Current Cardiology Reports (2022) 24:839-850
https://doi.org/10.1007/511886-022-01703-7

MYOCARDIAL DISEASE (A ABBATE AND M MERLO, SECTION EDITOR) q

Check for
updates

Imaging-Guided Treatment for Cardiac Amyloidosis

Adam loannou’ - Rishi Patel’ - Julian D. Gillmore' - Marianna Fontana'

Accepted: 9 April 2022 / Published online: 7 May 2022
© The Author(s) 2022

Abstract

Purpose of Review This review will explore the role of cardiac imaging in guiding treatment in the two most commonly
encountered subtypes of cardiac amyloidosis (immunoglobulin light-chain amyloidosis [AL] and transthyretin amyloidosis
[ATTR])).

Recent Findings Advances in multi-parametric cardiac imaging involving a combination of bone scintigraphy, echocardi-
ography and cardiac magnetic resonance imaging have resulted in earlier diagnosis and initiation of treatment, while the
evolution of techniques such as longitudinal strain and extracellular volume quantification allow clinicians to track individu-
als’ response to treatment. Imaging developments have led to a deeper understanding of the disease process and treatment
mechanisms, which in combination result in improved patient outcomes.

Summary The rapidly expanding treatment regimens for cardiac amyloidosis have led to an even greater reliance on cardiac
imaging to help establish an accurate diagnosis, monitor treatment response and aid the adjustment of treatment strategies
accordingly.

Keywords Cardiac amyloidosis - Echocardiography - Cardiac magnetic resonance imaging - Immunoglobulin light chains -
Transthyretin

Introduction

Systemic amyloidosis describes a heterogenous group
of diseases characterised by deposition of amyloid fibrils
within the extracellular space of various organs. Amyloid
fibrils are formed when normally soluble precursor proteins
misfold into insoluble, beta-pleated sheets, which are resist-
ant to proteolysis and histologically identifiable by apple-
green birefringence when stained with Congo-Red dye and

This article is part of the Topical Collection on Myocardial
Disease

< Marianna Fontana
m.fontana@ucl.ac.uk

Adam Ioannou
adam.ioannou @nhs.net

Rishi Patel
rishipatel @nhs.net

Julian D. Gillmore
j-gillmore@ucl.ac.uk

National Amyloidosis Centre, University College London,
Royal Free Campus, Rowland Hill Street, London NW3 2PF,
UK

examined under cross-polarised light. Disease occurs when
aggregation of amyloid fibrils is sufficient to disrupt the
structure, integrity and function of the affected organ [1, 2].

Cardiac amyloidosis (CA) occurs when amyloid fibrils
deposit within the myocardial extracellular space, caus-
ing interruption and distortion of myocardial contractile
elements, impaired ventricular relaxation, and subsequent
systolic and diastolic dysfunction. Although amyloidosis
is a multi-system disease, cardiac involvement remains the
leading cause of mortality [3, 4]. Over 30 different human
precursor proteins can form amyloid fibrils [1, 2], but the
overwhelming majority of CA cases result from misfolded
immunoglobulin light-chain (light-chain amyloidosis [AL])
and transthyretin (transthyretin amyloidosis [ATTR]) pro-
teins [5, 6].

AL amyloidosis is a rare condition [5, 7] and occurs as
the result of deposition of misfolded immunoglobulin light
chains, produced by an abnormal clonal proliferation of
plasma cells [5, 7]. Cardiac involvement is present in up
to 70% of cases [1, 3] and historically was associated with
a poor prognosis, with a median survival of 6 months if
left untreated [8]. Advances in chemotherapeutic regimens
that target clonal plasma cells and supress AL-amyloid
production have substantially improved survival [9, 10]. If
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successful, novel treatment agents combined with autolo-
gous stem cell transplantation can result in median survival
exceeding 4 years [11].

