with a grouping
value for two categories of less than or equal to 4400pg/ml (n=118; 64% of patients), or greater
than 4400 pg/ml (n=105; 36% of patients). An NT-proBNP cut-off of 4400pg/ml was calculated
using receiver operator curve analysis. Univariate factors that were related to survival at a
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Univariate Analysis Multivariate Analysis
HR (95% CI) P HR (95% CI) P value

ATTR type ? 1.7 (1.2-24) 0.004

NYHA " <0.001 0.001
NYHA II 4.9 (1.5-15.7) 0.007 3.6 (1.1-11.7) 0.031
gzgi }{} 13.6 (4.1-44.4) <0.001 | 5.7 (1.7-19.1) 0.005

61.9 (14.4-266.8) <0.001 23.4 (4.4-125.9)

Hypertension 0.9 (0.6-1.3) 0.653

Diabetes Mellitus 0.8 (0.4-1.5) 0.475

Ischaemic heart disease 1.1 (0.7-1.8) 0.563

Cerebrovascular disease | 0.8 (0.4-1.4) 0.376

Atrial fibrillation 1.2 (0.8-1.6) 0.539

NTproBNP>4400pg/ml ¢ | 3.0 (2.1-4.3) <0.001 1.9 (1.2-3.0) 0.006
LVEF by Simpson’s 0.958 (0.940-0.975) <0.001 0.969 (0.949-.0991) 0.005
Biplane (%)

Systolic BP (mmHg) 0.971 (0.959-0.983) <0.001 0.980 (0.966-0.995) 0.008
eGFR (ml/min) 0.978 (0.968-0.987) <0.001

Age (years) 1.068 (1.035-1.102) <0.001 1.083 (1.041-1.127) <0.001
Bilirubin (umol/L) 1.029 (1.014-1.045) <0.001 1.024 (1.005-1.044) 0.012
GLS (%) 1.113 (1.051-1.178) <0.001

Albumin (g/L) 0.935 (0.894-0.978) 0.004

TAPSE (cm) 0.538 (0.354-0.818) 0.004

Broad QRS ¢ 1.670 (1.134-2.459) 0.009

Hb (g/dL) 0.870 (0.778-0.973) 0.015

BMI 0.962 (0.916-1.010) 0.122

MAPSE (cm) 0.588 (0.299-1.154) 0.123

IVRT (ms) 0.998 (0.990-1.005) 0.525

LVIDd (cm) 1.110 (0.792-1.555) 0.544

Gender ¢ 1.094 (0.646-1.851) 0.738

E/e’ 1.003 (0.982-1.025) 0.781

IVSd (cm) 1.109 (0.506-2.432) 0.796

LVPWd (cm) 1.064 (0.467-2.426) 0.882

MYVDecTime (ms) 1.000 (0.997-1.003) 0.909

Table 4.6: Univariate and multivariate survival analyses of baseline characteristics and echocardiogram
results. a Reference group is ATTR-wt, b Reference category is NYHA I, ¢ Reference category is
<4400pg/ml, d Reference category is narrow QRS (<120ms), e Reference category is female. ATTR,
Amyloid transthyretin; BMI, body mass index; BP, blood pressure; CI, confidence interval; eGFR,
estimated glomerular filtration rate; GLS, global longitudinal strain; Hb, haemoglobin; HR, hazard
ratio; IVRT, isovolumic relaxation time; IVSd, Interventricular septal thickness in diastole; LVEF,
Left Ventricular Ejection Fraction; LVIDd,left ventricular internal dimension in diastole; LVPWd,
Left ventricular posterior wall thickness in diastole; MAPSE, mitral annular plane systolic excursion;
NT-proBNP, N-terminal-pro B-type Natiuretic Peptide; NYHA, New York Heart Association; TAPSE,
tricuspid annular plane systolic excursion.
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significance level of less than 0.005 were considered in multivariate modelling. This strict
cut-off was used to ensure that there were at least ten events for each co-variate used in the
multivariate model. The result of the best multivariate model is displayed in Table 4.6.
Baseline patient factors independently related to survival in the multi-variate model were
NYHA class, NT-proBNP greater than 4400pg/ml, LVEF, systolic blood pressure, age, and
serum bilirubin level. NYHA functional class II was associated with 3.6 fold worse survival
compared with NYHA 1. Similarly for NYHA classes III and 1V, these were associated with
5.7 and 23.7 fold worse survival respectively compared to NYHA class I (although notably the
confidence interval for NYHA IV compared with NYHA I was broad in view of small numbers
in these groups). An NT-proBNP value of >4400pg/ml was associated with 1.9 fold worse
survival. An increase in LVEF by 1% was associated with 0.97 fold risk of death, implying
that a 5% increase in LVEF would be associated with a 15% better survival. An increase in
systolic blood pressure of ImmHg was associated with a 0.98 fold risk of death suggesting that
a SmmHg higher systolic blood pressure is associated with 10% better survival. An increase
in age by 1 year was associated with a 1.1 fold poorer survival. A 1 unit increase in serum
bilirubin was associated with a 1.02 fold poorer survival.

In the multivariate model displayed in Table 4.6, TTR type was not predictive of survival and
this is displayed in the survival curves adjusted for the other co-variates in the model (Figure

4.3).

In view of the imbalance in group sizes (ATTR-wt n=206, vs. ATTRV122I n=87) contributing
to the multivariable model, a sensitivity analysis for the model was performed. The two ATTR
types were separately assessed to investigate whether the model remained applicable for both
groups. Table 4.7 shows this for the ATTR-wt group and Table 4.8 shows this for the V1221
group.
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Multivariate Analysis

HR (95% CI) P
NYHA ® 0.005
NYHA (2) 3.701 (0.867-15.798) 0.077
ggi 8; 7.336 (1.566-34.363) 0.011

22.462 (2.786-181.104) 0.003
NTproBNP>4400pg/ml ¢ 2.102 (1.159-3.812) 0.015
LVEF (%) 0.951 (0.925-0.978) <0.001
Systolic BP (mmHg) 0.983 (0.966-1.001) 0.059
Age (years) 1.076 (1.019-1.136) 0.008
Bilirubin (umol/L) 1.019 (0.994-1.044) 0.148

Table 4.7: Multivariate survival model of baseline characteristics for the ATTR-wt group with the same
co-variates as in main multivariate model. b Reference category is NYHA 1. ¢ Reference category is
<4400pg/ml. BP, blood pressure; CI, confidence interval; HR, hazard ratio; LVEF, Left Ventricular
Ejection Fraction; NT-proBNP, N-terminal-pro B-type Natiuretic Peptide; NYHA, New York Heart

Association.
Multivariate Analysis

HR (95% CI) P
NYHA ® 0.442
NYHA (2) 2.119 (0.268-16.731) 0.476
gg{'ﬁ: gg 2.134 (0.258-17.637) 0.482

12.877 (0.570-290.88) 0.108
NTproBNP>4400pg/ml © 1.842 (0.736-4.610) 0.192
LVEF (%) 1.013 (0.972-1.055) 0.550
Systolic BP (mmHg) 0.972 (0.944-1.001) 0.055
Age (years) 1.091 (1.009-1.179) 0.029
Bilirubin (nmol/L) 1.052 (1.014-1.092) 0.07

Table 4.8: Multivariate survival model of baseline characteristics for the ATTR-V122I group with the
same co-variates as in main multivariate model. b Reference category is NYHA I. c Reference category
is <4400pg/ml. BP, blood pressure; CI, confidence interval; HR, hazard ratio; LVEF, Left Ventricular
Ejection Fraction; NT-proBNP, N-terminal-pro B-type Natiuretic Peptide; NYHA, New York Heart

Association.
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Figure 4.3: Survival curves for ATTR-wt and ATTR-V 1221 amyloidosis adjusted for age, NYHA class,
left ventricular ejection fraction, N-terminal-pro B-type Natiuretic Peptide, systolic blood pressure, and
serum bilirubin. ATTR-V122I, Amyloidosis associated with the V122I transthyretin variant; ATTR-wt,
Wild-type transthyretin amyloidosis.

Since the independent predictors of survival that were significant in the multivariable model
did not appear as suitable for either ATTR-wt or ATTR-V122I when considered separately,
new models were developed separately for the two ATTR types. Table 4.9 shows this for the
ATTR-wt group and Table 4.10 shows this for the ATTR-V122I group.

The best multi-variable model for the ATTR-wt group was one in which all the original variables
remained except systolic blood pressure. The best multi-variable model for the ATTR-V 1221
group only included systolic blood pressure and serum bilirubin with all others variables

removed (NYHA, NT-proBNP, age, LVEF).

Cause of death

The cause of death for patients who died during the follow-up period were obtained from death
certificate data supplied by the national registry and are summarised in Figure 4.4.
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Multivariate Analysis

HR (95% CI) P
NYHA " 0.004
NYHA (2) 4.205 (0.986-17.931) 0.052
E}(gi% 7717 (1.663-35.813) 0.009

27.898 (3.480-223.636) 0.002
NTproBNP>4400pg/ml © 2.022 (1.138-3.593) 0.016
LVEF (%) 0.952 (0.927-0.979) <0.001
Age (years) 1.080 (1.025-1.138) 0.004
Bilirubin (umol/L) 1.024  (1.000-1.049) 0.048

Table 4.9: New multivariate survival model of baseline characteristics for ATTR-wt group. b Reference

category is NYHA I. ¢ Reference category is <4400pg/ml.

CI, confidence interval; HR, hazard

ratio; LVEF, Left Ventricular Ejection Fraction; NT-proBNP, N-terminal-pro B-type Natiuretic Peptide;
NYHA, New York Heart Association.

Multivariate Analysis
HR (95% CI) P
Systolic BP (mmHg) 0.970 (0.946-0.994) 0.015
Bilirubin (nmol/L) 1.044 (1.016-1.072) 0.002

Table 4.10: New multivariate survival model of baseline characteristics for ATTR-V122I group. BP,
blood pressure; CI, confidence interval;HR, hazard ratio.
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ATTR-V122I and ATTR-wt combined (n=91)

Old age
PE ) 1o, ESRF
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ATTR-wt (n=63)

Infection
7.1%

Vascular (inc MI)
3.6%

CVA
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Figure 4.4: Cause of death from death certificates for patients with cardiac ATTR-wt and cardiac
ATTR-V122I amyloidosis. ATTR-V122I, Amyloidosis associated with the V1221 transthyretin variant;
ATTR-wt, Wild-type transthyretin amyloidosis; CCF, congestive cardiac failure; CVA, cerebrovascular
accident; ESRF, end stage renal failure; GI, gastrointestinal; MI, myocardial infarction; PE, pulmonary

embolism.

Congestive cardiac failure or cardiac amyloidosis was the primary cause of death for
approximately two thirds (67%) all of patients who died. Separated by TTR type, cardiac
amyloidosis or congestive cardiac failure was the primary cause of death in 75% of the ATTR-wt

group and 63.5% of the ATTR-V122I group.
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4.5 Limitations

The data in this study have been gathered retrospectively from a single specialist centre in the
UK. This is likely to result in inherent selection biases in the patient population. Although the
size of the study is the largest reported to date including the range of findings from different
cardiac assessments, the size remains modest and the follow-up period was of intermediate
length. Although serum troponin T may have an important role in multi-variate modelling,
these data could not be adequately assessed in this study due to a change in assay during the

follow-up period for this study.

4.6 Discussion

The main findings from data presented in this chapter are:

1. Patients with ATTR-V122I cardiac amyloidosis present at a younger age but with a more
severe heart failure phenotype compared to those with ATTR-wt cardiac amyloidosis.

2. Patients with ATTR-V122I cardiac amyloidosis have a worse prognosis than those with
ATTR-wt cardiac amyloidosis

3. The majority of patients with ATTR-wt and ATTR-V122I cardiac amyloidosis die from
heart failure.

4. Predictors of survival in ATTR-wt and ATTR-V122I cardiac amyloidosis include parameters
related to heart failure severity.

5. Over a 12 month follow-up there was no significant progression of disease that could be

identified on cardiac imaging or biomarkers which may be relevant when planning clinical trials.

Patients with ATTR-V122I cardiac amyloidosis were younger than those with ATTR-wt
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(75.3 +/- 5.8 years vs. 77.3 +/- 6.2 years, P=0.008) and the vast majority were of African or
West Indian descent while the majority of patients with ATTR-wt cardiac amyloidosis were
Caucasian. Patients with ATTR-V122I were more likely to present as an emergency, while
those with ATTR-wt cardiac amyloidosis were more likely to be identified as an outpatient.
Potential explanations for this difference include the possibility that ATTR-V122I cardiac
amyloidosis has a more rapid onset or that ethnic differences in the populations mean healthcare
is utilised differently between the populations.

Patients with cardiac amyloidosis are often considered to have preserved systolic function,
however both groups had reduced overall left ventricular systolic function at diagnosis
by transthoracic echocardiography and CMR imaging at the time of diagnosis. Notably,
all the standard markers of left ventricular systolic function were significantly worse
in the ATTR-V122I group (LVEF, longitudinal myocardial velocity by tissue Doppler
assessment, MAPSE and GLS percentage). Furthermore, a greater proportion of patients
in the ATTR-V122I group had grade 3 DPD uptake, and ECV by CMR was also greater
in the ATTR-V122I group despite similar native myocardial T1 values. The reasons for
these findings were not investigated here but possible hypotheses include a greater amyloid
burden in ATTR-V122I or differences in the direct myocardial effect of variant and wild-type
transthyretin leading to different myocyte responses. Native T1 is a composite signal from the
interstitium and myocardial cells and thus reflects the amyloid load, fibrosis and particularly
myocardial oedema. The ECV reflects myocardial amyloid load and fibrosis. Thus similar T1
values may reflect similarities in myocardial oedema, while differences in ECV may reflect a
greater amyloid burden in patients with ATTR-V122I despite similar LV wall thickness and
mass. If this is the case, it could be as a direct consequence of the variant TTR or even that

the myocardial cell response to the variant TTR is greater cell hypertrophy triggering more
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fibrosis. A differential effect on the heart from the two types of TTR may be supported by the
fact that despite patients with ATTR-V122I having a more severe heart failure phenotype on
imaging, the prevalence of a broad QRS was significantly greater in the ATTR-wt population.
In this study, patients with inherited transthyretin amyloidosis of the ATTR-V122I type were
younger, however overall unadjusted survival was significantly worse than in the ATTR-wt
group (overall unadjusted median survival for the ATTR-wt group was 3.3 years [95% CI
2.9-3.8] and in the ATTR-V122I group 2.4 years [95% CI 2.2-2.7], log rank P=0.004). This
contrasts to the finding in Chapter 3 and is most likely to be the result of small sample size and
under-powering in the previous chapter. The median survival of each group was similar in both
chapters and there was a trend for worse surival in the ATTR-V122I group in Chapter 3 but it
did not reach statistical significance. In a multivariate model of survival there was no difference
in survival between the two TTR groups when adjusted for NYHA, NT-proBNP, age, LVEF,
systolic blood pressure, eGFR and serum bilirubin. Thus although overall survival is shorter
from diagnosis in the ATTR-V122I group this is likely to be a result of more advanced disease
features at diagnosis.

It was not possible in this study to exclude delayed presentation to medical services as a
possible contributing factor for the differences at diagnosis, although the symptom onset period
prior to presentation was similar in the two groups and does not support this hypothesis. Access
to the healthcare services is also unlikely to explain this difference, as in the UK, all citizens
are entitled to free central government funded care, but there may be cultural differences that
could contribute.

The factors independently related to survival may have been anticipated given the nature of this
condition which has a predominant heart failure phenotype. The hypothesis that outcomes in

these two groups of patients with cardiac transthyretin amyloidosis are related to the severity of
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cardiac involvement is also supported by the cause of death data which shows that the majority
of patients die from heart failure. A noteable non-cardiac predictor of survival is bilirubin. This
is in keeping with other studies that have also shown a relationship between liver function tests
and outcomes, albeit in different patient cohorts [138,139] and may reflect hepatic congestion.
There were few significant changes identified for either TTR group over twelve months
follow-up. Estimated GFR was the only parameter that significantly changed over twelve
months in both groups and may reflect increasing diuretic use, impaired renal perfusion or
simply increasing age. There were trends for increasing NT-proBNP in both groups, increasing
E/e’ in the ATTR-wt group and increasing serum bilirubin in the ATTR-V122I group. The
lack of significant change over 12 months is a particularly important finding as it highlights
the difficulty that exists in identifying a clinically useful disease marker which could serve as a
surrogate for disease severity and response to any current or future treatment options.

In this study, I identified some simple markers used in everyday clinical practice that may
aid more accurate prognostication for patients with these two forms of cardiac transthyretin
amyloidosis. This may be useful but the data presented here identify a key limitation of this
methodology. Interestingly, although one multi-variate model identified seven co-variates that
were independently related to survival when data for both groups were combined, separate
multi-variable models with fewer co-variates in each were actually more applicable when the
groups were considered separately. This may reflect the differential contribution to the model of
the two different sized populations examined. This finding is important when interpreting any
multivariate modelling for the assessment of patients with cardiac transthyretin amyloidosis if
different types of TTR are combined in to a single group. Combining groups is tempting for
statistical analyses due to the key effect of increased sample size and thus statistical power,

however in the preceding chapter (Chapter 3) and this (Chapter 4) differences amongst the TTR
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types have been clearly demonstrated in various characteristics including patient characteristics
and investigation findings. Recently, two staging systems have been proposed for patients with
cardiac ATTR amyloidosis. Grogan et al [63] studied patients with ATTR-wt amyloidosis
and multivariate predictors of survival included age, LVEF, pericardial effusion and cardiac
biomarkers. A staging system was developed using threshold values for NT-proBNP and
troponin T. These findings were similar to my own presented in this chapter but they did not
investigate prognostic markers in hereditary forms of ATTR amyloidosis. The second proposed
staging system combined patients with hereditary and wild-type ATTR amyloidosis (Gilmore et
al [140]). In this study, multivariate predictors of survival included eGFR, NT-proBNP, ECOG
performance status, systolic BP and LVEF. A staging system was created using threshold
values for NT-proBNP and eGFR. Combining the different types of ATTR amyloidosis may be
an oversimplification and limit clinical utility, particularly in light of the differences that have
been noted between the different forms of ATTR amyloidosis identified in this thesis. As an
example, for patients with stage III disease in this latter proposed staging system, the median
survival of patients with ATTR-V122I amyloidosis is almost half that in patients with ATTR-wt
[17.7 months (95% CI 11.5-22.3 months) vs. 32.7 months (95% CI 23.4-37.0 months)].

Finally, I identified cardiac disease as the main cause of death in patients with these two
types of cardiac ATTR amyloidosis. This finding was confirmed in a study published after the
undertaking of this thesis in patients with ATTR-wt cardiac amyloidosis [141] but has not been

described in patients with ATTR-V 1221 cardiac amyloidosis.

4.7 Conclusions

This study demonstrates the key similarities and differences in the baseline characteristics and
overall survival from diagnosis of the two commonest cardiac ATTR amyloidosis types. These
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results suggest that the cardiac transthyretin amyloidoses should be considered as separate
entities particularly when assessing disease progression and the impact of disease-modifying
treatments on disease trajectories. Outcomes in these two forms of cardiac ATTR amyloidosis
appear to be poorer than previous estimates. Simple clinical, biochemical and transthoracic
echocardiographic data assessed at diagnosis can provide prognostic information but larger

prospective studies are needed to confirm these findings.
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Chapter 5

Investigation of °”"Tc-3,3-diphosphono-1,2-
propanodicarboxylic acid Scintigraphy in Cardiac

Amyloidosis

5.1 Introduction

Various radioactive isotope tracers used for the purposes of bone scintigraphy demonstrate
a high sensitivity (>99%) for the detection of cardiac ATTR amyloidosis [33]. These
tests are, however, less specific than originally thought with cardiac uptake also detected in
individuals with cardiac AL amyloidosis and those with cardiac ApoA1 amyloidosis [77]. This
contradicts the earlier report of 100% accuracy for the distinction between cardiac ATTR and
AL aetiologies in the seminal study by Perugini et al. [132]. This was a small study of 25
patients with cardiac amyloidosis and 10 controls and it is now clear that approximately one
third to one half of patients with cardiac AL amyloidosis have evidence of cardiac uptake by
9mTc DPD scintigraphy [75,76]. International centres utilise different tracers, selected based
on availability and familiarity. °*"Tc DPD is used in much of Europe, except France and the
Netherlands where hydroxymethylene diphosphonate (HMDP) is used. PYP is used in the US.
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It is believed that these tracers are similarly sensitive and specific for the detection of ATTR
amyloid.

Two small studies have suggested that the Perugini grade of cardiac uptake by **”Tc DPD
scintigraphy correlates with the severity of disease in ATTR cardiac amyloidosis and is
predictive of outcomes. Rapezzi et al studied 63 patients with hereditary ATTR [30]. Forty
of these patients had cardiac involvement defined on echocardiography criteria (these were
not confirmed on EMB). Correlation was demonstrated between cardiac uptake and LV wall
thickness, LV ejection fraction. Furthermore, DPD grade was predictive of outcomes when
major adverse cardiovascular events (MACE) was used as the primary outcome. Kristen et
al. [74] studied 36 patients with ATTR-wt and " Tc DPD uptake correlated with disease
severity as assessed by MAPSE and septal thickness. Furthermore, in this study it was suggested
that DPD grade was predicitive of mortality. However, it should be noted this result was found
when patients with DPD grade 2 or 3 were combined (n=25) and compared to those with DPD
grade 1 (n=6) so this result should be interpreted with caution.

The largest study investigating the value of **"Tc DPD scintigraphy in ATTR amyloidosis
focused on its use as a prognostic tool. This study was published during the writing of this thesis
and studied 602 patients with ATTR amyloidosis (377 patients with ATTR-wt amyloidosis
and 255 patients with ATTR-m amyloidosis). There was no prognostic value of **"Tc DPD
scintigraphy in terms of survival.

There are no published data investigating the relationship between echocardiographic and
clinical findings with °*"Tc DPD scintigraphy using the Perugini grading system for the three
most common types of cardiac ATTR amyloidosis in the UK (cardiac ATTR-wt, ATTR-V1221
and ATTR-T60A amyloidosis). This would in part address the question of whether DPD grade

is related to disease severity. Furthermore, the prognostic utility of °*”Tc DPD scintigraphy in
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the assessment of individuals with cardiac AL amyloidosis has not been investigated beyond

the earliest small studies.

5.2 Aims

e To investigate the correlation between DPD grade and disease severity in cardiac ATTR

amyloidosis.

e To investigate the correlation between DPD grade and disease severity in cardiac AL

amyloidosis.

e To evaluate if DPD grade is related to prognosis in cardiac AL amyloidosis.

5.3 Methods

5.3.1 Patients

Two patient cohorts were examined in this study. The first cohort had cardiac ATTR amyloidosis
and underwent **"Tc DPD scintigraphy as part of their evaluation. The second patient cohort
had a diagnosis of cardiac AL amyloidosis and underwent **"Tc DPD scintigraphy during their
diagnostic evaluation on clinical grounds. All patients were identified from the NAC electronic

database. Demographic and clinical data were collected.

5.3.2 Investigations

All patients underwent TTR gene sequencing, transthoracic echocardiography, and **"Tc DPD
scintigraphy and 231 SAP scintigraphy as previously described in the general methods, Chapter
2. Scoring of cardiac uptake by **"Tc DPD scintigraphy was performed as per the visual scoring
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method described previously Perugini et al. for all patients. 2T labelled SAP scintigraphy
to assess whole body amyloid load, was performed in all patients on a separate visit. Blood
samples were taken for haematological and biochemical evaluations. Urine analysis for protein
and monoclonal immunoglobulin was performed.

The diagnosis of AL amyloidosis was confirmed in all cases with a tissue biopsy demonstrating
characteristic birefringence on Congo red staining. Typing of AL amyloidosis was confirmed
by immunohistochemical staining with appropriate antibodies and by exclusion of hereditary
amyloidosis by genetic sequencing where features pointed to this as a significant possibility.
Measurement of serum FLCs was carried out using the Freelite assay (The Binding site,
Birmingham, United Kingdom). Cardiac disease stage for patients with AL amyloidosis was

determined by Mayo staging (21).

5.3.3 Statistical analyses

Differences in echocardiographic, cardiac biomarkers, and functional capacity (NYHA for
patients with cardiac ATTR amyloidosis, and NYHA and ECOG for patients with cardiac AL
amyloidosis) between DPD grades were assessed with one way ANOVA tests for continuous
variables and Chi square tests for categorical variables. Independent samples T tests were
performed in pairwise comparisons for continuous variables reaching statistical significance in
the ANOVA tests. In view of multiple testing, a P value, with a Bonferroni-type correction, of
less than 0.01 was considered statistically significant. Survival analyses were performed using
the Kaplan Meier method and compared using the log rank test. An ordinal logistic regression
analysis was performed to investigate the relationship between patient characteristics and the
grade of uptake by **"Tc DPD scintigraphy.
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5.4 Results

5.4.1 Characteristics of patients with cardiac ATTR based on visual DPD

grading

Two hundred and seventy-five patients with cardiac ATTR amyloidosis were included.
Comparisons between patients with different DPD grades are displayed in Table 5.1 and Table

5.2

Pairwise comparisons of continuous variables reaching statistical significance (P<0.01) across
the DPD grades are displayed in Figure 5.1 and Figure 5.2. Pairwise comparisons of variables

trending towards statistical significance (P<0.05) are also displayed for illustrative purposes.

Patients with higher grades of uptake by *”"Tc DPD scintigraphy (grades 2 or 3 versus grade
1) were older, have greater LV wall thickness, higher LV filling pressures (E/e’), higher serum
NT-proBNP and Troponin T, and higher serum bilirubin levels. Although not reaching statistical
significance, there was a trend for patients with a higher grade of uptake to have a lower systolic
blood pressure (P=0.035), lower LVEF (P=0.024), and shorter 6MWT (P=0.035).

Visual grading of uptake by **"Tc DPD scintigraphy appeared to be related to the transthyretin
genotype; the majority of individuals with grade 2 uptake had wild-type TTR genotype and the
majority of individuals with grade 3 uptake had the V1221 genotype. Other than in the wild-type

group and ’others’, grade 1 uptake was rare.

The majority of differences in the variables was between DPD grade 1 vs DPD grade 2 and
DPD grade 1 vs DPD grade 3. There appear to be few differences in characteristics between
DPD grade 2 and DPD grade 3.

Pairwise comparisons of categorical variables reaching statistical difference between the
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DPD 1 DPD 2 DPD 3 P
n=24 n=189 n=62
n % n % n %
TTR Genotype:
WT 12 50.0% 137 72.5% 19 30.6% <0.001
V1221 1 4.2% 32 16.9% 25 40.3%
T60A 1 4.2% 16 8.5% 11 17.7%
V3i0M 2 8.3% 1.1% 0 0.0%
Others 8 33.3% 2 1.1% 7 11.3%
Gender:
Female 8 33.3% 18 9.5% 17 27.4% <0.001
Male 16 66.7% 171 90.5% 45 72.6%
NYHA:
I 5 31.2% 18 9.9% 4 7.1% 0.067
I 10 62.5% 130 71.8% 37 66.1%
I 1 6.2% 31 17.1% 15 26.8%
v 0 0.0% 2 1.1% 0 0.0%
n Mean (SD) n Mean (SD) n Mean (SD)

Age (yrs) 16 70.6 (12.1) 189 | 76.4 (6.8) 62 74.3 (8.3) 0.004
BMI 13 26.9 (3.4) 162 | 26.6 (6.1) 51 24.8 (4.3) 0.127
Systolic BP (mmHg) | 15 135.4 (22.7) 186 | 112.9 (37.0) 59 117.3 (18.0) 0.035
6MWT (m) 12 381.3 (136.9) | 70 300.1 (122.6) 27 269.2 (117.6) | 0.035

Table 5.1: TTR genotype, demographic and functional characteristics of patients with cardiac ATTR
based on visual DPD grading. A P value of less than 0.01 was considered statistically significant.
Categorical variables are presented as proportions of the DPD group, and continuous variables are
presented as mean and standard deviation. Statistical comparisons made with Chi square for categorical
variables and one way ANOVA for continuous variables. 6MWT, six minute walk test; BMI, body mass

index; BP, blood pressure; NYHA, New York Heart Association; TTR, transthyretin; WT, wild-type.
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DPD 1 DPD 2 DPD 3 P
n=24 n=189 n=62
n | Mean (SD) n Mean (SD) n | Mean (SD)

Hb (g/dl) 24 | 13.1(1.3) 189 | 134 (1.4 62 | 13.0(1.4) 0.068
eGFR (ml/min) 24 | 62.4 (24.3) 189 | 54.2 (15.9) 62 | 53.2(16.1) 0.059
Albumin (g/L) 24 | 43.8 (2.3) 189 | 42.9 3.0) 62 | 42.5(2.3) 0.126
Bilirubin (umol/L) 24 1 9.6 (44 189 | 17.7 (9.4 62 | 15.4(9.5) <0.001
Troponin T (ng/L) 19 | 0.057 (0.054) 157 | 0.085 (0.063) 40 | 0.111 (0.070) 0.008
NT-proBNP (pg/ml) 24 | 1872.9 (2222.6) | 189 | 4840.2 (4098.4) | 62 | 5106.3 (4502.6) | 0.002
Log NT- proBNP (pg/ml) | 24 | 2.8 (0.7) 189 | 3.6 (0.3) 62 | 3.6(04) <0.001
LVEF (%) 24 | 53.8 (12.1) 189 | 47.9 (11.8) 62 | 46.0 (11.6) 0.024
IVSd (mm) 15 1129@3.1) 186 | 16.8 (2.3) 58 | 17.0 (2.6) <0.001
LVPWd (mm) 15]112.1(3.2) 186 | 16.3 (2.2) 58 | 16.7 (2.5) <0.001
E/e’ 14 | 11.3 4.9) 184 | 17.1 (7.0) 551199 (8.2) <0.001

Table 5.2: Blood result and echocardiographic characteristics of patients with cardiac ATTR amyloidosis
based on visual DPD grading. A P value of less than 0.01 was considered statistically significant.
Categorical variables are presented as proportions of the DPD group, and continuous variables are
presented as mean and standard deviation (SD). Statistical comparisons made with Chi square for
categorical variables and one way ANOVA for continuous variables. eGFR, estimated glomerular
filtration rate; Hb, haemoglobin; IVSd, Interventricular septal thickness in diastole; LVEF, Left
Ventricular Ejection Fraction; LVPWd, Left ventricular posterior wall thickness in diastole; NT-proBNP,
N-terminal-pro B-type Natiuretic Peptide

different DPD grades are displayed in Figure 5.3. Gene type was different in all comparisons.
Survival curves for combined TTR genotypes, separated based on grade of DPD uptake is
illustrated in Figure 5.4. This illustrates that there was no significant difference in survival

between the different DPD grades (log rank, P=0.402) consistent with other published data [76].

54.2 DPD grade comparing wild-type and hereditary cardiac

transthyretin amyloidosis

The population of cardiac transthyretin amyloidosis was comprised of: wild-type (n=168),
V1221 (n=58), T60A (n=28), V30M (n=4) and Others (n=17). These last two groups made
up a small proportion of cases and were excluded for subsequent analyses. Comparison of the
features of the three main different TTR aetiologies can be seen in Table 5.3.

There was a significant difference in DPD grade across the TTR aetiologies (Figure 5.5). Over
80% of patients with ATTR-wt were DPD grade 2 while the hereditary TTR populations were
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WT V1221 T60A P
n=168 n=58 n=28
‘ n % ‘ n % ‘ n %

DPD Grade <0.001

1 12 7.10% 1 1.70% 1 3.60%

2 137 | 81.50% 32 | 55.20% 16 | 57.10%

3 19 | 11.30% 25 | 43.10% 1T | 39.30%
NYHA class 0.555

1 17 | 10.80% 3| 5.40% 3| 12.50%

2 113 | 72.00% 37 | 66.10% 17 | 70.80%

3 26 | 16.60% 15 | 26.80% 4| 16.70%

4 1 0.60% 1 1.80% 0.00%
Gender <0.001

Female 14 8.3% 15| 25.9% 8| 28.6%

Male 154 91.7% 43 | 74.1% 20| 71.4%

Mean (SD) Mean (SD) Mean (SD)

Age (years) 77.9 (6.3) 75.5 (6.5) 70.3 (4.4) | <0.001
IVSd (mm) 1.68 (0.26) 1.68 (0.21) 1.65 (0.28) 0.847
LVPWd (mm) 1.63 (0.24) 1.64 (0.23) 1.63 (0.31) 0.976
E/e’ 17.3 (7.6) 16.5(5.9) 20.7 (7.4) 0.059
LVEF (%) 48.7 (11.7) 41.9 (10.8) 52.0(10.4) | <0.001
Systolic BP (mmHg) 113.1 (39.5) 116.9 (17.8) 116.1 (13.3) 0.738
6MWT (m) 304.4 (132.5) 248.7 (112.9) 306.2 (101.9) 0.297
Troponin T (ng/L) 0.082 (0.050) 0.084 (0.046) 0.120 (0.127) 0.030
NTProBNP (pg/ml) 4709.4 (4392.9) 5742.3 (3507.5) 3331.3 (3025.5) 0.035
Log NT-proBNP (pg/ml) 3.52 (0.39) 3.67 (0.29) 3.35(0.44) 0.001
Bilirubin (umol/L) 16.6 (9.0) 19.9 (11.4) 13.7 (4.9) 0.010
Hb (g/dl) 13.4 (1.4) 12.8 (1.4) 13.4 (1.0) 0.010
eGFR (ml/min) 54.1(14.4) 45.0 (12.3) 64.3 (19.9) | <0.001
Serum albumin (g/L) 43.3 (2.6) 41.5(3.4) 42.7 (2.1) | <0.001

Table 5.3: Comparison of features of ATTR-wt versus ATTR-V1221 and ATTR-T60A cardiac
amyloidoses. Continuous variables are described as mean (standard deviation) and compared using a one
way ANOVA. Categorical data are presented as proportions and compared with Chi square test. 6BMWT,
six minute walk test; eGFR, estimated glomerular filtration rate; Hb, haemoglobin;IVSd, Interventricular
septal thickness in diastole; LVEF, Left Ventricular Ejection Fraction; LVPWd, Left ventricular posterior
wall thickness in diastole; NT-proBNP, N-terminal-pro B-type Natiuretic Peptide; NYHA, New York

Heart Association; WT, wild-type.
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Figure 5.1: Pairwise comparisons of continuous variables (age, serum bilirubin and cardiac biomarkers
and 6MWT) between different DPD grades in patients with ATTR amyloidosis. *indicates difference
between populations to a significance of P<0.05 ** indicates significant difference between populations
to a significance level of P<0.01. 6MWT, six minute walk test; NT-proBNP, N-terminal-pro B-type
Natiuretic Peptide.