ATTR amyloidosis is caused by misfolding of the tran-
sthyretin protein. This process can be secondary to inherited
genetic mutations, known as hereditary ATTR (hATTR); or
an acquired process associated with ageing, known as wild-
type ATTR (wtATTR) [12]. The heart is the main major
organ involved [13, 14], while extra-cardiac sites of infiltra-
tion cause carpal tunnel syndrome, lumbar spine stenosis
and tendinopathies [15—-17]. Disease progression occurs at
a slower rate than AL amyloidosis, resulting in a median
survival of 3-5 years without treatment [18]. Although the
diagnosis of wtATTR in patients presenting with heart fail-
ure with preserved ejection fraction (HFpEF) has increased
in recent years [13, 19], wtATTR still remains an under-
recognised cause of HF [20]. hATTR presents at a younger
age, with a mixed phenotype comprising of neuropathy and/
or restrictive cardiomyopathy [21]. Over 130-pathogenic
mutations are responsible for hATTR, but only a small
handful are implicated in the majority of hATTR cases
[22-24].

CA is a heterogenous complex disease process, with
clinical presentation and subsequent treatment strategies
varying, depending on the underlying amyloid type and dis-
ease severity. Improved understanding of each individual
patient’s cardiac phenotype through multi-modality cardiac
imaging facilitates a comprehensive evaluation of treatment
response, which has important implications on clinical care
and prognosis. This review will evaluate the role of cardiac
imaging in the treatment response.

Overview of Imaging Modalities Used in Cardiac
Amyloidosis

Echocardiography

Echocardiography is widely available, relatively inexpensive
and often the first-line investigation for patients with HF
symptoms. CA is characterised by biventricular wall thick-
ening, with symmetrical left ventricular (LV) wall thickening
more classically seen in AL amyloidosis and asymmetrical
septal thickening in ATTR amyloidosis [25, 26]. Stiffening
of the myocardium results in impaired relaxation, raised fill-
ing pressures and diastolic dysfunction, which is reflected in
an increased E/e’. Raised filling pressures coupled with atrial
amyloid infiltration lead to atrial dilation and dysfunction
with a proportion of patients showing atrial electromechani-
cal dissociation [27, 28]. Although CA has been classically
regarded as a cause of HFpEEF, this terminology underes-
timates the effect of amyloid infiltration on systolic func-
tion. Longitudinal function is typically affected before radial
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contraction and was classically reflected in a reduced mitral
and tricuspid annular plane systolic excursion (MAPSE
and TAPSE) [29, 30]. Advances in longitudinal strain (LS)
measurements through speckle tracking provide more accu-
rate estimations of longitudinal function, and regional strain
measurements that predominantly affect the basal segments
with apical sparing. These characteristic features produce
the typical ‘bull’s eye pattern’ and are sensitive (92%) and
specific (82%) in discriminating CA from LV hypertrophy.
Mild forms of apical sparing have been described in a minor-
ity of patients with HFpEF who do not have CA, but the
overwhelming majority of patients with this strain pattern
are subsequently diagnosed with CA. Despite good diagnos-
tic accuracy, speckle tracking does have some limitations. It
relies heavily on image quality and good endocardial defini-
tion, which can be highly variable between patients. In those
with poor image quality, the accuracy of speckle tracking
is reduced, and hence it becomes a less reliable diagnostic
tool. The reliance on manual contouring results in inter-
operator variability and reduced precision, which should be
considered when tracking disease progression, and tracking
treatment response with serial strain measurements [31, 32].
Amyloid valvular infiltration can also present with valvular
thickening and regurgitation. Although these findings are
not sensitive or specific, moderate-to-severe valvular insuf-
ficiency is a significant predictor of prognosis [27]. In addi-
tion, pericardial and pleural effusions are not uncommon
findings [4].

Cardiac Magnetic Resonance Imaging

Cardiac magnetic resonance (CMR) imaging allows detailed
tissue characterisation that provides accurate information
on myocardial composition and can differentiate between
CA and other cardiomyopathies. The extracellular matrix
expansion caused by amyloid fibril deposition can be well
visualised with administration of gadolinium-based con-
trast agents, which accumulates in the extracellular space.
Resultant patterns of late gadolinium enhancement (LGE)
are characteristically circumferential, diffuse and progresses
from subendocardial to transmural enhancement [33]. LGE
can visualise the continuum of cardiac amyloid infiltration
[34], while the degree of transmurality can accurately pre-
dict prognosis [35]. The main drawback of LGE is that it is
not a quantitative measurement, which makes it difficult to
track changes over time; and gadolinium use is relatively
contraindicated in patients with chronic kidney disease (esti-
mated glomerular filtration rate < 30 ml/min/1.73 mz), due
to a potential risk of nephrogenic systemic fibrosis. This is
a particular issue in CA, as many patients (especially those
with AL amyloidosis) have concomitant renal impairment.

These limitations can be overcome by T1 mapping, which
gives a quantitative pixel-based measure of myocardial
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longitudinal relaxation time. Elevated native T1 (pre-
contrast) is a sensitive marker of early amyloid infiltra-
tion, and may even be elevated before LGE development
[36-38]. Gadolinium contrast administration in conjunc-
tion with pre and post T1 mapping enables the estimation
of myocardial extracellular volume (ECV) from the ratio
of signal change in blood and myocardium after contrast.
Due to the pathophysiological ECV expansion that occurs,
elevated ECV measurements are highly sensitive and spe-
cific for diagnosing CA [39, 40]. ECV demonstrates higher
diagnostic accuracy than LGE, correlates well with other
biomarkers of amyloid disease burden and prognosis and,
most importantly, can be used to measure the continuum of
CA infiltration, from early CA involvement to severe degree
of CA burden. Serial ECV measurements can track disease
progression and treatment response. ECV measurements are
corrected by the haematocrit level, but there is the potential
that large changes in haematocrit could affect ECV measure-
ments, and influence the ability to track changes over time.
ECV is a surrogate marker for amyloid burden and is not a
direct measure of amyloid load; however, despite these pit-
falls, it is the best available method of tracking changes over
time [41]. Routine CMR imaging has demonstrated a high
diagnostic performance in hepatic and splenic ECV map-
ping. These measurements allow identification and quanti-
fication of extra-cardiac amyloid burden, without requiring
any additional imaging sequences and may provide a means
to track the change in hepatic and splenic amyloid load in
response to treatment [42]. T2 mapping serves as a surrogate
marker of myocardial oedema, by estimating the myocardial
water content. Classically it has been used in the diagnosis
of inflammatory conditions such as myocarditis, but more
recently has been utilised in the assessment of CA, with
elevated T2 values being associated with mortality, while
AL-amyloidosis patients undergoing active treatment have
significantly lower values than those untreated. Therefore,
T2 mapping could potentially track disease progression and
treatment response [43].

Bone Scintigraphy

Bone scintigraphy was first repurposed in the 1980s, when
an incidental finding of increased cardiac uptake of 99mTc-
phosphate derivatives was observed in CA. To date, the under-
lying mechanism behind localisation of these agents to CA
remains poorly understood. In 2005, a seminal study dem-
onstrated the diagnostic potential of *™Technetium-labelled
3,3-dicarboxypropane-2, 1-diphosphonate (**™Tc-DPD) in
identifying ATTR-CA [44]. Recent studies confirmed the
high sensitivity of *™Tc-DPD cardiac uptake in diagnosing
ATTR-CA [45], but of note, only 40% of patients with AL-CA
have any cardiac uptake, and therefore concomitant screening
for excessive immunoglobulin production remains necessary.

The impressive sensitivity of *™Tc-DPD has been utilised in
developing a non-biopsy diagnostic algorithm for ATTR-CA.
If CA is clinically suspected based on echocardiography or
CMR, and plasma cell dyscrasia has been excluded (utilis-
ing serum free light chain (FLC) with serum/urine immuno-
fixation electrophoresis), then ™ Tc-DPD grade 2-3 uptake
is confirmatory of ATTR-CA. This imaging-based algorithm
demonstrated a high specificity and positive predictive value
(both 98%) in a large multi-centre trial, and has since negated
the need for biopsy in a multitude of patients, and assisted the
timely initiation of treatment [46]. Data on monitoring dis-
ease activity through serial scans is limited. Once uptake is
established, visual changes are unlikely to occur; therefore,
9mTc.DPD-scintigraphy is primarily a diagnostic tool, rather
than used to track treatment response.

Single-Photon Emission Computed Tomography

Single-photon emission computed tomography (SPECT) can
add a three-dimensional visualisation to planar bone scintig-
raphy. ®™Tc-DPD tracer injection followed by SPECT and
non-contrast CT allows more detailed and accurate assess-
ment of radiotracer uptake within the myocardium [47-49].
It provides a quantitative measure of radiotracer uptake that
correlates well with serum cardiac biomarkers and echocar-
diographic strain measurements [49]. Although this adds
valuable diagnostic information, like planar bone scintigra-
phy, it remains a diagnostic tool rather than an investigation
that can accurately track treatment response.