DPD grade 2 in 55-57% of cases and DPD grade 3 in 39-48% of cases. This is despite
similarities of LV wall thickness, cardiac biomarkers and other characteristics.
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Figure 5.2: Pairwise comparisons of continuous variables (echocardiogram characteristics) between
different DPD grades in patients with ATTR amyloidosis. *indicates difference between populations to
a significance of P<(0.05. ** indicates significant difference between populations to a significance level
of P<0.01. IVSd, Interventricular septal thickness in diastole; LVEF, Left Ventricular Ejection Fraction;
LVPWd, Left ventricular posterior wall thickness in diastole.

An ordinal logistic regression analysis was performed to investigate the relationship between

patient characteristics and the grade of uptake by DPD scintigraphy (Table 5.4).

In this analysis, V1221 TTR genotype was a significant predictor of grade of uptake by **"'Tc
DPD scintigraphy. Patients with the V1221 TTR genotype were more than 5 times more likely
than patients with the wild-type TTR genotype to have a higher DPD score. Other factors that
were significantly related to increasing DPD grade were serum Troponin T and NT-proBNP
levels and E/e’, however LV septal wall thickness was not.
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Figure 5.3: Pairwise comparison of categorical variables (gender and TTR genotype) between different
DPD grades in patients with ATTR amyloidosis. **indicates statistical significance to P<0.05 for
pairwise testing by Chi square.
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Figure 5.4: Kaplan Meier survival curves by DPD grade (all TTR genotypes combined)

135



100 ATTR-wt ATTR-V1221 ATTR-T60A

Percentage
SR
T S

T

3 1 2 3 1
DPD score

Figure 5.5: DPD grade differences between types of ATTR amyloidosis. ATTR-T60A, Amyloidosis
associated with the T60A transthyretin variant; ATTR-V122I, Amyloidosis associated with the V1221
transthyretin variant; ATTR-wt, Wild-type transthyretin amyloidosis.

5.4.3 DPD grade in cardiac amyloid light chain amyloidosis

9mTc DPD scintigraphy was performed in 98 patients with cardiac AL amyloidosis. Of these,
40 patients had evidence of cardiac uptake on DPD scintigraphy and 58 patients did not. Few
patients with cardiac AL cardiac amyloidosis showed grade 2 (n=7) or grade 3 (n=2) DPD
uptake, so for this analysis DPD grades 1, 2 and 3 were combined and classified as DPD
positive. This group was compared to those with DPD grade O described as DPD negative

(see Table 5.5).

Patients who were DPD positive had higher values of serum Troponin T [0.120ug/L
(0.054-0.217) vs 0.071ug/L (0.041-0.117; P=0.007)] and NT-proBNP [8854 pg/ml
(3423-14455) vs. 3843 pg/ml (2603-7913); (P=0.008)]. There were no other significant
differences between DPD positive and DPD negative patients.

Kaplan Meier survival curves (unadjusted survival) of patients with cardiac AL amyloidosis

based on DPD positivity is displayed in Figure 5.6.

There was no significant difference in survival between patients who were DPD positive
compared to DPD negative (log rank, P=0.868).
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Estimate OR P 95% CI for estimate

Age (years) -0.044 0.96 | 0.135 -0.102-0.014
Gender (male) 0.458 1.58 | 0.386 -0.578-1.494
IVSd (mm) 0.064 1.07 | 0.419 -0.091-0.219
Trop T (ng/L) 6.022 412.40 | 0.037 0.370-11.674
Log NT -proBNP (pg/ml) 1.547 4.70 | 0.003 0.519-2.575
E/e’ 0.068 1.07 | 0.006 0.019-0.117
Bilirubin (umol/L) -0.011 0.99 | 0.551 -0.048-0.026
TTR gene type (wild-type is reference)

ATTR-V1221 1.663 5.28 | <0.001 | 0.755-2.571

ATTR-T60A 0.354 1.42 | 0.597 -0.956-1.664

ATTR-V30M -0.588 0.56 | 0.695 -3.531-2.354

Others -0.815 0.44 | 0.468 -3.019-1.388

Table 5.4: Ordinal logistic regression of predictors for DPD grade. ATTR-T60A, Amyloidosis
associated with the T60A transthyretin variant; ATTR-V122I, Amyloidosis associated with the V1221
transthyretin variant; ATTR-V30M, Amyloidosis associated with the V30M transthyretin gene mutation;
CI, confidence interval; IVSd, Interventricular septal thickness in diastole; OR, odds ratio; NT-proBNP,
N-terminal-pro B-type Natiuretic Peptide; TTR, transthyretin.
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Figure 5.6: Survival curves for patients with cardiac AL amyloidosis based on DPD positivity
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DPD Negative DPD Positive P
(n=58) (n=40)
Age (years) 71.9 (65.6-79.4) 69.8 (62.9-75.3) 0.124
Gender Male (49) 84.5% (33) 82.5% 0.502
Female 9) 15.5% (7 17.5%
IVSd (cm) 1.5 (1.3-1.6) 1.5(1.4-1.7) 0.108
LVPWd (cm) 1.5 (1.3-1.6) 1.5(1.4-1.6) 0.122
LVEF (%) 52.5 (43.8-58.0) 49.5 (44.0-58.0) 0.753
SBP (mmHg) 113.0 (101.0-128.3) 112.0 (103.5-121.0) 0.571
NT pro-BNP (pg/ml) 3843 (2603-7913) 8854 (3423-14455) 0.008
TropT (ng/L) 0.071 (0.041-0.117) 0.120 (0.054-0.217) 0.007
¢GFR (ml/min) 62.5 (46.8-100.0) 59.0 (35.3-78.0) 0.281
Bilirubin (umol/L) 10 (7-15) 13 (9-17) 0.014
Albumin (g/L) 40.0 (34.0-43.0) 39.5(34.3-43.8) 0.548
Haemoglobin (g/L) 12.7 (11.4-13.8) 12.8 (11.7-14.1) 0.477
24hr urine protein 0.59 (0.19-1.66) 0.44 (0.10-1.38) 0.360
IgA 1.15 (0.58-1.83) 1.20 (0.50-1.60) 0.688
IgG 6.65 (4.70-8.50) 7.20 (5.10-11.80) 0.215
IgM 0.40 (0.20-0.80) 0.40 (0.30-1.05) 0.211
FLC ratio 0.09 (0.04-0.27) 0.05 (0.02-5.29) 0.423
Baseline dFLC 336.90 (131.80-687.40) 406.15 (161.80-624.45) | 0.473
FLC lambda 226.00 (53.08-450.00) 218.00 (38.65-586.25) 0.948
FLC kappa 19.45 (13.05-38.28) 21.05 (8.70-109.50) 0.928
Monoclonal protein IeG (19)33.3% (12) 30.0% 0.320
type IgA (7 12.3% (1)2.5%
IgM (5)8.8% (4) 10.0%
Light chain only (26)45.6% (23) 57.5%
Involved light chain Kappa (11) 19.3% (10) 25.0% 0.355
Lamda (46) 80.7% (30) 75.0%
BJP class Unknown (2) 3.4% (3) 7.5% 0.179
Kappa (5) 8.6% (9) 22.5%
Lambda (34) 58.6% (19) 47.5%
None (17) 29.3% (9) 22.5%
Amyloid load by SAP None (37) 66.1% (28) 70.0% 0.699
scintigraphy Small 3) 5.4% (4) 10.0%
Moderate (10) 17.9% (5)12.5%
Large (6) 10.7% (3) 7.5%
Mayo stage 1 (2) 3.6% (0) 0.0% 0.446
2 (8) 14.5% (5) 12.5%
3 (45) 81.8% (35) 87.5%
NYHA class 1 4 7.3% (1)2.7% 0.672
2 (34) 61.8% (21) 56.8%
3 (16) 29.1% (14) 37.8%
4 (1) 1.8% 1) 2.7%
ECOG 0 (12) 20.7% (11)27.5% 0.674
1 (19) 32.8% (11)27.5%
2 (20) 34.5% 11) 27.5%
3 (N 12.1% (7)17.5%

Table 5.5: Comparison in patients with cardiac amyloid light chain amyloidosis between those who
are DPD negative (DPD grade 0) vs. DPD positive. A P value of <0.01 was considered statistically
significant. Continuous variables are presented as median (IQR) and compared using Mann Whitney
U tests. Categorical variables are presented as (n) % of group and compared using Chi square tests.
BJC, Bence Jones Protein; dFLC, difference between involved and uninvolved free light chains; ECOG,
Eastern Cooperative Oncology Group; eGFR, estimated glomerular filtration rate; FLC, free light chain;
Ig, immunoglobulin; IVSd, Interventricular septal thickness in diastole; LVEF, Left Ventricular Ejection
Fraction; LVPWd, Left ventricular posterior wall thickness in diastole; NT-proBNP, N-terminal-pro
B-type Natiuretic Peptide; NYHA, New York Heat3&ssociation; SBP, systolic blood pressure.



5.5 Limitations

It should be noted that the finding of grade 1 DPD uptake was uncommon and so the sample size
on which to base these findings was small. It was not possible to use an alternative quantitative
methodology for describing DPD uptake as no such method has been validated. In the studies
in patients with cardiac AL amyloidosis, no details were gathered related to chemotherapy
regimens which may have been related to overall survival. However, in general standard best

practice regimens are advised by the NAC to local treating physicians.

5.6 Discussion

The main findings from data presented in this chapter are:

1. Higher grade DPD uptake (>2) in patients with ATTR cardiac amyloidosis is associated
with features suggestive of a more severe cardiac phenotype.

2. DPD grade in patients with AL cardiac amyloidosis is only weakly associated with a more
severe cardiac phenotype.

3. DPD grade is not predictive of prognosis in either ATTR or AL cardiac amyloidosis.

In patients with ATTR cardiac amyloidosis a higher grade of DPD uptake was associated with
a more severe cardiac phenotype. This is reflected in a greater NT-proBNP, troponin, IVSd,
LVPWd and E/e’ to a significance value of <0.01. To a lesser significance value of < 0.05
patients with a higher DPD grade also had a lower LVEF, systolic BP and shorter distance on
the 6MWT. These differences between the DPD grades was predominantly due to differences

139



between DPD grade 1 and DPD grade 2 or DPD grade 1 and DPD grade 3. There was very little
difference between DPD grades 2 and 3. This is particularly relevant because only the minority
of patients are in DPD grade 1. In this study, only 24 out of 275 patients were DPD grade 1
and in the largest study of this kind only 5% of patients were DPD grade 1 [76]. As such, this
limits the usefulness of this test in the assessment of cardiac disease severity. Refinement of
the technique to create more grades could improve the ability of the test to detect differences in
cardiac severity. Alternatively, it may be that patients referred to the NAC already have more
advanced disease and if more screening was applied then more mild presentations may be
identified which could increase the proportion of patients in DPD grade 1. However, it seems
unlikely that DPD scintigraphy would ever add value in terms of predicting severity of cardiac
phenotype given all the other modalities available to assess cardiac involvement. These data
do, however, support the idea that whatever the mechanism of DPD uptake in the heart is, that
it is related to the amount of amyloid in the heart.

DPD grade may be affected by TTR type with ATTR-V122I being more likely to have a higher
DPD grade than wild-type even in an ordinal regression that corrects for other measures of
the more severe cardiac phenotype in ATTR-V1221. This is not a clinically useful finding as
genetic testing can distinguish between the different types of ATTR amyloidosis but the fact
that TTR genotype is related to the DPD grade of uptake could be interpreted as supporting the
hypothesis that the mechanism by which amyloid deposition is demonstrated by scintigraphy
is directly linked to amyloid composition [142].

Although the cohort of patients with cardiac AL amyloidosis in this study was a sizable,
only a small number with higher grades of uptake (2 and 3) were identified; this necessitated
combining groups for meaningful statistical analyses into those who were DPD positive

compared to DPD negative. Patients who were DPD positive had higher NT-proBNP and
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troponin T but there was no difference in other measures of cardiac involvement.

DPD grade is not predictive of prognosis in either ATTR or AL cardiac amyloidosis. This is
consistent with a large study in ATTR cardiac amyloidosis [76] but is the first time this has
been studied in AL cardiac amyloidosis. It may be expected that if a higher DPD grade is
associated with a more severe cardiac phenotype and it is the cardac phenotype that leads to
death in this population, that the higher DPD grade would also be associated with a worse
prognosis. However, this is not the case in this study nor in the largest study investigating this.
The initial study that suggested DPD grade was predictive of mortality, did so by comparing
6 patients who were DPD grade 1 to 19 patients who were grade 2 or 3 [74]. Not only is this
a small study, combining DPD grades 2 and 3 in this study has shown that there may be a
better survival in patients with DPD grade 1, nevertheless, this is a very small population (only
5% of patients in the largest study were in DPD grade 1 [76]). Patients may present late to
the NAC and it may be with screening for the disease that more mild DPD grade 1 cases may
be identified, but it seems unlikely that DPD scintigraphy will ever add value to the existing

prognostic markers. It continues to be useful as a diagnostic tool.

5.7 Conclusions

Visual scoring of uptake in **"Tc DPD scintigraphy described with the Perugini scoring system
appears to correlate with disease severity in UK patients with cardiac ATTR amyloidosis but
does not appear to be a useful prognostic tool. A significant limitation is the small number of
symptomatic patients with grade 1 uptake. The grade of DPD uptake for some cardiac ATTR
types may be related to TTR genotype but this requires further investigation in a larger group
of patients. Cardiac uptake by **"Tc DPD scintigraphy in cardiac AL amyloidosis is related
to higher serum cardiac biomarker levels (Trop T and NT-proBNP) but does not appear to be a
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useful prognostic tool.
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Chapter 6

A Real World Study of the Safety
and Tolerability of Diflunisal for Cardiac
Transthyretin Amyloidosis and Investigation

of Disease-maodifying Effect

6.1 Introduction

Diflunisal is a NSAID; a salicylate derivative and non-selective cyclo-oxygenase inhibitor with
along half-life. In vivo studies have found that diflunisal, stabilises the TTR tetramer which may
prevent mis-folding monomers from forming amyloid deposits in the heart [120]. In a recent
phase 3 clinical trial of patients with FAP reported by Berk et.al. [121], the authors suggest
that diflunisal is a well-tolerated treatment conferring some benefit in slowing polyneuropathy.
However, diflunisal was discontinued by a significant number of patients and most patients had
minimal cardiac involvement at enrolment. Furthermore, disease progression was reported as
the main reason for discontinuation which raises concerns about both efficacy and tolerability
of diflunisal.

143



It is conceivable that patients with cardiac ATTR amyloidosis tolerate difflunisal differently
compared to patients with FAP. As an NSAID it poses an obvious potential problem in patients
with heart failure in whom the general advice is avoidance of NSAIDs due to associated fluid
retention and risks to renal function. In one small single-arm open-label study in 2012 of 12
patients with cardiac ATTR amyloidosis diflunisal was reported to be reasonably well-tolerated
accepting some renal decline at 1 year follow-up [122]. Thus, although diflunisal may benefit
early stage neuropathy in FAP, there is currently no strong evidence of benefit in ATTR
cardiomyopathy.

At the NAC, highly selected patients (in view of the risk of adverse events) with a diagnosis of
cardiac ATTR amyloidosis were offered difunisal on compassionate use grounds in view of the

limited therapeutic options.

6.2 Aims

e To assess the safety and tolerability of diflunisal in patients with cardiac ATTR

amyloidosis.

e To investigate if treatment with diflunisal in cardiac ATTR amyloidosis has a
disease-modifying effect by assessment of impact on patient characteristics and

investigations findings.

6.3 Methods

I conducted a retrospective, observational cohort study to assess the safety and tolerability
of diflunisal, followed by a retrospective matched cohort study to investigate for possible
disease-modifying effect of diflunisal. All patients who had been treated with diflunisal were
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identified from pharmacy dispensing records from the Royal Free Hospital from 2009 to 2014.
Transthyretin gene sequencing was performed in all patients. Only patients with transthyretin
amyloid cardiomyopathy (ATTR-wt, ATTR-V122I or ATTR-T60A) were included. Medical
records were reviewed to establish treatment duration and to record other relevant clinical
information for each patient. All patients treated with diflunisal underwent detailed evaluation
at 6 monthly intervals or as clinically indicated with clinical, haematological, biochemical,
and echocardiographic assessment. Data pertaining to the assessment of safety and tolerability
for patients treated with diflunisal, were gathered from the documented clinical assessment on
retrospective review of the medical records.

All patients offered treatment with diflunsal were advised about the possible risks and benefits of
the treatment during a clinical consultation and were agreeable to commencing treatment. All
patients in the diflunisal group were prescribed 250mg oral diflunisal to be taken twice daily
with food. All patients were co-prescribed a proton pump inhibitor if not taking this already.
Reason for discontinuation was recorded in all patients, as was the duration of treatment.

To investigate for potential disease modifying effects, patients who were treated with diflunisal
and continued treatment for 12 (+/- 2 months), designated the "diflunisal’ group, were compared
to patients assessed over the same time period who were not treated with diflunisal, designated
the 'not treated’ group. Only patients in whom baseline and 12 month data (+/- 2 months)
were available were included in this analysis. Following the preliminary analysis, frequency
matching was performed between the 'not treated’ group and the ’diflunisal’ group to control for
possible confounding baseline differences and factors related to prognosis that were identified
in the previous investigations in this thesis. Patients with cardiac ATTR amyloidosis treated
with oral diflunsal were matched with a patients in the in the ’not treated’ group for age, gender,

systolic blood pressure, LVEF, eGFR, LV wall thickness, NYHA class, serum NT-proBNP
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and bilirubin levels. This established two groups for comparison (’control’ and ’diflunisal’).