Positron Emission Tomography

Positron emission tomography (PET) was identified as
another form of cardiac imaging with diagnostic potential.
Several PET tracers, such as 18F-florbetapir, 18F-florbetaben,
18F-flutemetamol and 11C-Pittsburgh B (11C-PiB), have
been successfully used to diagnose CA [50-56]. These trac-
ers bind to amyloid fibrils and allow quantitative measure-
ment of amyloid burden. Small studies have demonstrated
increased tracer uptake in CA compared to controls [50-52],
and a recent meta-analysis concluded that PET has a high
sensitivity and specificity for detecting CA [57]. Although
PET has demonstrated utility in diagnosis, at present there is
a lack of robust data to support its use in tracking treatment
response.

Cardiac Imaging and Tracking Treatment
Response in ATTR Cardiac Amyloidosis
Current therapeutic strategies aim at reducing the deposi-

tion of ATTR in the myocardium. This is achieved either
through stabilisation of the transthyretin tetramer to prevent
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dissociation into pathological monomers and oligomers that
form amyloid fibrils [58] or by reducing hepatic synthesis of
ATTR by disrupting the relevant messenger RNA (mRNA)
[59]. Early diagnosis and initiation of treatment are associ-
ated with improved outcomes. With a constantly expanding
armamentarium of treatments, it is essential that early iden-
tification of treatment responders can be distinguished from
non-responders, which may facilitate early alteration in their
treatment regimen [3, 4].

Diflunisal

Diflunisal is a non-steroidal anti-inflammatory drug used as
a transthyretin stabiliser, and was initially used in patients
with hATTR polyneuropathy [60], but has since been studied
in CA. A retrospective analysis demonstrated those on difl-
unisal had a reduction in mortality or orthoptic heart trans-
plant compared to those not on a TTR stabiliser [61]. A
prospective study showed 34 patients treated with diflunisal
had a significant improvement in apical LV rotation/torsion,
without a deterioration in longitudinal and radial strain at
1 year [62]. A recent retrospective study of 81 patients con-
firmed that diflunisal stabilised global longitudinal strain
(GLS), while it deteriorated in the untreated group [63].

Tafamidis

Tafamidis is another transthyretin binder that stabilises the
tetramer and prevents its dissociation. To date, it is the only
medication licenced purely for treatment of ATTR-CA,
and all other disease modifiers are only licenced for the
treatment of ATTR polyneuropathy. In a multi-centre trial
involving 441 patients, tafamidis reduced all-cause mortal-
ity, and functional decline when compared to placebo. This
was reflected in an attenuated decrease in stroke volume
following 30 months of treatment [58]. While there have
been no large-scale studies to assess change in CMR param-
eters during treatment, a recent case report demonstrated
that tafamidis treatment resulted in stabilisation of CA, with
measurements of LV mass, native T1 and ECV all remaining
stable after 1 year of treatment. Despite being promising,
these findings would need to be validated in a prospective
trial [64].

Patisiran

Patisiran is an RNA interference therapeutic that acts as a
TTR-gene silencer, by disrupting the transthyretin mRNA,
hence reducing its hepatic synthesis. It is currently only
licenced for treatment of ATTR polyneuropathy, after the
large-scale APOLLO study demonstrated that treatment
improved multiple neuropathic manifestations of ATTR
amyloidosis [59]. Post hoc analysis of the 126 patients
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with CA (who underwent transthoracic echocardiography)
showed that patisiran reduced mean LV wall thickness, rela-
tive wall thickness, GLS and increased cardiac output after
18 months of treatment [65]. A study of 16 patients treated
with patisiran in combination with diflunisal demonstrated
a reduction in CMR-derived ECV alongside a reduction
in serum TTR and cardiac biomarkers. Interestingly, 15
patients had a reduction in **™Tc-DPD cardiac uptake after
12 months of therapy. This was typically accompanied by
a reduction in skeletal muscle and soft tissue uptake, and a
corresponding increase in bone signal. However, the dynam-
ics and kinetics of **™Tc-DPD binding to the bones, soft
tissues and myocardium in ATTR-CA may fluctuate; hence,
a change in uptake in any of these compartments will affect
the appearance of cardiac uptake. The authors advised cau-
tion in interpreting such images, and ascribing observed
changes exclusively to reduced CA burden in the absence
of biochemical, echocardiographic or CMR evidence of dis-
ease regression. If these encouraging results are reproducible
on a larger scale, it would represent a direct measure of CA
regression in response to treatment [66ee].

Inotersen

Inotersen is an antisense oligodeoxynucleotide that simi-
larly degrades TTR mRNA. It has been successfully trialled
in hATTR polyneuropathy and since been licenced for this
indication. A small subgroup analysis demonstrated pres-
ervation of LV wall thickness and mass on CMR, but this
was not compared to the placebo group [67]. These findings
were supported by a small study of 8 patients who showed
stabilisation of LV wall thickness, LV mass and GLS after
1 year of treatment [68], while a prospective cohort study
of 33 patients with ATTR-CA demonstrated that inotersen
treatment actually led to a reduction in LV mass on CMR
after 2 years of treatment [69]. CMR can measure changes in
tissue characterisation that occur during disease regression,
ahead of observed improvements in conventional structural
and functional echocardiographic parameters; but as with
patisiran, a large-scale trial is needed to confirm the ability
of inotersen to induce disease regression.

Novel Therapies in Development

As the understanding of the underlying pathophysiology
responsible for ATTR-CA improves, the number of potential
treatment targets and therapeutic options increases. The ever-
expanding treatment options include various novel therapies
that are currently being trialled. Acoramidis (TTR stabiliser)
[70] and vutrisiran (RNA interface therapeutic) [71] are cur-
rently in phase-3 trials, while PRX004 (monoclonal anti-
body against ATTR) is in a phase-1 trial [72]. NTLA-2001
(genome-editing drug targeting the TTR gene) has been safely
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administered in a cohort of hATTR-polyneuropathy patients,
in whom it induced TTR knockout, with a significant reduc-
tion in serum TTR concentrations. NTLA-2001 is currently
being trailed in patients with ATTR-CA, and if successful has
the potential to revolutionise ATTR-CA treatment [73, 74].
Serial echocardiograms and CMR scans will prove valuable in
determining whether these therapies can halt disease progres-
sion, or even induce regression.

Cardiac Imaging and Tracking Treatment
Response in AL Cardiac Amyloidosis

The mainstay of treatment in AL-CA is cytotoxic chemo-
therapy, aimed at suppressing monoclonal immunoglobulin
light-chain production, halting ongoing amyloid deposition
and allowing gradual organ recovery [3, 5]. A rapid and
deep haematological response is associated with improved
survival and outcomes even in advanced disease. In recent
years, improvements in survival have been further enhanced
by the substantial improvements in efficacy and toxicity of
chemotherapeutic regimens [9, 10]. However, the benefits
must be balanced against risks of sinister side effects, which
can be difficult in those with advanced disease and multi-
organ dysfunction. Stem cell transplantation is reserved for
those with a good functional baseline, who have not devel-
oped advanced cardiac or renal failure [11]. Novel therapies
include daratumumab (monoclonal antibody against CD38),
which is currently being assessed in a phase-2 trial, and may
offer an exciting alternative for those deemed at a high risk
of chemotherapy-related adverse events [75]. In view of not
only the substantial reduction in mortality associated with a
response to treatment, but also the potential for severe side
effects, it is essential to determine whether a patient’s dis-
ease has remained stable, progressed or regressed.

Monitoring the Response to Chemotherapy
with Echocardiography

The response to chemotherapy has traditionally been clas-
sified by assessing the reduction in FLC, and this clas-
sification has subsequently been used to assess whether
a haematological response correlates with stabilisation
or even regression of CA. An early study of 41 patients,
which defined haematological response as a reduction in
FLC > 50%, demonstrated that haematological response had
a weak correlation with reduced E/e’ and left atrial stiffness,
but did not result in GLS improving [76]. In contrast, a ret-
rospective analysis of 61 patients, which separated patients
into complete responders (normal FLC ratio and negative
serum/urine immunofixation) and non-complete respond-
ers, demonstrated that complete responders had a significant