Baseline and 12 month (+/- 2 months) follow-up data were analysed.

6.3.1 Statistical analysis

Baseline characteristics are presented as median and interquartile ranges. Data were compared
with Mann-Whitney test for continuous variables and Chi-square or Fisher’s exact test for

categorical variables. A P value of <0.05 was considered significant in statistical analyses.

6.4 Results

6.4.1 Diflunisal tolerability

Diflunisal was dispensed to 82 patients during the study period; 36 (43.9%) patients with
cardiac ATTR-wt amyloidosis, 32 (39%) patients with cardiac ATTR-T60A amyloidosis, and 14
(17.1%) patients with cardiac ATTR-V122I amyloidosis. Table 6.1 illustrates the time periods
for which patients received diflunisal and the reasons for discontinuing treatment.

Of those who received diflunisal, 30 (36.6%) patients discontinued treatment within 6 months,
14 (17.1%) patients took diflunisal for 12-24 months and 24 (29.2%) patients took it for 24
months or more. Thus in total, fewer than half of all patients with cardiac ATTR starting
treatment with diflunisal (46.3%), continued diflunisal for at least 12 months and were included
in the subsequent analysis.

The side effects of diflunisal in the majority of cases were deterioration of heart failure
symptoms (13.4%), gastrointestinal (GI) symptoms (11%) or deterioration of renal function
(6.1%). In four (4.9%) patients who discontinued diflunisal before completing 6 months of
treatment, it was not possible to ascertain the reason for cessation. In 25.6% of patients the
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Total number of patients (n=82)
<6months 6-12 months 12-24 > 24 months | Total that
(n=30) (n=14) months (n=24) discontinued
(n=14)
Reason for
discontinuation:
Gastro-intestinal 9 (11.0) 9 (11)
side effects
Did not tolerate — | 4 (4.9) 4(4.9)
(unclear reason);
stopped by patient
Worsening renal 33.7) 1(1.2) 1(1.2) 5(6.1)
function
Thrombocytopenia | 1 (1.2) 1(1.2)
Worsening heart 6(7.3) 1(1.2) 4(4.9) 11 (13.4)
failure symptoms
Died 1(1.2) 1(1.2) 2(2.4) 4(4.9)
Development of 2(24) 8(9.8) 33.7) 8(9.8) 21 (25.6)
atrial fibrillation
Commenced on 1(1.2) 1(1.2) 1(1.2) 33.7)
DAPT post
MI/PCI
Recruited to 1(1.2) 2(24) 33.7) 6(7.3)
clinical trial
Supply problems 2(2.4) 2(2.4) 4(4.9)

Table 6.1: Time periods patients were treated with diflunisal and reasons for discontinuation. Data
are presented as n (% of total). DAPT, Dual anti-platelet therapy; MI, myocardial infarction; PCI,
percutaneous coronary intervention.
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Not treated Diflunisal P

N=103 N=38
Age (years) 76.1(71.4-79.4) 69.0 (65.0-73.0) <0.001
Gender (male) 87% 92% 0.432
Systolic BP (mmHg) 117.0 (108.0-128.0) 120.0 (112.0-136.5) 0.114
IVSd (cm) 1.70 (1.60-1.83) 1.60 (1.60-1.90) 0.688
LVPWd (cm) 1.62 (1.56-1.76) 1.70 (1.55-1.95) 0.216
LVEF (%) 48.0 (38.8-55.1) 53.0 (45.5-59.0) 0.031
Hb (g/dL) 13.4 (12.2-16.7) 14.2 (13.3-14.8) 0.110
eGFR (ml/min) 59.0 (44.0-71.0) 74.0 (60.8-90.0) <0.001
NTproBNP (pg/ml) 2644.2 (1974.7-4779.9) | 1580.6 (953.4-3004.4) | <0.001
Bilirubin (umol/L) 14.0 (9.5-21.0) 11.0 (8.5-16.0) 0.030
History of AF at baseline 57% 14% 0.027
NYHA (% ineach |1 8.6% 16.7% 0.122
classification) 2 72.4% 77.8%

3 19.0% 5.6%

Table 6.2: Comparison of baseline characteristics of patients with cardiac ATTR amyloidosis who were
treated with diflunisal compared to those who were not. Continuous variables are described as median
(interquartile range) and categorical variables are described as proportions. Statistical comparisons are
made with Mann Whitney U test or Chi square test. AF, atrial fibrillation; BP, blood pressure; eGFR,
estimated glomerular filtration rate; Hb, haemoglobin; IVSd, Interventricular septal thickness in diastole;
LVEF, Left Ventricular Ejection Fraction; LVPWd, Left ventricular posterior wall thickness in diastole;
NT-proBNP, N-terminal-pro B-type Natiuretic Peptide; NYHA, New York Heart Association.

development of AF and need for anticoagulation prompted the cessation of diflunisal treatment.
In a significant proportion of cases the development of AF was associated with a clinical
deterioration (worsening heart failure) often necessitating the addition of or dose increase in
diuretics.

Three (3.7%) patients in the diflunisal group required coronary revascularisation during
treatment; one patient with a non-ST elevation myocardial infarction and two others with

symptomatic stable angina.

6.4.2 Baseline characteristics of patients who tolerated diflunisal for at

least 12 months

The baseline characteristics of the 38 patients who took diflunisal for at least 12 months are
presented in Table 6.2 alongside 103 patients who were 'not treated’ with diflunisal and for
whom 12 month follow-up data were available.
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Of note the patients in the diflunisal group were younger [69.0 years (65.0-73.0) vs. 76.1 years
(71.4-79.4); P<0.001], had greater LVEF [53.0% (45.5-59.0) vs. 48.0% (38.8-55.1) P=0.031]
and eGFR [74.0ml/min (60.8-90.0) vs. 59.0ml/min (44.0-71.0); P<0.001]. The diflunisal
group also had lower serum NT-proBNP [1580.6 (953.4-3004.4) vs. 2644.2 (1974.7-4779.9);
P<0.001] and bilirubin levels [11.0 (8.5-16.0) vs. 14.0 (9.5-21.0); P=0.030). As expected, a
smaller proportion of patients in the diflunisal group had AF prior to commencing treatment
(14% vs. 57%; P=0.027).

All patients were in sinus rhythm at the start of treatment with diflunisal with the exception
of one patient who, having considered the risks and benefits, requested to commence
treatment with diflunisal despite already receiving oral anti-coagulation treatment for stroke

risk reduction.

6.4.3 Matched ’diflunisal’ and ’not treated’ groups baseline and

follow-up characteristics

After matching patients in the ’diflunisal’ and ’not treated’ groups, the baseline characteristics
of the study population are described in Table 6.3.

There were no statistically significant differences at baseline between these two matched cohorts
of the key characteristics identified in earlier works of this thesis which may be related to
prognosis. However, the disparity in the prevalence of AF remained and could not be corrected
for (AF: controls 69% vs. 0% in matched diflunisal group; P<0.001). Furthermore, there
were trends for patients in the diflunisal group to be younger, have greater LVEF and lower
NT-proBNP.

Comparison of these matched cohorts at 12 month follow-up is presented in Table 6.4 and the
delta values for change at 12 months are presented in Table 6.5.
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Control Diflunisal P

N=22 N=23
Age (years) 69.9 (68.3-71.4) 67.0 (64.0-72.0) 0.166
Gender (male) 95% 91% 0.577
Systolic BP (mmHg) 118.0 (110.8-133.5) 115.0 (112.0-133.0) 0.937
IVSd (cm) 1.77 (1.60-1.93) 1.60 (1.60-1.90) 0.172
LVPWd (cm) 1.75 (1.60-1.93) 1.70 (1.60-2.00) 0.458
LVEF (%) 47.3 (41.8-51.8) 53.0 (47.0-58.0) 0.071
Hb (g/dL) 13.8 (13.4-15.1) 14.3 (13.3-14.8) 0.708
e¢GFR (ml/min) 67.0 (55.3-79.3) 77.0 (61.0-86.0) 0.305
NTproBNP (pg/ml) 2381.5 (1580.6-3693.4) 1906.9 (1203.5-2932.4) 0.173
Bilirubin (umol/L) 19 (11-23) 12 (10-16) 0.126
History of AF at baseline 15 (68%) 0 (0%) <0.001
NYHA (% ineach | 1 26.7% 13.6% 0.103
classification) 2 60.0% 86.4%

3 13.3% 0.0%

Table 6.3: Comparison of baseline characteristics of matched controls and diflunisal group. Continuous
variables are described as median (interquartile range) and categorical variables are described as
proportions. Statistical comparisons are made with Mann Whitney U test, Chi square test, or Fisher’s
AF, atrial fibrillation; BP, blood pressure; eGFR, estimated glomerular filtration rate;
Hb, haemoglobin; IVSd, Interventricular septal thickness in diastole; LVEF, Left Ventricular Ejection
Fraction; LVPWd, Left ventricular posterior wall thickness in diastole; NT-proBNP, N-terminal-pro

exact test.

B-type Natiuretic Peptide; NYHA, New York Heart Association.

Control Diflunisal P
N=22 N=23
Systolic BP (mmHg) 120.0 (110.8-131.8) 120.0 (110.0-128.0) 0.811
IVSd (cm) 1.79 (1.68-1.98) 1.70 (1.60-2.00) 0.294
LVPWd (cm) 1.77 (1.62-1.94) 1.50 (1.70-2.00) 0.444
LVEF (%) 46.0 (36.0-52.0) 50.0 (45.0-55.0) 0.074
Hb (g/dL) 14.3 (13.2-15.8) 14.4 (13.2-15.0) 0.879
e¢GFR (ml/min) 60.0 (39.5-70.5) 65.0 (53.0-82.0) 0.177
NTproBNP (pg/ml) 2567.9 (2034.0-5329.1) 1864.5 (1381.4-4424.0) 0.062
Bilirubin (umol/L) 20 (10-29) 12 (9 -17) 0.045
NYHA (% in each 1 11.8% 13.6% 0.982
classification) 2 70.6% 68.2%
3 17.6% 18.2%

Table 6.4: Comparison of characteristics of matched controls and diflunisal treated patients at 12 months.
BP, blood pressure; eGFR, estimated glomerular filtration rate; Hb, haemoglobin; IVSd, Interventricular
septal thickness in diastole; LVEF, Left Ventricular Ejection Fraction; LVPWd, Left ventricular posterior
wall thickness in diastole; NT-proBNP, N-terminal-pro B-type Natiuretic Peptide; NYHA, New York

Heart Association.
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Control Diflunisal P

N=22 N=23
ASystolic BP (mmHg) 0.0 (-8.3-9.8) -2.0 (-10.0-9.0) 0.658
AIVSd (cm) 0.00 (-0.03-0.07) 0.00 (0.00-0.10) 0.597
ALVPWd (cm) 0.02 (-0.03-0.10) 0.00 (0.00-0.10) 0.264
ALVEF (%) -4.0 (-11.1-2.8) -2.0 (-7.0-2.0) 0.733
AHb (g/dL) 0.3 (-0.2-1.2) 0.0 (-0.4-0.7) 0.404
AeGFR (ml/min) -8.0 (-18.5--3.5) -10.0 (-18-0.0) 0.832
ANTproBNP (pg/ml) 748.7 (-61.3-1685.7) 143.8 (-279.1-1116.7) 0.458
ABilirubin (umol/L) 1(-3-11) 0(-4-2) 0.447

Table 6.5: Comparison of characteristics of matched controls and diflunisal treated patients at 12
months presented as delta values. Data are displayed as median (IQR). BP, blood pressure; eGFR,
estimated glomerular filtration rate; Hb, haemoglobin; IVSd, Interventricular septal thickness in diastole;
LVEEF, Left Ventricular Ejection Fraction; LVPWd, Left ventricular posterior wall thickness in diastole;
NT-proBNP, N-terminal-pro B-type Natiuretic Peptide.

At 12 months, there was no statistical difference between the two cohorts other than serum
bilirubin which became statistically different following an increase in controls (median
increased from 19 to 20 umol/L)) but remained unchanged in the diflunisal group. This was
a subtle difference and was not significant when examining the delta change in each group.
There were no other differences identified between between those who received diflunisal for

12 months with those who had not.

6.5 Limitations

This was a retrospective study of individuals at the NAC treated with diflunisal with inherent
selection bias since the decision to prescribe diflunisal required that the clinician felt the patient
was a suitable candidate for the treatment. Frequency matching of the cohorts was undertaken
due to the demonstrable baseline differences between the groups to form more similar groups
which, although satisfied statistical tests of no differences still suggested important trends to

differences.
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6.6 Discussion

The main findings from data presented in this chapter are:

1. Diflunisal is poorly tolerated in patients with cardiac ATTR amyloidosis with more tham
half of patients stopping the drug before 12 months of treatment.

2. There was no evidence of efficacy of difunisal in cardiac ATTR amyloidosis in this

retrospective study.

Although this is a small, retrospective study, it is the largest study to date in patients
with cardiac ATTR amyloidosis who have been treated with diflunisal. Although reported to
be well-tolerated in patients with FAP, in this study of patients with cardiac ATTR amyloidosis
this was not the case. By 12 months, 44/82 (54%) patients discontinued diflunisal; 25 due to
side effects and 19 for other reasons. At six months, GI side-effects were the most common
reason for diflunisal discontinuation and occurred in 9/82 (11%) of patients. However, no
patient was noted to suffer a minor or major gastro-intestinal bleed during the treatment period.
At the end of the total study period, the main reasons for discontinuation were the development
of AF and need for anticoagulation in 25.6% of patients, worsening heart failure (commonly
due to increased fluid retention) in 13.4%. and worsening renal function in 6.1%.

Patients at the NAC are advised to stop diflunisal if they develop AF due to the increased risk
of bleeding with the concomitant use of anti-coagulants and NSAIDs. This is a departmental
policy in view of the known general literature on this subject and the unproven benefit of
diflunisal, however we are aware that some other international centres may have less stringent
policies due to the limited therapeutic options for these patients. The risk of concomitant
treatment with anti-coagulants and NSAIDs in this particular population of patients remains
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unknown.

Non-steroidal anti-inflammatory use is known to be associated with an increased risk of
thrombotic events particularly in patients with pre-existing cardiovascular disease. In this
study, one patient suffered a non-ST elevation myocardial infarction (MI) during diflunisal
treatment (ie. less than 1% of the cohort). No patient suffered a stroke whilst taking diflunisal.
Analysis of the matched diflunisal and control cohorts showed no significant differences in
the patient characteristics at 12 month follow-up except for a serum bilirubin which was not
statistically significantly different between groups at baseline but may have constituted a type II
error at baseline assessment due to the small cohort sizes. There were no significant differences

in delta values between the diflunisal and not treated groups.

6.7 Conclusions

This study did not demonstrate any benefit of diflunisal in cardiac ATTR amyloidosis. The
main limitation of this study is the retrospective nature and the selection bias this introduces
since diflunisal is only given to a select group of patients. A more suitable approach to address
this question would be to conduct a prospective randomised study. However, since the drug
is poorly tolerated even in highly selected patients, it is doubtful that it can have a significant

impact on the management of cardiac ATTR amyloidosis.
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Chapter 7

A Phase 2 Open-Label Study of Revusiran in
Patients with Transthyretin Cardiac Amyloidosis.
The UK National Amyloidosis Centre Experience

and Insights for Future Clinical Trial Designs

7.1 Introduction

The prognosis of patients with cardiac ATTR amyloidosis is poor. In general, the management
of patients with cardiac ATTR amyloidosis is conservative. Patients are advised to restrict
salt and fluid intake. Medical therapies are predominantly comprised of diuretics to improve
symptoms caused by excess fluid accumulation. There have been no studies examining the use
of therapies such as ACEis, beta-blockers or mineralocorticoid receptor antagonists which have
a prognostic role in heart failure with reduced ejection fraction. Other medical or implantable
cardiac device therapies may include those to treat arrhythmia or electrical conduction disease
with standard indications for their use.

RNA interference is a potential treatment strategy as discussed in the introduction, Chapter
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1. Revusiran is an siRNA which targets transthyretin mRNA particularly in the liver.
An open-label phase 2 clinical trial of repeated administration of subcutaneous doses of
revusiran (ALN-TTRSC-002) in patients with cardiac ATTR amyloidosis was conducted
(NCTO01981837). This was a multicentre study with the NAC being the UK centre.

The primary objective of the clinical trial was to evaluate the safety and tolerability of multiple
doses of revusiran in patients with ATTR cardiac amyloidosis. The study design and protocol
were conceived and written by Alnylam Pharmaceuticals Inc. Preliminary data from the open
label extension study have been reported [143].

In my role as a sub-investigator, I identified patients and performed clinical assessments during
the recruitment phase. During the clinical testing phase of the study, I performed follow-up
clinical and echocardiographic assessments, reviewed results of serological tests and reported
adverse event (AE)s.

The patient selection criteria represent an important factor in the design and execution of
a clinical trial, and can determine how widely applicable the results of the trial will be in
clinical practice. Strict enrolment criteria may be scientifically sound but can make recruitment
challenging and may make the results of the clinical trial difficult to apply to the wider disease
population. Conversely, if the enrolment criteria are too broad then the study population may
become a heterogenous group in whom it becomes difficult to prove a treatment effect.