improvement in LS, and this correlated with reduced brain
natriuretic peptide (BNP) and troponin-I. Interestingly there
were no changes observed in wall thickness, ejection frac-
tion (EF) or diastolic function [77]. These findings are sup-
ported by a recent study of 915 patients, which concluded
those achieving a complete haematological response had
improved LS, compared to those who did not, and was
associated with reduced N-terminal pro-BNP and all-cause
mortality (Fig. 1) [78ee]. Based on these findings, it appears
a complete haematological response, rather than a partial
response is required to improve LS. Even a small residual
amount of AL amyloid is likely to exert pathological car-
diotoxicity and prevent cardiac recovery. Improved LS acts
as a surrogate marker for a good treatment response, and
reduced mortality.

Monitoring the Response to Stem Cell Transplantation
with Echocardiography

High-dose melphalan-based chemotherapy has been
combined with stem cell transplantation to successfully
improve prognosis. A retrospective analysis of 55 patients
with a complete haematological response demonstrated
a significant reduction in wall thickness, while in partial
responders there was a trend for wall thickness to increase
[79]. A subsequent study of 187 patients undergoing the
same treatment demonstrated those who achieved a hae-
matological response were significantly more likely to
see favourable changes in cardiac structure and function.
A cardiac response, defined as a reduction in interven-
tricular septal wall thickness >2 mm and improvement in
EF >20%, was observed in 41% of patients undergoing
treatment, and was associated with reduced all-cause mor-
tality [80]. In contrast, a small study of 82 patients under-
going autologous stem cell transplant demonstrated that
at 1 year, 59% had achieved a complete haematological
response, of which only 61% (27 patients) had a follow-up
echocardiogram that showed no significant change in wall
thickness, systolic or diastolic function [81]. However, the
small cohort of patients and substantial number who did
not have a follow-up echocardiogram may explain why
no significant difference was observed. In recent analy-
sis of 72 patients (38 retrospective and 34 prospective)
undergoing chemotherapy (29% of whom had a stem cell
transplantation), those with adverse events had a signifi-
cant decline in GLS and increase in E/e’, compared with
those classified as having event-free survival [82]. GLS
is a strong predictor of survival in AL-CA, and therefore
it is unsurprising that in patients whereby treatment can
attenuate a pathological decline in GLS, or even drive
improvements, this will result in reduced morbidity and
mortality [76].
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Monitoring the Response to Chemotherapy with Cardiac
Magnetic Resonance Imaging

A prospective study of 65 patients with confirmed AL-CA
sought to determine the difference in CMR phenotype
in those undergoing chemotherapy treatment compared
to those left untreated. Those treated had a significantly
lower myocardial T2 and a trend for a lower ECV compared
to those left untreated. The lower ECV was notably not
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significant and the difference observed could be in part due
to reduced myocardial oedema, rather than just a lower CA
burden [43].

A recent retrospective analysis sought to evaluate the use
of serial CMR scans in monitoring treatment response in 31
patients with AL-CA. A complete haematological response
was achieved in 36%, and a very good response (defined as
FLC <40 mg/dl) in 29%. A significant reduction in ECV
attaining the CMR criteria for CA regression occurred in 13
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patients, and a complete or very good response was associ-
ated with a reduction in ECV (92%). The reduction in ECV
led to a reduced LV mass in 7 (54%) patients who regressed,
and was associated with an improved LGE pattern in 5 (38%)
patients. This demonstrates that cardiac regression occurs in
a significant number of patients who respond to treatment.
The reversal of LGE seen in those with a reduction in ECV
is compelling evidence that this reduction is not just due to
a reduction in myocardial oedema, but also CA regression
(Fig. 1) [83e].

Up until now, the CA response to treatment has been
inferred from parameters measured on echocardiography,
with varying degrees of success. LS appears to be the most
sensitive echocardiographic marker of treatment response,
with improvements being seen in the largest study of
patients undergoing treatment [78ee], but smaller studies
have yielded mixed results [76]. To date, only one small
study has shown a reduction in wall thickness on echocar-
diography [80], while the majority have not demonstrated
a significant change. The increased resolution and deep
tissue characterisation obtained through CMR may allow
a more accurate quantification of the CA burden. The abil-
ity to track these changes has the potential to redefine the
cardiac response to treatment, and enable stratification of
patients with a lower risk of progression and better prog-
nosis, in whom the need to intensify chemotherapy may
not be required.

Future Perspectives

The ever-expanding and evolving treatment options for
CA mean clinician’s reliance on cardiac imaging for early
diagnosis, accurate prognostication and tracking treat-
ment response will increase exponentially. Early diagnosis,
through a multi-parametric imaging approach (advantages
and limitations of which are outlined in Table 1), leads to
prompt initiation of disease-modifying therapy and improved
outcomes [84]. A greater awareness of CA amongst clini-
cians and advancements in cardiac imaging has resulted in
patients being diagnosed at an earlier disease stage [85].
Genetic screening combined with cardiac imaging can result
in asymptomatic patients being diagnosed with ATTR-CA,
before any structural changes are detectable on echocardiog-
raphy, just on the basis of mild *™Tc-DPD cardiac uptake.
More data are needed to guide decisions on in whom and
when to initiate treatment. Further studies are required to
determine whether treatments should be initiated at very
early stages of disease, and which treatments should be used
at each disease stage.

Early studies relied on echocardiography to aid diag-
nostics and track treatment response; however, more recent
studies have successfully demonstrated the utility of CMR.

The increased resolution and novel methods of myocar-
dial tissue characterisation have already been successful
in tracking treatment response. CMR has demonstrated
that novel therapies not only can halt disease progression,
but also can importantly induce disease regression [66ee,
83e]. These findings will spur the expansion of CMR use
in tracking treatment response. The main barricade pre-
venting this expansion is cost. CMR is regarded as a spe-
cialised form of imaging, only available in tertiary centres.
The centralisation of healthcare services, with all patients
requiring investigation being managed in specialist centres,
may overcome this barrier, but relies on physicians in non-
specialist centres having a low index of suspicion for CA
and low threshold to refer patients. Therefore, we would
suggest that all patients with a suspicion of CA should be
referred to tertiary centres for further investigation, even if
the suspicion is low or the diagnosis is suspected to be very
early in the disease process.

Although echocardiography is less sensitive, it remains
the most widely available and inexpensive form of cardiac
imaging. Improvements in sensitivity could play a central
role in guiding treatment, something which may be assisted
with the emergence of data science and its application for
echocardiographic analysis. The utility of artificial intelli-
gence (Al) and more specifically convolutional neural net-
works is likely to revolutionise all areas of medicine, and
has already shown great promise in cardiovascular imag-
ing [86—88]. The elimination of manual operator contour-
ing allows Al to provide accurate and robust measurements
of structural and functional parameters, including EF and
strain-derived parameters, with a significant improvement
in precision. These advantages mean automated measure-
ments correlate far better with patient outcomes than manual
measurements [89].

Early diagnosis of CA facilitated through Al-driven
image analysis would unequivocally impact prognosis,
with studies in CA showing better outcomes amongst
patients treated with disease-modifying therapies, early
in their disease [3, 4, 84]. This technology may uncover
additional echocardiographic parameters that can track
treatment response. There is an unmet need for early iden-
tification of patients who are responding poorly to treat-
ment to allow alternative treatments to be administered.
The ability to recognise responders and non-responders
is likely to inform development of individually tailored
treatments in the future. The application of Al to analy-
sis of echocardiograms could revolutionise the diagnostic
potential of each scan, uncover those with CA who would
otherwise remain undiagnosed and help clinicians correctly
characterise patients, stratify their disease and track treat-
ment response. Despite the amazing potential of such a
novel application, there is still a long way to go in making
this aspiration come to fruition.
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Conclusion

Advances in imaging techniques have transformed the
treatment landscape of CA. The enhanced sensitivity of
multi-parametric imaging has led to earlier diagnosis,
treatment initiation and subsequent improved outcomes.
Breakthroughs in modern imaging techniques such as
strain-derived measurements in echocardiography and ECV
quantification in CMR have helped clinicians understand
how patients respond to treatment and allowed clinicians
to tailor treatment strategies to each individual. The evolu-
tion of cardiac imaging is a key component in the treat-
ment pathway for CA. Each development results in a greater
understanding of the disease process and in turn helps guide
treatment strategies.
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