In this chapter, and independently of the trial Sponsor, my own original work reported here
assessed the impact of the patient selection criteria on the UK recruitment to the trial and
the potential applicability of the results of this study to the UK cardiac ATTR amyloidosis
population with important insights for future trial design. With the Sponsor’s permission, and
for completeness, I have also summarised the trials methodology, key results, and reported the

results for the patients recruited from our centre to provide a context for my findings.
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7.2 Aims

e To describe the UK experience of patient recruitment in an open-label phase 2 clinical

trial of subcutaneous revusiran in patients with cardiac ATTR amyloidosis.

e To report the baseline characteristics of the patients I recruited

7.3 Methods

The methods section is divided into two sections. The first briefly describes details of the
main phase 2 clinical trial devised by Alnylam. The second section describes my role in patient
recruitment and the investigations I undertook to understand the impact of the enrolment criteria
on patient recruitment with analyses performed independently of the Sponsor and which forms

the main focus of this chapter.

7.3.1 Main phase 2 clinical trial study design and protocol (reproduced

with permission from Alnylam)

This was an open-label, multi-centre phase 2 clinical study. There were four study centres; the
NAC in the UK and three others in the USA (Boston, New York, Cleveland). Patients were
recruited between December 2013 and March 2014.

Patient were screened (Days -28 to -1), treated (Days 0 to 35) and followed-up (Days 42 to
90), thus patient participation was for approximately 16 weeks. Screening assessments were
performed over several visits. Each patient underwent 14 study visits at the study site over the
treatment and follow-up periods. Patients received a total of 10 subcutaneous (SC) doses of
revusiran. Dosing was once daily for the first five consecutive days and once-weekly thereafter.
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See Figure 7.1 for study schematic.

Screening (Preliminary Eligibility)

Screening and
Baseline 1

Day -28 to Day -1

Screening (Eligibility Confirmation)/Baseline

Treatment Period

Day 0,1,2,3,4,7, Administration of Study Drug
14,21,28 & 35

Follow-up and End

of Study Follow-up visits for Safety, PD, PK,
Exploratory Clinical Activity and
Day ‘g’g :‘]9’ 63, other Assessments

Figure 7.1: Schematic of Phase 2 open-label study of revusiran in patients with transthyretin cardiac
amyloidosis. PD, pharmacodynamics; PK, pharmacokinetics.

At the study outset patients were to receive a total of 10 SC doses of revusiran 7.5 mg/kg.
However, after the inclusion of three patients in the 7.5 mg/kg group, data from the revusiran
Phase I study (NCTO01814839) demonstrated similar TTR level reductions at 5.0 mg/kg with
fewer and less severe injection site reactions. Based on these data, the protocol for this Phase 2
study was amended for all remaining patients to receive 5.0 mg/kg and the sample size increased
from 12 to 15 patients. An additional protocol amendment was made at a later stage when it
became apparent that most of the patients recruited had wild-type ATTR amyloidosis rather
than hereditary forms. The amendment was to subsequently only include patients with a TTR
mutation.

Key enrolment criteria are displayed in Table 7.1. The enrolment target for our centre was 10
patients.
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Inclusion criteria Exclusion criteria
Biopsy proven ATTR amyloidosis with imaging | New York Heart Association class IV
evidence of cardiac involvement
Male or female aged 18-80 years eGFR <30 mL/min/1.73m?
Stable on heart medications (no hospitalisations | Uncontrolled hypertension, ischaemic heart
and stable medications for 4 weeks prior to disease or significant cardiac arrhythmia.
screening)
Neutrophil count >1500 cells/mm? Previous organ transplantation, hepatitis C,
Platelet count > 100,000 cells/mm? hepatitis B or HIV.
Haemoglobin >10 g/dL
AST and ALT £2.5x ULN Known intolerance to SC injections
Bilirubin <34.2 umol/L
Karnofsky performance status at least 60% Vitamin A levels below the normal range
6 minute walk test at least 150m Untreated thyroid disease

Metastatic cancer within five years of screening

Table 7.1: Enrolment criteria for the phase 2 clinical trial of revusiran. ALT, alanine aminotransferase;
AST, aspartate transaminase; ATTR, transthyretin amyloidosis; eGFR, estimated glomerular filtration
rate; HIV, human immunodeficiency virus; SC, subcutaneous; ULN, upper limit of normal.

Primary outcome The proportion of subjects experiencing adverse events, serious adverse events
and study drug discontinuation (up to 63 days)
Secondary outcomes Pharmacokinetics of revusiran (up to 90 days)

Transthyretin levels (% lowering) (up to 90 days)
Exploratory outcomes N-Terminal pro B-type natriuretic peptide
Troponin [

6MWT

EQ-5D-5L

KCCQ

Echocardiography and CMR

Table 7.2: Predefined outcomes for the phase 2 clinical trial of revusiran. 6MWTT, six minute walk test;
CMR, cardiac magnetic resonance; EQ-5D-5L, EuroQol-5 Dimensions-5 levels; KCCQ, Kansas City
cardiomyopathy questionnaire.
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The pre-defined outcomes for the trial are described in Table 7.2. The primary outcome was
safety. The safety review committee convened after every three patients enrolled had received

a minimum of five doses of revusiran and completed safety assessments 48 hours post-dose.

Secondary and exploratory outcomes

The pharmacodynamic effect of revusiran included assessment of serum TTR and vitamin
A levels. TTR levels were measured by enzyme-linked immunosorbent assay method.
Investigators at each site performed the clinical and imaging assessments. A single US centre
performed the imaging review (echocardiography and CMR). A single central laboratory in
the US was responsible for the cardiac biomarker and vitamin A level testing. Three other
central laboratories in the US were individually responsible for mutant TTR sample analysis,
pharmacokinetic analyses, and a fourth separate central laboratory in Canada performed TTR

sample analysis.

7.3.2 Assessment of the suitability of UK patients for trial recruitment

My role in the trial was to identify patients for recruitment who attended clinic at the NAC from
the 1st of April 2013 to the 31st of December 2013. I approached eligible patients, explained the
details of the trial, consented patients and was responsible for the follow-up visits and reporting
AEs.

All patients with ATTR cardiac amyloidosis were assessed against the trial enrolment criteria
(Table 7.1). For any patients with more than one visit during this period, fulfilment of selection
criteria were based on the most recent data available from the electronic medical records.
Baseline data of patient characteristics for patients I recruited were provided by Alnylam.
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ATTR-wt ATTR-V1221 | ATTR-T60A TOTAL
N=189 N=49 N=39 N=277
Number of patients eligible for 48 (25) 19 (39) 19 (49) 86 (31)
trial inclusion, n (%)
141 (75) 30 (61) 20 (51) 191 (69)
Excluded patients, n (%):
Age>80yrs, n (%)* 51 (27) 7 (14) 3N 61(22)
Abnormal LFTs, n (%)* 21 (11) 9 (18) 0 30 (11)
eGFR<30ml/min, n (%)* 10 (5) 8 (16) 0 18 (6)
Died before trial start, n (%)* 14 (7) 4(8) 0 18 (6)
6MWT<150m, n (%)* 34 (18) 13 (27) 15 (38) 62 (22)
No histological confirmation of 84 (44) 16 (32) 8(21) 108 (39)
amyloid, n (%)*

Table 7.3: Patients under routine clinical assessment during 9 month recruitment period prior to clinical
trial start (April-Dec 2013 inclusive). Percentages are of N patients for each group. * % of N for
each group, thus some patients had multiple reasons for exclusion. 6MWT, six minute walk test;
ATTR-T60A, Amyloidosis associated with the T60A transthyretin variant; ATTR-V122I, Amyloidosis
associated with the V122I transthyretin variant; ATTR-wt, Wild-type transthyretin amyloidosis; eGFR,
estimated glomerular filtration rate; LFT, liver function test.

7.3.3 Statistical analysis

Descriptive statistics for continuous variables are presented for baseline data as mean and
standard deviation or as median and range. Categorical variables are presented as numbers

and percentages.

7.4 Results

7.4.1 Patient screening and recruitment from the National Amyloidosis

Centre, UK

Table 7.3 summarises the number of patients assessed during the recruitment period and the
reasons for exclusion.

Overall, from a total of 277 patients, fewer than a third (31%) were eligible for trial
participation. More than half the patients in each group met one or more of the exclusion
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criteria and could not be considered for trial inclusion (ATTR-wt 75%, ATTR-V122I 61%,
ATTR-T60A 51%). Some patients were excluded for more than one reason, so the total number
of exclusions were more than the number of patients. The two most common reasons for
exclusion in the ATTR-wt group were the absence of histological confirmation of amyloid
(44%) and age >80years (27%). In the hereditary groups, the two most common reasons
for exclusion were the absence of histological confirmation of amyloid (ATTR-V122I 32%;
ATTR-T60A 21%) and 6MWT<150m (ATTR-V1221 18%; ATTR-T60A 27%).

From the 86 patients who met the enrolment criteria based on a review of clinical notes, 60
patients did not want to take part due to the burden of travelling to the NAC for frequent trial
visits, 12 patients were ultimately screened out when they attended the formal screening visit

and ten were recruited as this was the target for our centre.

7.4.2 Summary of key phase 2 trial findings (reproduced with the

permission of Alnylam)

For completeness, the findings for baseline demographics and patient characteristics for
patients recruited by me from the NAC are reproduced here. Summary AE data for the entire
trial cohort are reported from a preliminary study report with the permission of Alnylam.
Despite my contribution to this study and the presentation of these data, the following results

in this section are not my own original work.
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Characteristic ATTR-m amyloidosis ATTR-wt amyloidosis Total
n=6 n=4 n=10
n n
Age (years) 6 68.5 (60-78) 4 70(65-78) 70 (60-78)
Male sex 6 5(83) 4 4 (100) 9 (90)
Race 4

White 6 4 (67) 4 (100) 8 (80)

Black 2(33) 0 2 (20)
Genotype

T60A 2 (33) 0 2 (20)

V1221 6 3(50) 4 0 3 (30)

WT 0 4 (100) 3 (40)

Other 1.(17) 0 1(10)
NYHA Class 6 4

1 1(17) 0 1(10)

2 5(83) 4 (100) 9 (90)
Karnofsky PS, 6 2/0/3/1 4 0/1/3/0 2/1/6/0
60/70/80/90
Concurrent TTR 6 1 4 0 1
stabilizer use, n (%)
mBMI 6 1008.6 4 1238.6 1060.0

(934.4-1116.1) (706.1-1386.8) (706.1-1386.8)
6-MWT (m) 6 411.5 (270-568) 4 406.6 (289-487) 411.5(270-568)
KCCQ overall score 6 80.2 (62.5-95.8) 4 82.3 (71.9-95.8) 80.2 (62.5-95.8)
Echocardiogram

IVS thickness (cm) 6 2.1(1.5-2.9) 4 1.7 (1.6-2.0) 1.9 (1.5-2.9)

LVEF (%) 6 38 (34-56) 4 54 (28-64) 54 (34-64)

GLS (%) 6 -10.0 (-8.8 to -11.8) 4 -11.061 1(-112?).4 to - -10.67 (-8.82 to -11.79)
Cardiac MRI

Left ventricular 6 400 (245-467) 4 293(247-422) 336 (245-467)

mass (g)

Global myocardial 6 0.59 (0.50-0.73) 3 0.58(0.53-0.59) 0.59 (0.50-0.73)

ECV
Cardiac
biomarkers

NT-proBNP (pg/ml) 6 4951 (1708-20199) 4 1716 (1357-4583) 3906 (1357-20199)
Troponin I (ng/ml) 6 0.22 (0.13-0.34) 4 0.10 (0.10-0.10) 0.15 (0.10-0.34)

Table 7.4: Baseline demographics and patient characteristics for patients recruited from the NAC
(reproduced with the permission of Alnylam). Continuous variables are presented as median and range.
Categorical variables are presented as number and percentage. 6MWT, 6-minute walk test; ECV,
extracellular volume fraction; GLS, global longitudinal strain; IVS, intraventricular septum; KCCQ,
Kansas City Cardiomyopathy Questionnaire; LV, left ventricular; mBMI, modified body mass index;
NYHA, New York Heart Association.
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Baseline demographics and patient characteristics of patients recruited from the National

Amyloidosis Centre, UK

The baseline data for the patients I recruited are displayed in Table 7.4. There was an
approximately even split between hereditary and wild-type patients. As expected the ATTR-wt
group were older with a greater proportion of males compared with the hereditary group.
Heart failure symptoms for both groups were predominantly mild (NYHA I or II) in keeping
with good functional capacity as assessed by 6MWT. Echocardiographic parameters showed
greater wall thickness and worse LVEF and GLS in the hereditary group, and CMR measured
parameters showed increased LV mass despite similar ECV. Cardiac biomarkers were greater

in the hereditary group.

Summary of safety and tolerability for entire trial cohort

Adverse events (AEs) were reported in 20/26 (77%) patients. AEs related to revusiran were
observed in 9/26 (35%) patients. Three (12%) patients experienced a serious adverse event
(SAE) one of which was related to the study drug. One patient with normal liver function
test (LFT)s at baseline experienced a SAE of aspartate transaminase (AST) and alanine
transaminase (ALT) elevation that was considered to be related to revusiran. In this patient
AST and ALT levels were 4.2 upper limit of normal (ULN) and 3.2 x ULN, respectively, after
6 doses of revusiran 5.0 mg/kg. This event was not associated with any clinical symptoms, and
resolved without treatment. The study drug was temporarily interrupted (no dosing on Day 21)
and then resumed. There was no recurrence of LFT abnormalities in this patient on resumption
of treatment. Two other SAEs were observed during the study (non-cardiac chest pain, and ICD
implantation).

There were no deaths, and no AEs leading to discontinuation of treatment or withdrawal from
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the study. Revusiran did not result in any significant changes in other laboratory chemistry,
renal function or haematologic parameters (data not shown). There were no AEs related to

vitamin A deficiency (data not shown).

7.5 Limitations

The Phase 2 clinical trial itself was limited by its small size and short duration of follow-up, thus
limiting inferences about the potential beneficial or adverse effects of longer-term treatment.
Further, separate analyses of the UK patients were not permitted by the Sponsor as it was not
deemed relevant given the small subgroup sample that would be assessed, therefore I have only
been permitted to report the baseline features of the patients recruited from the NAC and not
the outcomes of the exploratory outcomes for these patients. The summary AE findings for
the entire cohort and the patient characteristics for patients recruited from the NAC have been

reproduced with the Sponsor’s permission and are not my own original data.

7.6 Discussion

The main findings from data presented in this chapter are:

1. A third of patients met the eligibility criteria for enrolment in a phase 2 study of revusiran.
The main exclusions were a lack of biopsy evidence for amyloid and age over 80 years.

2. There appeared to be differences in the baseline investigation findings between ATTR-wt

and ATTR-m patients recruited from the UK.

In this chapter I have demonstrated that approximately one third of patients with cardiac
TTR amyloidosis were eligible for a phase 2 study of the RNA silencing treatment, revusiran.
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The implication of this is that that trial findings may only be applied to the minority of
patients with the condition. Two simple changes in enrolment criteria could mitigate this
issue. In particular the requirement for biopsy proven amyloidosis and the age cut-off (which
is particularly relevant in patients with ATTR-wt cardiac amyloidois who are generally an
elderly population). The requirement for histological evidence for amyloid has diminished in
clinical practice as evidenced by the recent consensus paper for the non-invasive diagnostic
criteria for cardiac ATTR amyloidosis [33]. A diagnosis of ATTR amyloidosis may be made
following clinical assessment, if associated with the typical findings by standard cardiac
imaging methods as discussed earlier. This change in clinical practice is likely to impact the
inclusion criteria for future clinical trials in this disease. The patients with cardiac ATTR-wt
amyloidosis described in this thesis had a mean age of approximately 78 years. As such, it is
unsurprising that an age cut-off of 80 years resulted in the exclusion of a significant proportion
of patients. For future trials, particularly those enrolling patients with cardiac ATTR-wt
amyloidosis it would seem reasonable to remove the age cut-off as an inclusion criterion.
Meeting inclusion criteria for functional capacity appears to also be particularly relevant
to patients with the hereditary transthyretin amyloid cardiomyopathies and in particular to
patients with ATTR-T60A amyloidosis, since these patients often have significant peripheral
and autonomic neuropathy which plays a significant part in impairing exercise capacity in
addition to the cardiac involvement. Another exclusion criterion not specifically examined in
this work but of relevance to the feasibility of patient recruitment here, was the investigators
assessment of the patient’s ability to participate in, and complete the trial. This trial required
frequent patient assessments and investigations over a short time period. The challenge posed
by frequent and long trial assessments is a valid reason for patient and investigator reluctance

for study participation.

165



Despite reaching its recruitment goal, this trial was challenging to recruit to. As highlighted
previously, one of the later protocol amendments was to focus the inclusion criteria to only
include additional patients with hereditary transthyretin cardiac amyloidosis and increase the
sample size. This suggests that patients with wild-type cardiac ATTR amyloidosis were more
readily recruited, and although by the end of the study there were similar numbers of patients
in the two groups, the need to make this amendment is likely to reflect the more challenging
recruitment of patients with hereditary ATTR amyloidoses. The findings in Table 7.3 show
that the majority of patients with cardiac transthyretin amyloidosis in the UK have ATTR-wt
amyloidosis, and although a greater proportion of the wild-type group did not meet the trial
inclusion criteria, the overall eligible number was greatest in the wild-type group. Although
not specifically examined here, it is also possible that ethic and cultural differences may also
contribute patient interest in study participation. Furthermore, in the UK group a significant
portion of the ATTR-T60A amyloidosis group resides in North-West Ireland (a reflection of
their ancestral links), and the requirement of frequent travelling for trial participation may
have negatively impacted the desire to participate. Equally, some patients eligible in the
ATTR-V122I amyloidosis group spent prolonged periods of time abroad in their ancestral
homelands and felt unable to participate in clinical trials.

As highlighted in Chapter 4, differences in characteristics amongst patients with different TTR
genotypes must be taken into consideration at the design stage of any similar future trials in
this area. The TTR genotype of patients has an impact on characteristics such as LVEF, LV
mass and cardiac biomarkers which may be used as surrogate end-points and it is possible that
neutral, positive, or negative changes in these surrogates may be misinterpreted if separate
analyses by TTR genotype are not performed. Inevitably, this requires larger numbers of

patients with each genotype to be studied when a drug reaches phase 2/3 status.
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The Sponsor has reported that treatment with revusiran was associated with a marked reduction
in plasma TTR levels, however, there were a large number of adverse events. Despite only
a relatively small number of patients involved, there were concerns raised by the safety
review committee about longer-term safety based on the findings of the open-label extension
(NCTO02292186) of this study which found that when patients continued treatment with
revusiran there were reports of new-onset or progression of peripheral neuropathy. At that
time the efficacy and safety of revusiran-mediated TTR reduction was also being explored in a
Phase 3 study (ENDEAVOUR; NCT02319005) in patients with hereditary ATTR amyloidosis.
Whilst no signal of new onset or worsening peripheral neuropathy was identified in the Phase 3
study, the data monitoring committee determined that the benefit-risk profile for revusiran no
longer supported continued dosing. Dosing was discontinued in both the open-label extension
and Phase 3 studies based upon the recommendation of the Phase 3 study data monitoring
committee. Results from the ENDEAVOUR trial report that the study drug was discontinued
early due to an imbalance in mortality observed between patients treated with revusiran and
placebo. The Alnylam website reveals that the company has halted further development of the

drug.
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Chapter 8

Conclusions

The work in this thesis focuses on cardiac amyloidosis, in particular cardiac transthyretin
amyloidosis. The studies I have undertaken contribute to a better understanding of the clinical
characteristics and prognostic factors. I have also explored possible treatments for this disease,
focusing on treatment tolerability and the impact of trial design on trial recruitment.

A systematic study of the electrocardiogram characteristics of patients with different cardiac
transthyretin amyloidosis types has not been previously undertaken. Although the population
studied in Chapter 3 was modestly sized and restricted to the three commonest cardiac
transthyretin types, significant differences in the ECG characteristics of individuals related to
ATTR amyloidosis type were identified. In particular, I identified differences in the prevalence
of atrial arrhythmias and broad QRS at diagnosis despite similar left ventricular wall thickness.
This has not been described previously and may be specific to the TTR mutation. Such
evidence for differences between types of ATTR cardiac amyloidosis may have implications
for the study of these patients and suggest differences in pathophysiology between the types
of ATTR amyloidosis. A broad QRS was associated with a worse survival in patients with
ATTR-wt cardiac amyloidosis. A broad QRS is also known to be a poor prognostic feature in
other forms of heart failure, however, this was not the case in the hereditary forms of ATTR
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cardiac amyloidosis. This could be due to different underlying pathophysiology or because the
hereditary ATTR cardiac amyloidosis groups studied in this chapter were relatively small.

The two most common causes of ATTR cardiomyopathy are ATTR-wt and ATTR-V1221
cardiac amyloidoses. Data presented in Chapter 4 reveals significant differences in phenotype
between these types of ATTR cardiac amyloidosis. Patients with ATTR-V 1221 amyloidosis
present at a younger age with a more severe phenotype and have worse survival. It is the
severity of cardiac disease that appears to determine prognosis in all patients with ATTR cardiac
amyloidosis. I demonstrated using cause of death data, that the majority of patients die from
heart failure.

Bone scintigraphy has recently been demonstrated to permit the non-biopsy diagnosis of cardiac
ATTR amyloidosis in selected individuals. In Chapter 5, I demonstrated that visual grading
assessment of **Tc DPD scintigraphy by the original Perugini system correlates with cardiac
disease severity in ATTR cardiac amyloidosis. There were indications from my data that
visual grading assessment may be related to TTR type but this hypothesis requires further
investigation. Furthermore, although cardiac uptake in **"Tc DPD scintigraphic evaluation
appears to be related to more severe cardiac disease in AL amyloidosis cardiomyopathy, it does
not appear to be a helpful diagnostic or prognostic test in these individuals.

The search for effective treatments for cardiac ATTR amyloidosis is an ongoing one. The
NSAID, diflunisal may have some disease-modifying effect in FAP but does not appear to be
well-tolerated even in selected patients with transthyretin amyloid cardiomyopathy based on
data presented in Chapter 6. Fewer than half of patients commencing treatment, continuing
therapy for more than 6 months. Furthermore, in terms of efficacy, there were no significant
differences between matched cohorts treated with diflunisal compared with those not treated

with diflunisal after 12 months of follow-up.
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In Chapter 7 I described the UK experience of a phase 2 study of revusiran. Approximately a
third of patients were eligible for trial inclusion and there appeared to be baseline differences
between the wild-type and hereditary groups recruited from the UK. There was a high rate of
adverse events and ultimately this therapy has been withdrawn due to a higher mortality in the

treatment arm of a subsequent phase 3 trial.

8.1 Future Work

Prospective longer-term evaluation of individuals with cardiac ATTR amyloidosis will be
invaluable in establishing a greater understanding of this highly variable condition. Since
commencing the studies in this thesis, the NAC in the UK has commenced a prospective
longitudinal cohort study; TRansthyretin Amyloidosis: Neuropathy, Senility, Cardiomyopathy,
Evaluation, Natural history and Diagnosis (TRANSCEND). This study is being undertaken to
characterise the phenotype and natural history of all patients with ATTR amyloidosis in the UK.
In addition, the THAOS study continues to collect international, longitudinal data which will
provide valuable information in the coming years.

The prognosis of patients with a new diagnosis of cardiac AL amyloidosis appears to be
well-predicted by cardiac biomarker (NT-proBNP and Troponin) assessment as originally
described by the Mayo group. However much still remains to be uncovered. Amongst this
includes the likelihood of response to chemotherapies, risk stratification for sudden cardiac
death, and prognostic markers following successful chemotherapy treatment. The intriguing
finding of cardiac uptake by **"Tc DPD scintigraphy in cardiac AL amyloidosis remains
unclear and requires further investigation. Furthermore, the reason for the sensitivity of 99mTc
DPD in cardiac ATTR amyloidosis and cardiac ApoAl amyloidosis still remains unclear and
requires further evaluation.
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Patient selection criteria for clinical trials stongly affect the applicability of results to the wider
population of patients with the condtion. Furthermore, these criteria and the trial design also
have a major role in determing the ease with which patients can be recruited and thus potentially
impact the success or failure of a clinical trial. A more pragmatic approach based on the
recently published consensus document on the non-invasive diagnosis of cardiac tranthyertin
amyloidosis [33] is likely to mean that from 2017, the absence of a histological diagnosis of the
condition is less likely to be as significant a limitation to clinical trial recruitment if incorporated
in to any future clinical trial design. Others selection criteria must be carefully rationalised
and consideration may even need to be given to separate trials for the different cardiac ATTR
sub-types given the potential for variety of clinical phenotype and outcomes.

One of the disease-specific therapeutics currently under investigation at an advanced stage in
patients with ATTR cardiac amyloidosis is AG10 [144], an orally administered TTR stabiliser.
Following completion of the promising phase 2 study in 49 patients with either ATTR-wt or
ATTR-m amyloidosis [145], recruitment has recently begun for the phase 3 trial of AG10
(ATTRibute-CM trial, NCT 03860935). Study completion of ATTRibute-CM is estimated for

2022. Notably the maximum age for entry is 90 years.

171



Bibliography

[1] Lachmann HJ, Hawkins PN. Systemic amyloidosis. Curr Opin Pharmacol.

2006;6(2):214-20.
[2] Merlini G. Systemic amyloidosis: are we moving ahead? Neth J Med. 2004;62(4):104-5.

[3] Falk RH, Comenzo RL, Skinner M. The systemic amyloidoses. N Engl J Med.

1997;337(13):898-909.

[4] Sipe JD, Benson MD, Buxbaum JN, Ikeda S, Merlini G, Saraiva MJ, et al. Nomenclature
2014: Amyloid fibril proteins and clinical classification of the amyloidosis. Amyloid.

2014;21(4):221-4.

[5] Pinney JH, Smith CJ, Taube JB, Lachmann HJ, Venner CP, Gibbs SD, et al. Systemic

amyloidosis in England: an epidemiological study. Br J Haematol. 2013;161(4):525-32.

[6] Lachmann HJ, Goodman HJ, Gilbertson JA, Gallimore JR, Sabin CA, Gillmore JD,
et al. Natural history and outcome in systemic AA amyloidosis. N Engl J Med.

2007;356(23):2361-71.

[7] Patel KS, Hawkins PN. Cardiac amyloidosis: where are we today? J Intern Med.

2015;278(2):126-44.

[8] Falk RH, Alexander KM, Liao R, Dorbala S. AL (Light-Chain) Cardiac Amyloidosis: A
Review of Diagnosis and Therapy. J Am Coll Cardiol. 2016;68(12):1323-41.

172



[9] Sipe JD, Benson MD, Buxbaum JN, Ikeda SI, Merlini G, Saraiva MJ, et al. Amyloid fibril
proteins and amyloidosis: chemical identification and clinical classification International

Society of Amyloidosis 2016 Nomenclature Guidelines. Amyloid. 2016;23(4):209-213.

[10] Wechalekar AD, Gillmore JD, Hawkins PN. Systemic amyloidosis. Lancet.

2016;387(10038):2641-2654.

[11] Glenner GG. Amyloid deposits and amyloidosis. The beta-fibrilloses (first of two parts).

N Engl J Med. 1980;302(23):1283-92.

[12] Missmahl HP, Hartwig M. [Optical polarization studies of amyloid substance]. Virchows

Arch Pathol Anat Physiol Klin Med. 1953;324(4):489-508.

[13] Shirahama T, Cohen AS. High-resolution electron microscopic analysis of the amyloid

fibril. J Cell Biol. 1967;33(3):679-708.

[14] Picken MM, Herrera GA. The Burden of Sticky Amyloid: Typing Challenges. Archives

of Pathology and Laboratory Medicine. 2007;131(6):850-851.

[15] Muchtar E, Gertz MA, Kumar SK, Lacy MQ, Dingli D, Buadi FK, et al. Improved
outcomes for newly diagnosed AL amyloidosis between 2000 and 2014: cracking the

glass ceiling of early death. Blood. 2017;129(15):2111-2119.

[16] Sachchithanantham S, Offer M, Venner C, Mahmood SA, Foard D, Rannigan L, et al.
Clinical profile and treatment outcome of older (over 75 years) patients with systemic

AL amyloidosis. Haematologica. 2015;100(11):1469-76.

[17] Dubrey SW, Cha K, Anderson J, Chamarthi B, Reisinger J, Skinner M, et al. The clinical
features of immunoglobulin light-chain (AL) amyloidosis with heart involvement. QJM.
1998;91(2):141-57.

173



[18] Hamilton JA, Benson MD. Transthyretin: a review from a structural perspective. Cell

Mol Life Sci. 2001;58(10):1491-521.

[19] Westermark P, Sletten K, Johansson B, Cornwell r G G. Fibril in senile systemic
amyloidosis is derived from normal transthyretin. Proc Natl Acad Sci U S A.

1990;87(7):2843-5.

[20] www.amyloidosismutations.com;.(.):.

[21] Longo Alves I, Hays MT, Saraiva MJ. Comparative stability and clearance of

[Met30]transthyretin and [Met1 19]transthyretin. Eur J Biochem. 1997;249(3):662-8.

[22] Kyle RA, Greipp PR, O’Fallon WM. Primary systemic amyloidosis: multivariate

analysis for prognostic factors in 168 cases. Blood. 1986;68(1):220-4.

[23] Kyle RA, Gertz MA. Primary systemic amyloidosis: clinical and laboratory features in

474 cases. Semin Hematol. 1995;32(1):45-59.

[24] Kyle RA, Linos A, Beard CM, Linke RP, Gertz MA, O’Fallon WM, et al. Incidence and
natural history of primary systemic amyloidosis in Olmsted County, Minnesota, 1950

through 1989. Blood. 1992;79(7):1817-22.

[25] Cornwell r G G, Murdoch WL, Kyle RA, Westermark P, Pitkanen P. Frequency and
distribution of senile cardiovascular amyloid. A clinicopathologic correlation. Am J Med.

1983;75(4):618-23.

[26] Robles C, Gonzlez-Lpez E, Guzzo-Merello G, Alonso-Pulpon L, Gallego-Delgado M,
Cobo-Marcos M, et al. Wild-type transthyretin amyloidosis as a cause of heart failure
with preserved ejection fraction. European Heart Journal. 2015;36(38):2585-2594.

174



[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

Maceira AM, Joshi J, Prasad SK, Moon JC, Perugini E, Harding I, et al. Cardiovascular

magnetic resonance in cardiac amyloidosis. Circulation. 2005;111(2):186-93.

Deux JF, Damy T, Rahmouni A, Mayer J, Plante-Bordeneuve V. Noninvasive
detection of cardiac involvement in patients with hereditary transthyretin associated
amyloidosis using cardiac magnetic resonance imaging: a prospective study. Amyloid.

2014;21(4):246-55.

Fontana M, Banypersad SM, Treibel TA, Maestrini V, Sado DM, White SK, et al. Native

T1 mapping in transthyretin amyloidosis. JACC Cardiovasc Imaging. 2014;7(2):157-65.

Rapezzi C, Quarta CC, Guidalotti PL, Pettinato C, Fanti S, Leone O, et al. Role of
(99m)Tc-DPD scintigraphy in diagnosis and prognosis of hereditary transthyretin-related

cardiac amyloidosis. JACC Cardiovasc Imaging. 2011;4(6):659-70.

Falk RH, Lee VW, Rubinow A, Hood J W B, Cohen AS. Sensitivity of
technetium-99m-pyrophosphate scintigraphy in diagnosing cardiac amyloidosis. Am J

Cardiol. 1983;51(5):826-30.

Longhi S, Guidalotti PL, Quarta CC, Gagliardi C, Milandri A, Lorenzini M, et al.
Identification of TTR-related subclinical amyloidosis with 99mTc-DPD scintigraphy.

JACC Cardiovasc Imaging. 2014;7(5):531-2.

Gillmore JD, Maurer MS, Falk RH, Merlini G, Damy T, Dispenzieri A, et al. Nonbiopsy

Diagnosis of Cardiac Transthyretin Amyloidosis. Circulation. 2016;133(24):2404-12.

Hongo M, Hirayama J, Fujii T, Yamada H, Okubo S, Kusama S, et al. Early identification
of amyloid heart disease by technetium-99m-pyrophosphate scintigraphy: a study with
familial amyloid polyneuropathy. Am Heart J. 1987;113(3):654-62.

175



[35]

[36]

[37]

[38]

[39]

[40]

[41]

Parkey RW, Bonte FJ, Meyer SL, Atkins JM, Curry GL, Stokely EM, et al. A new
method for radionuclide imaging of acute myocardial infarction in humans. Circulation.

1974;50(3):540-6.

Rapezzi C, Merlini G, Quarta CC, Riva L, Longhi S, Leone O, et al. Systemic cardiac
amyloidoses: disease profiles and clinical courses of the 3 main types. Circulation.

2009;120(13):1203-12.

Dungu JN, Papadopoulou SA, Wykes K, Mahmood I, Marshall J, Valencia O, et al.
Afro-Caribbean Heart Failure in the United Kingdom: Cause, Outcomes, and ATTR

V1221 Cardiac Amyloidosis. Circ Heart Fail. 2016;9(9).

Kumar S, Dispenzieri A, Katzmann JA, Larson DR, Colby CL, Lacy MQ, et al. Serum
immunoglobulin free light-chain measurement in primary amyloidosis: prognostic value

and correlations with clinical features. Blood. 2010;116(24):5126-9.

Pinney JH, Whelan CJ, Petrie A, Dungu J, Banypersad SM, Sattianayagam P, et al. Senile
systemic amyloidosis: clinical features at presentation and outcome. J Am Heart Assoc.

2013;2(2):e000098.

Coelho T, Maurer MS, Suhr OB. THAOS - The Transthyretin Amyloidosis Outcomes
Survey: initial report on clinical manifestations in patients with hereditary and wild-type

transthyretin amyloidosis. Curr Med Res Opin. 2013;29(1):63-76.

Ruberg FL, Maurer MS, Judge DP, Zeldenrust S, Skinner M, Kim AY, et al. Prospective
evaluation of the morbidity and mortality of wild-type and V122l mutant transthyretin
amyloid cardiomyopathy: the Transthyretin Amyloidosis Cardiac Study (TRACS). Am
Heart J. 2012;164(2):222-228 el.

176



[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

Westermark P, Westermark GT, Suhr OB, Berg S. Transthyretin-derived amyloidosis:

probably a common cause of lumbar spinal stenosis. Ups J Med Sci. 2014;119(3):223-8.

Sachchithanantham S, Gilbertson J, Hutt D, Rowczenio D, Patel K, Mahmood S,
et al. Painless haematuria is a manifestation of senile systemic amyloidosis. XIVth

International Symposium on Amyloidosis. 2014;.

Jacobson DR, Pastore R, Pool S, Malendowicz S, Kane I, Shivji A, et al.
Revised transthyretin Ile 122 allele frequency in African-Americans. Hum Genet.

1996;98(2):236-8.

Dungu J, Sattianayagam PT, Whelan CJ, Gibbs SD, Pinney JH, Banypersad SM,
et al. The electrocardiographic features associated with cardiac amyloidosis of
variant transthyretin isoleucine 122 type in Afro-Caribbean patients. Am Heart J.

2012;164(1):72-9.

Sattianayagam PT, Hahn AF, Whelan CJ, Gibbs SD, Pinney JH, Stangou AlJ, et al.
Cardiac phenotype and clinical outcome of familial amyloid polyneuropathy associated

with transthyretin alanine 60 variant. Eur Heart J. 2012;33(9):1120-7.

Wallace MR, Dwulet FE, Conneally PM, Benson MD. Biochemical and molecular
genetic characterization of a new variant prealbumin associated with hereditary

amyloidosis. J Clin Invest. 1986;78(1):6—12.

Staunton H, Dervan P, Kale R, Linke RP, Kelly P. Hereditary amyloid polyneuropathy in

north west Ireland. Brain. 1987;110 ( Pt 5):1231-45.

Reilly MM, Staunton H, Harding AE. Familial amyloid polyneuropathy (TTR ala 60) in

177



[50]

[51]

[52]

[53]

[54]

[55]

north west Ireland: a clinical, genetic, and epidemiological study. J Neurol Neurosurg

Psychiatry. 1995;59(1):45-9.

Andrade C. A peculiar form of peripheral neuropathy; familiar atypical
generalized amyloidosis with special involvement of the peripheral nerves. Brain.
1952;75(3):408-27. Andrade, ¢ England Brain : a journal of neurology Brain. 1952

Sep;75(3):408-27.

Drugge U, Andersson R, Chizari F, Danielsson M, Holmgren G, Sandgren O, et al.
Familial amyloidotic polyneuropathy in Sweden: a pedigree analysis. J Med Genet.

1993;30(5):388-92.

Suhr OB, Svendsen IH, Andersson R, Danielsson A, Holmgren G, Ranlov PJ.
Hereditary transthyretin amyloidosis from a Scandinavian perspective. J Intern Med.

2003;254(3):225-35.

Ikeda S, Nakazato M, Ando Y, Sobue G. Familial transthyretin-type amyloid
polyneuropathy in Japan: clinical and genetic heterogeneity. Neurology.

2002;58(7):1001-7.

Herlenius G, Wilczek HE, Larsson M, Ericzon BG. Ten years of international experience
with liver transplantation for familial amyloidotic polyneuropathy: results from the
Familial Amyloidotic Polyneuropathy World Transplant Registry. Transplantation.

2004;77(1):64-71.

Yazaki M, Tokuda T, Nakamura A, Higashikata T, Koyama J, Higuchi K, et al. Cardiac
amyloid in patients with familial amyloid polyneuropathy consists of abundant wild-type
transthyretin. Biochem Biophys Res Commun. 2000;274(3):702-6.

178



[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

Dispenzieri A, Gertz MA, Kyle RA, Lacy MQ, Burritt MF, Therneau TM, et al. Serum
cardiac troponins and N-terminal pro-brain natriuretic peptide: a staging system for

primary systemic amyloidosis. J Clin Oncol. 2004;22(18):3751-7.

Kumar S, Dispenzieri A, Lacy MQ, Hayman SR, Buadi FK, Colby C, et al. Revised
prognostic staging system for light chain amyloidosis incorporating cardiac biomarkers

and serum free light chain measurements. J Clin Oncol. 2012;30(9):989-95.

Wechalekar AD, Schonland SO, Kastritis E, Gillmore JD, Dimopoulos MA, Lane T, et al.
A European collaborative study of treatment outcomes in 346 patients with cardiac stage

IIT AL amyloidosis. Blood. 2013;121(17):3420-7.

Quarta CC, Solomon SD, Uraizee I, Kruger J, Longhi S, Ferlito M, et al. Left ventricular
structure and function in transthyretin-related versus light-chain cardiac amyloidosis.

Circulation. 2014;129(18):1840-9.

Givens RC, Russo C, Green P, Maurer MS. Comparison of cardiac amyloidosis due to
wild-type and V1221 transthyretin in older adults referred to an academic medical center.

Aging health. 2013;9(2):229-235.

Maurer MS, Hanna M, Grogan M, Dispenzieri A, Witteles R, Drachman B, et al.

Genotype and Phenotype of Transthyretin Cardiac Amyloidosis: THAOS (Transthyretin

Amyloid Outcome Survey). J Am Coll Cardiol. 2016;68(2):161-72.

Singh A, Geller HI, Falk RH. Val122Ile mt-ATTR Has a Worse Survival Than wt-ATTR

Cardiac Amyloidosis. J Am Coll Cardiol. 2017;69(6):757-758.

Grogan M, Scott CG, Kyle RA, Zeldenrust SR, Gertz MA, Lin G, et al. Natural History

179



[64]

[65]

[66]

[67]

[68]

[69]

of Wild-Type Transthyretin Cardiac Amyloidosis and Risk Stratification Using a Novel

Staging System. J Am Coll Cardiol. 2016;68(10):1014-20.

Mussinelli R, Salinaro F, Alogna A, Boldrini M, Raimondi A, Musca F, et al. Diagnostic
and prognostic value of low QRS voltages in cardiac AL amyloidosis. Ann Noninvasive

Electrocardiol. 2013;18(3):271-80.

Reisinger J, Dubrey SW, Lavalley M, Skinner M, Falk RH. Electrophysiologic
abnormalities in AL (primary) amyloidosis with cardiac involvement. J Am Coll Cardiol.

1997;30(4):1046-51.

Connors LH, Prokaeva T, Lim A, Theberge R, Falk RH, Doros G, et al. Cardiac
amyloidosis in African Americans: comparison of clinical and laboratory features of

transthyretin V1221 amyloidosis and immunoglobulin light chain amyloidosis. Am Heart

J. 2009;158(4):607-14.

Perlini S, Salinaro F, Cappelli F, Perfetto F, Bergesio F, Alogna A, et al. Prognostic value

of fragmented QRS in cardiac AL amyloidosis. Int J Cardiol. 2013;167(5):2156-61.

Gertz MA, Comenzo R, Falk RH, Fermand JP, Hazenberg BP, Hawkins PN, et al.
Definition of organ involvement and treatment response in immunoglobulin light
chain amyloidosis (AL): a consensus opinion from the 10th International Symposium
on Amyloid and Amyloidosis, Tours, France, 18-22 April 2004. Am J Hematol.

2005;79(4):319-28.

Koyama J, Ray-Sequin PA, Falk RH. Longitudinal myocardial function assessed by
tissue velocity, strain, and strain rate tissue Doppler echocardiography in patients with
AL (primary) cardiac amyloidosis. Circulation. 2003;107(19):2446-52.

180



[70]

[71]

[72]

[73]

[74]

[75]

Buss SJ, Emami M, Mereles D, Korosoglou G, Kristen AV, Voss A, et al. Longitudinal
left ventricular function for prediction of survival in systemic light-chain amyloidosis:

incremental value compared with clinical and biochemical markers. J Am Coll Cardiol.

2012;60(12):1067-76.

Phelan D, Collier P, Thavendiranathan P, Popovic ZB, Hanna M, Plana JC, et al.
Relative apical sparing of longitudinal strain using two-dimensional speckle-tracking

echocardiography is both sensitive and specific for the diagnosis of cardiac amyloidosis.

Heart. 2012;98(19):1442-8.

Farsalinos KE, Daraban AM, Unlu S, Thomas JD, Badano LP, Voigt JU. Head-to-Head
Comparison of Global Longitudinal Strain Measurements among Nine Different
Vendors: The EACVI/ASE Inter-Vendor Comparison Study. J Am Soc Echocardiogr.

2015:28(10):1171-1181, 2.

Hawkins PN, Myers MJ, Lavender JP, Pepys MB. Diagnostic radionuclide imaging of
amyloid: biological targeting by circulating human serum amyloid P component. Lancet.

1988;1(8600):1413-8.

Kristen AV, Haufe S, Schonland SO, Hegenbart U, Schnabel PA, Rocken C, et al. Skeletal
scintigraphy indicates disease severity of cardiac involvement in patients with senile

systemic amyloidosis. Int J Cardiol. 2013;164(2):179-84.

Rapezzi C, Quarta CC, Guidalotti PL, Longhi S, Pettinato C, Leone O, et al. Usefulness
and limitations of 99mTc-3,3-diphosphono-1,2-propanodicarboxylic acid scintigraphy in
the aetiological diagnosis of amyloidotic cardiomyopathy. Eur J Nucl Med Mol Imaging.
2011;38(3):470-8.

181



[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

Hutt DF, Quigley AM, Page J, Hall ML, Burniston M, Gopaul D, et al. Utility and
limitations of 3,3-diphosphono-1,2-propanodicarboxylic acid scintigraphy in systemic

amyloidosis. Eur Heart J Cardiovasc Imaging. 2014;15(11):1289-98.

Quarta CC, Obici L, Guidalotti PL, Pieroni M, Longhi S, Perlini S, et al. High
99mTc-DPD myocardial uptake in a patient with apolipoprotein Al-related amyloidotic

cardiomyopathy. Amyloid. 2013;20(1):48-51.

Maceira AM, Joshi J, Prasad SK, Moon JC, Perugini E, Harding I, et al. Cardiovascular

magnetic resonance in cardiac amyloidosis. Circulation. 2005;111(2):186-93.

Dungu JN, Valencia O, Pinney JH, Gibbs SD, Rowczenio D, Gilbertson JA, et al.
CMR-based differentiation of AL and ATTR cardiac amyloidosis. JACC Cardiovasc

Imaging. 2014;7(2):133-42.

Karamitsos TD, Piechnik SK, Banypersad SM, Fontana M, Ntusi NB, Ferreira VM, et al.
Noncontrast T1 mapping for the diagnosis of cardiac amyloidosis. JACC Cardiovasc

Imaging. 2013;6(4):488-97.

Sado DM, Flett AS, Banypersad SM, White SK, Maestrini V, Quarta G, et al.
Cardiovascular magnetic resonance measurement of myocardial extracellular volume in

health and disease. Heart. 2012;98(19):1436-41.

Banypersad SM, Sado DM, Flett AS, Gibbs SD, Pinney JH, Maestrini V, et al.
Quantification of myocardial extracellular volume fraction in systemic AL amyloidosis:

an equilibrium contrast cardiovascular magnetic resonance study. Circ Cardiovasc

Imaging. 2013;6(1):34-9.

White SK, Sado DM, Fontana M, Banypersad SM, Maestrini V, Flett AS, et al. TI1

182



[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

mapping for myocardial extracellular volume measurement by CMR: bolus only versus

primed infusion technique. JACC Cardiovasc Imaging. 2013;6(9):955-62.

Guy CD, Jones CK. Abdominal fat pad aspiration biopsy for tissue confirmation of
systemic amyloidosis: specificity, positive predictive value, and diagnostic pitfalls. Diagn

Cytopathol. 2001;24(3):181-5.

Vrana JA, Theis JD, Dasari S, Mereuta OM, Dispenzieri A, Zeldenrust SR, et al. Clinical
diagnosis and typing of systemic amyloidosis in subcutaneous fat aspirates by mass

spectrometry-based proteomics. Haematologica. 2014;99(7):1239-47.

Lachmann HJ, Booth DR, Booth SE, Bybee A, Gilbertson JA, Gillmore JD, et al.
Misdiagnosis of hereditary amyloidosis as AL (primary) amyloidosis. N Engl J Med.

2002;346(23):1786-91.

Falk RH. Diagnosis and management of the cardiac amyloidoses. Circulation.

2005;112(13):2047-60.

Rubinow A, Skinner M, Cohen AS. Digoxin sensitivity in amyloid cardiomyopathy.

Circulation. 1981;63(6):1285-8.

Gertz MA, Skinner M, Connors LH, Falk RH, Cohen AS, Kyle RA. Selective binding of

nifedipine to amyloid fibrils. Am J Cardiol. 1985;55(13 Pt 1):1646.

Pollak A, Falk RH. Left ventricular systolic dysfunction precipitated by verapamil in

cardiac amyloidosis. Chest. 1993;104(2):618-20.

Feng D, Edwards WD, Oh JK, Chandrasekaran K, Grogan M, Martinez MW, et al.
Intracardiac thrombosis and embolism in patients with cardiac amyloidosis. Circulation.
2007;116(21):2420-6.

183



[92]

[93]

[94]

[95]

[96]

[97]

Collins M, Pellat A, Antoni G, Agostini H, Labeyrie C, Adams D, et al. Somatostatin
analogues for refractory diarrhoea in familial amyloid polyneuropathy. PLoS One.

2018;13(8):e0201869.

Ridolfi RL, Bulkley BH, Hutchins GM. The conduction system in cardiac amyloidosis.

Clinical and pathologic features of 23 patients. Am J Med. 1977;62(5):677-86.

Russo AM, Stainback RF, Bailey SR, Epstein AE, Heidenreich PA, Jessup M, et al.
ACCF/HRS/AHA/ASE/HFSA/SCAI/SCCT/SCMR 2013 appropriate use criteria for
implantable cardioverter-defibrillators and cardiac resynchronization therapy: a report of
the American College of Cardiology Foundation appropriate use criteria task force, Heart
Rhythm Society, American Heart Association, American Society of Echocardiography,
Heart Failure Society of America, Society for Cardiovascular Angiography and
Interventions, Society of Cardiovascular Computed Tomography, and Society for

Cardiovascular Magnetic Resonance. J Am Coll Cardiol. 2013;61(12):1318-68.

Patel KS, Hawkins PN, Whelan CJ, Gillmore JD. Life-saving implantable cardioverter

defibrillator therapy in cardiac AL amyloidosis. BMJ Case Rep. 2014;2014.

Dey BR, Chung SS, Spitzer TR, Zheng H, Macgillivray TE, Seldin DC, et al.
Cardiac transplantation followed by dose-intensive melphalan and autologous stem-cell

transplantation for light chain amyloidosis and heart failure. Transplantation.

2010;90(8):905-11.

Gibbs SD, Sattianayagam PT, Hawkins PN, Gillmore JD. Cardiac transplantation should
be considered in selected patients with either AL or hereditary forms of amyloidosis: the
UK National Amyloidosis Centre experience. Intern Med J. 2009;39(11):786-7; author
reply 787-8.

184



[98]

[99]

[100]

[101]

[102]

[103]

[104]

Venner CP, Lane T, Foard D, Rannigan L, Gibbs SD, Pinney JH, et al.
Cyclophosphamide, bortezomib, and dexamethasone therapy in AL amyloidosis is

associated with high clonal response rates and prolonged progression-free survival.

Blood. 2012;119(19):4387-90.

Mikhael JR, Schuster SR, Jimenez-Zepeda VH, Bello N, Spong J, Reeder CB, et al.
Cyclophosphamide-bortezomib-dexamethasone (CyBorD) produces rapid and complete

hematologic response in patients with AL amyloidosis. Blood. 2012;119(19):4391-4.

Majolino I, Marceno R, Pecoraro G, Scime R, Vasta S, Liberti G, et al. High-dose therapy

and autologous transplantation in amyloidosis-AL. Haematologica. 1993;78(1):68-71.

Comenzo RL, Vosburgh E, Falk RH, Sanchorawala V, Reisinger J, Dubrey S, et al.
Dose-intensive melphalan with blood stem-cell support for the treatment of AL

(amyloid light-chain) amyloidosis: survival and responses in 25 patients. Blood.

1998;91(10):3662-70.

Venner CP, Gillmore JD, Sachchithanantham S, Mahmood S, Lane T, Foard D, et al.
Stringent patient selection improves outcomes in systemic light-chain amyloidosis after

autologous stem cell transplantation in the upfront and relapsed setting. Haematologica.

2014;99(12):e260-3.

Sanchorawala V, Skinner M, Quillen K, Finn KT, Doros G, Seldin DC. Long-term
outcome of patients with AL amyloidosis treated with high-dose melphalan and stem-cell

transplantation. Blood. 2007;110(10):3561-3.

Hrncic R, Wall J, Wolfenbarger DA, Murphy CL, Schell M, Weiss DT, et al.
Antibody-mediated resolution of light chain-associated amyloid deposits. Am J Pathol.
2000;157(4):1239-46.

185



[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

Solomon A, Weiss DT, Wall JS. Therapeutic potential of chimeric amyloid-reactive

monoclonal antibody 11-1F4. Clin Cancer Res. 2003;9(10 Pt 2):3831S-8S.

Gertz MA, Landau H, Comenzo RL, Seldin D, Weiss B, Zonder J, et al. First-in-Human
Phase I/II Study of NEODOO1 in Patients With Light Chain Amyloidosis and Persistent

Organ Dysfunction. J Clin Oncol. 2016;34(10):1097-103.

Pepys MB, Herbert J, Hutchinson WL, Tennent GA, Lachmann HJ, Gallimore JR, et al.
Targeted pharmacological depletion of serum amyloid P component for treatment of

human amyloidosis. Nature. 2002;417(6886):254-9.

Gillmore JD, Tennent GA, Hutchinson WL, Gallimore JR, Lachmann HJ, Goodman HJ,
et al. Sustained pharmacological depletion of serum amyloid P component in patients

with systemic amyloidosis. Br J Haematol. 2010;148(5):760-7.

Bodin K, Ellmerich S, Kahan MC, Tennent GA, Loesch A, Gilbertson JA, et al.
Antibodies to human serum amyloid P component eliminate visceral amyloid deposits.

Nature. 2010;468(7320):93-7.

Richards DB, Cookson LM, Berges AC, Barton SV, Lane T, Ritter JM, et al. Therapeutic
Clearance of Amyloid by Antibodies to Serum Amyloid P Component. N Engl J Med.

2015;373(12):1106-14.

Soutschek J, Akinc A, Bramlage B, Charisse K, Constien R, Donoghue M, et al.
Therapeutic silencing of an endogenous gene by systemic administration of modified

siRNAs. Nature. 2004;432(7014):173-8.

Coelho T, Adams D, Silva A, Lozeron P, Hawkins PN, Mant T, et al. Safety and efficacy
of RNAI therapy for transthyretin amyloidosis. N Engl J Med. 2013;369(9):819-29.

186



[113]

[114]

[115]

[116]

[117]

[118]

[119]

Nair JK, Willoughby JL, Chan A, Charisse K, Alam MR, Wang Q, et al. Multivalent
N-acetylgalactosamine-conjugated siRNA localizes in hepatocytes and elicits robust

RNAi-mediated gene silencing. J Am Chem Soc. 2014;136(49):16958-61.

Zimmermann TS, Karsten V, Chan A, Chiesa J, Boyce M, Bettencourt BR, et al. Clinical
Proof of Concept for a Novel Hepatocyte-Targeting GalNAc-siRNA Conjugate. Mol

Ther. 2017;25(1):71-78.

Benson MD, Waddington-Cruz M, Berk JL, Polydetkis M, Dyck PJ, Wang AK, et al.
Inotersen Treatment for Patients with Hereditary Transthyretin Amyloidosis. N Engl J

Med. 2018;379(1):22-31.

Holmgren G, Steen L, Ekstedt J, Groth CG, Ericzon BG, Eriksson S, et al. Biochemical
effect of liver transplantation in two Swedish patients with familial amyloidotic

polyneuropathy (FAP-met30). Clin Genet. 1991;40(3):242-6.

Holmgren G, Ericzon BG, Groth CG, Steen L, Suhr O, Andersen O, et al. Clinical
improvement and amyloid regression after liver transplantation in hereditary transthyretin

amyloidosis. Lancet. 1993;341(8853):1113-6.

Stangou AJ, Hawkins PN, Heaton ND, Rela M, Monaghan M, Nihoyannopoulos P,
et al. Progressive cardiac amyloidosis following liver transplantation for familial
amyloid polyneuropathy: implications for amyloid fibrillogenesis. Transplantation.

1998;66(2):229-33.

Liepnieks JJ, Benson MD. Progression of cardiac amyloid deposition in
hereditary transthyretin amyloidosis patients after liver transplantation. Amyloid.
2007;14(4):277-82. Liepnieks, Juris J Benson, Merrill D AG10133/AG/NIA
NIH HHS/United States DK42111/DK/NIDDK NIH HHS/United States

187



[120]

[121]

[122]

[123]

[124]

RR-00750/RR/NCRR NIH HHS/United States Research Support, N.I.LH., Extramural
Research Support, Non-U.S. Gov’t Research Support, U.S. Gov’t, Non-P.H.S. England
Amyloid : the international journal of experimental and clinical investigation : the official
journal of the International Society of Amyloidosis Amyloid. 2007 Dec;14(4):277-82.

doi: 10.1080/13506120701614032.

Sekijima Y, Dendle MA, Kelly JW. Orally administered diflunisal stabilizes transthyretin

against dissociation required for amyloidogenesis. Amyloid. 2006;13(4):236—49.

Berk JL, Suhr OB, Obici L, Sekijima Y, Zeldenrust SR, Yamashita T, et al. Repurposing
diflunisal for familial amyloid polyneuropathy: a randomized clinical trial. JAMA.

2013;310(24):2658-67.

Castano A, Helmke S, Alvarez J, Delisle S, Maurer MS. Diflunisal for ATTR cardiac
amyloidosis. Congest Heart Fail. 2012;18(6):315-9. Castano, Adam Helmke, Stephen
Alvarez, Julissa Delisle, Susan Maurer, Mathew S K24 AGO036778/AG/NIA NIH
HHS/United States United States Congestive heart failure (Greenwich, Conn.) Congest
Heart Fail. 2012 Nov-Dec;18(6):315-9. doi: 10.1111/5.1751-7133.2012.00303.x. Epub

2012 Jul 2.

Coelho T, Maia LF, Martins da Silva A, Waddington Cruz M, Plante-Bordeneuve V,
Lozeron P, et al. Tafamidis for transthyretin familial amyloid polyneuropathy: a

randomized, controlled trial. Neurology. 2012;79(8):785-92.

Maurer MS, Schwartz JH, Gundapaneni B, Elliott PM, Merlini G, Waddington-Cruz M,
et al. Tafamidis Treatment for Patients with Transthyretin Amyloid Cardiomyopathy. N
Engl J Med. 2018;379(11):1007-1016.

188



[125]

[126]

[127]

[128]

[129]

[130]

[131]

Cardoso I, Martins D, Ribeiro T, Merlini G, Saraiva MJ. Synergy of combined
doxycycline/TUDCA treatment in lowering Transthyretin deposition and associated

biomarkers: studies in FAP mouse models. J Transl Med. 2010;8:74.

Obici L, Cortese A, Lozza A, Lucchetti J, Gobbi M, Palladini G, et al. Doxycycline
plus tauroursodeoxycholic acid for transthyretin amyloidosis: a phase II study. Amyloid.

2012;19 Suppl 1:34-6.

Carroll JD, Gaasch WH, McAdam KP. Amyloid cardiomyopathy: characterization by a

distinctive voltage/mass relation. Am J Cardiol. 1982;49(1):9-13.

Sokolow M, Lyon TP. The ventricular complex in left ventricular hypertrophy as obtained

by unipolar precordial and limb leads. Am Heart J. 1949;37(2):161-86.

Casale PN, Devereux RB, Alonso DR, Campo E, Kligfield P. Improved sex-specific
criteria of left ventricular hypertrophy for clinical and computer interpretation of

electrocardiograms: validation with autopsy findings. Circulation. 1987;75(3):565-72.

Piechnik SK, Ferreira VM, Dall’ Armellina E, Cochlin LE, Greiser A, Neubauer S, et al.
Shortened Modified Look-Locker Inversion recovery (ShMOLLI) for clinical myocardial
T1-mapping at 1.5 and 3 T within a 9 heartbeat breathhold. J Cardiovasc Magn Reson.

2010;12:69.

Fontana M, White SK, Banypersad SM, Sado DM, Maestrini V, Flett AS,
et al. Comparison of T1 mapping techniques for ECV quantification. Histological
validation and reproducibility of ShAMOLLI versus multibreath-hold T1 quantification
equilibrium contrast CMR. J Cardiovasc Magn Reson. 2012;14:88.  Fontana,
Marianna White, Steve K Banypersad, Sanjay M Sado, Daniel M Maestrini,
Viviana Flett, Andrew S Piechnik, Stefan K Neubauer, Stefan Roberts, Neil Moon,

189



[132]

[133]

[134]

[135]

[136]

James C British Heart Foundation/United Kingdom Department of Health/United
Kingdom FS/12/56/29723/British Heart Foundation/United Kingdom 090532/Wellcome
Trust/United Kingdom FS/10/40/28260/British Heart Foundation/United Kingdom
Comparative Study Research Support, Non-U.S. Gov’t Validation Studies England
Journal of cardiovascular magnetic resonance : official journal of the Society for
Cardiovascular Magnetic Resonance J Cardiovasc Magn Reson. 2012 Dec 28;14:88. doi:

10.1186/1532-429X-14-88.

Perugini E, Guidalotti PL, Salvi F, Cooke RM, Pettinato C, Riva L,
et al. Noninvasive etiologic diagnosis of cardiac amyloidosis using
99mTc-3,3-diphosphono-1,2-propanodicarboxylic acid scintigraphy. J Am Coll

Cardiol. 2005;46(6):1076-84.

Boldrini M, Salinaro F, Mussinelli R, Raimondi A, Alogna A, Musca F, et al. Prevalence
and prognostic value of conduction disturbances at the time of diagnosis of cardiac AL

amyloidosis. Ann Noninvasive Electrocardiol. 2013;18(4):327-35.

Iuliano S, Fisher SG, Karasik PE, Fletcher RD, Singh SN. QRS duration and mortality

in patients with congestive heart failure. Am Heart J. 2002;143(6):1085-91.

Martin A, Benbow LJ, Butrous GS, Leach C, Camm AJ. Five-year follow-up of 101
elderly subjects by means of long-term ambulatory cardiac monitoring. Eur Heart J.

1984;5(7):592-6.

Davis RC, Hobbs FD, Kenkre JE, Roalfe AK, Iles R, Lip GY, et al. Prevalence of
atrial fibrillation in the general population and in high-risk groups: the ECHOES study.
Europace. 2012;14(11):1553-9.

190



[137]

[138]

[139]

[140]

[141]

[142]

[143]

Jacobson DR, Pastore RD, Yaghoubian R, Kane I, Gallo G, Buck FS, et al.
Variant-sequence transthyretin (isoleucine 122) in late-onset cardiac amyloidosis in black

Americans. N Engl J Med. 1997;336(7):466-73.

Allen LA, Felker GM, Pocock S, McMurray 1J, Pfeffer MA, Swedberg K, et al. Liver
function abnormalities and outcome in patients with chronic heart failure: data from

the Candesartan in Heart Failure: Assessment of Reduction in Mortality and Morbidity

(CHARM) program. Eur J Heart Fail. 2009;11(2):170-7.

Nikolaou M, Parissis J, Yilmaz MB, Seronde MF, Kivikko M, Laribi S, et al. Liver
function abnormalities, clinical profile, and outcome in acute decompensated heart

failure. Eur Heart J. 2013;34(10):742-9.

Gillmore JD, Damy T, Fontana M, Hutchinson M, Lachmann HJ, Martinez-Naharro

A, et al. A new staging system for cardiac transthyretin amyloidosis. Eur Heart J.

2018;39(30):2799-2806.

Connors LH, Sam F, Skinner M, Salinaro F, Sun F, Ruberg FL, et al. Heart
Failure Resulting From Age-Related Cardiac Amyloid Disease Associated With
Wild-Type Transthyretin: A Prospective, Observational Cohort Study. Circulation.

2016;133(3):282-90.

Pilebro B, Suhr OB, Naslund U, Westermark P, Lindqvist P, Sundstrom T. (99m)Tc-DPD
uptake reflects amyloid fibril composition in hereditary transthyretin amyloidosis. Ups J

Med Sci. 2016;121(1):17-24.

D Gillmore J, Falk R, S Maurer M, Hanna M, Karsten V, Vest J, et al. Phase 2, open-label
extension (OLE) study of revusiran, an investigational RNAi therapeutic for the treatment

191



[144]

[145]

of patients with transthyretin cardiac amyloidosis. Orphanet Journal of Rare Diseases.

2015 11;10:021.

Penchala SC, Connelly S, Wang Y, Park MS, Zhao L, Baranczak A, et al. AG10 inhibits
amyloidogenesis and cellular toxicity of the familial amyloid cardiomyopathy-associated

V1221 transthyretin. Proc Natl Acad Sci U S A. 2013;110(24):9992-7.

Judge DP, Heitner SB, Falk RH, Maurer MS, Shah SJ, Witteles RM, et al. Transthyretin
Stabilization by AG10 in Symptomatic Transthyretin Amyloid Cardiomyopathy. J Am

Coll Cardiol. 2019;74(3):285-295.

192



Appendices

193



Appendix A

Permissions to reproduce images

194



JOHN WILEY AND SONS LICENSE

TERMS AND CONDITIONS
Jul 13, 2019

This Agreement between Dr. Ketna Patel ("You") and John Wiley and Sons (*John
Wiley and Sons™) consists of your license details and the terms and conditions
provided by John Wiley and Sons and Copyright Clearance Center.

License Number
License date

Licensed Content
Publisher

Licensed Content
Publication

Licensed Content Title
Licensed Content Author
Licensed Content Date
Licensed Content Volume
Licensed Content Issue
Licensed Content Pages
Type of use

Requestor type

Format

Portion

Number of figures/tables

Original Wiley figure/table
number(s)

Will you be translating?

Title of your thesis /
dissertation

Expected completion date

Expected size (number of
pages)

Requestor Location

Publisher Tax ID
Total

Terms and Conditions

4627101444967
Jul 13, 2019
John Wiley and Sons

Journal of Internal Medicine

Cardiac amyloidosis: where are we today?
K. S. Patel, P. N. Hawkins

Jun 16, 2015

278

2

19

Dissertation/Thesis

University/Academic

Print and electronic

Figure/table

7

Figure 1 Figure 2 Figure 3 Figure 4 Figure 5 Figure 6 Figure 7

No

Cardiac Amyloidosis: Clinical Characteristics, Prognostic
Factors and Treatment

Jul 2019
200

Dr. Ketna Patel

United Kingdom
Attn: Dr. Ketna Patel

EU826007151
0.00 GBP



	Declarations, publications arising from this work, acknowledgements, abstract and impact statement
	Declaration
	Publications arising from this work
	Acknowledgements
	Abstract
	Impact statement
	Abbreviations
	List of Figures
	List of Tables

	Introduction
	Pathophysiology
	Epidemiology
	Clinical Features
	Cardiac amyloid light chain amyloidosis
	Cardiac transthyretin amyloidosis 
	Wild-type transthyretin amyloidosis (also known as senile cardiac amyloidosis or senile systemic amyloidosis)
	Variant (hereditary) transthyretin amyloidosis


	Prognosis
	AL cardiac amyloidosis
	Transthyretin cardiac amyloidosis

	Investigations of cardiac amyloidosis
	Overview
	Electrocardiogram
	Cardiac biomarkers
	Imaging
	Transthoracic echocardiography
	Radionuclide imaging in amyloidosis
	Cardiovascular magnetic resonance

	Histology, immunohistochemistry and proteomics
	Genetic sequencing

	Treatment of cardiac amyloidosis
	Heart failure management
	Medical management
	Cardiac devices - pacemakers and implantable cardioverter defibrillators
	Cardiac transplantation

	Disease modifying treatments for cardiac amyloid light chain amyloidosis
	Chemotherapy for systemic amyloid light chain amyloidosis
	ASCT for systemic amyloid light chain amyloidosis
	Immunotherapy

	Disease modifying treatments for cardiac ATTR amyloidosis
	RNA silencing - small interfering RNA and anti-sense oligonucleotide therapies
	Liver transplantation
	TTR tetramer stabilisation
	Interrupting fibrillogenesis


	Aims
	Structure of thesis

	General Methods
	Patient population
	Functional evaluation
	Six-minute walk test
	Electrocardiogram
	Transthoracic echocardiography
	Cardiac magnetic resonance imaging
	99mTc-3,3-diphosphono-1,2-propanodicarboxylic acid scintigraphy
	123I SAP scintigraphy
	Diagnosis of cardiac involvement
	Mayo staging system for amyloid light chain amyloidosis
	Histology and immunohistochemistry
	Transthyretin gene sequencing
	Ethical approval
	Statistical analyses

	Heterogeneity of Electrocardiographic Findings in Biopsy Proven Cardiac Transthyretin Amyloidosis and Electrocardiographic Markers of Prognosis
	Introduction
	Aims
	Methods
	Patient population
	Data collection
	Statistics

	Results
	Patient characteristics
	Baseline electrocardiogram characteristics
	Heart rhythm and cardiac axis
	Atrioventricular and intraventricular conduction delay
	QRS amplitude, left ventricular hypertrophy and pathological Q waves

	Prognostic features of baseline electrocardiogram
	Predictors of survival in the ATTR-wt group

	Electrocardiogram changes during follow-up

	Limitations
	Discussion

	Prognostic Markers in Cardiac Transthyretin Amyloidosis: A comparative study of wild-type and V122I-associated cardiac transthyretin amyloidosis using multi-modality imaging
	Introduction
	Aims
	Methods
	Study design
	Patient population
	Data collection
	Statistics

	Results
	Patient demographics and characteristics at diagnosis
	Patient demographics
	Patient characteristics

	Multi-modality cardiac assessment
	Changes with time
	Survival analyses
	Cause of death


	Limitations
	Discussion
	Conclusions

	Investigation of 99mTc-3,3-diphosphono-1,2- propanodicarboxylic acid Scintigraphy in Cardiac Amyloidosis
	Introduction
	Aims
	Methods
	Patients
	Investigations
	Statistical analyses

	Results
	Characteristics of patients with cardiac ATTR based on visual DPD grading
	DPD grade comparing wild-type and hereditary cardiac transthyretin amyloidosis
	DPD grade in cardiac amyloid light chain amyloidosis

	Limitations
	Discussion
	Conclusions

	A Real World Study of the Safety and Tolerability of Diflunisal for Cardiac Transthyretin Amyloidosis and Investigation of Disease-modifying Effect
	Introduction
	Aims
	Methods
	Statistical analysis

	Results
	Diflunisal tolerability
	Baseline characteristics of patients who tolerated diflunisal for at least 12 months
	Matched 'diflunisal' and 'not treated' groups â•ﬁ baseline and follow-up characteristics

	Limitations
	Discussion
	Conclusions

	A Phase 2 Open-Label Study of Revusiran in Patients with Transthyretin Cardiac Amyloidosis. The UK National Amyloidosis Centre Experience and Insights for Future Clinical Trial Designs
	Introduction
	Aims
	Methods
	Main phase 2 clinical trial study design and protocol (reproduced with permission from Alnylam)
	Secondary and exploratory outcomes

	Assessment of the suitability of UK patients for trial recruitment
	Statistical analysis

	Results
	Patient screening and recruitment from the National Amyloidosis Centre, UK
	Summary of key phase 2 trial findings (reproduced with the permission of Alnylam)
	Baseline demographics and patient characteristics of patients recruited from the National Amyloidosis Centre, UK
	Summary of safety and tolerability for entire trial cohort


	Limitations
	Discussion

	Conclusions
	Future Work

	Appendices
	Permissions to reproduce images

