Vascular Health and Risk Management

Dove

REVIEW

Diagnostic Work-Up of Cardiac Amyloidosis
Using Cardiovascular Imaging: Current Standards
and Practical Algorithms

Grigorios Korosoglou(®'?

Sorin Giusca'?

Florian André®*

Fabian aus dem Siepen®*
Peter Nunninger®

Arnt V Kristen®®

Norbert Frey**

'GRN Hospital Weinheim, Department
of Cardiology, Vascular Medicine and
Pneumology, Weinheim, Germany;
2Cardiac Imaging Center Weinheim,
Hector Foundation, Weinheim, Germany;
3Department of Cardiology, Pneumology
and Angiology, University Hospital
Heidelberg, Heidelberg, Germany;
*German Centre for Cardiovascular
Research (DZHK), Partner Site
Heidelberg, Heidelberg, Germany;
SRadiology and Nuclear Medicine
Weinheim, Weinheim, Germany;
¢Cardiovascular Center Darmstadt,
Darmstadt, Germany

Correspondence: Grigorios Korosoglou
GRN Hospital Weinheim, Department of
Cardiology & Vascular Medicine,
Roentgenstrasse |, Weinheim, D-69469,
Germany

Tel +49 6201 89 2142

Fax +49 6201 89 2507

Email gkorosoglou@hotmail.com

Abstract: Among non-ischemic cardiomyopathies, cardiac amyloidosis is one of the most
common, being caused by extracellular depositions of amyloid fibrils in the myocardium.
Two main forms of cardiac amyloidosis are known so far, including 1) light-chain (AL)
amyloidosis caused by monoclonal production of light-chains, and 2) transthyretin (ATTR)
amyloidosis, caused by dissociation of the transthyretin tetramer into monomers. Both AL
and ATTR amyloidosis are progressive diseases with median survival from diagnosis of less
than 6 months and 3 to 5 years, respectively, if untreated. In this regard, death occurs in most
patients due to cardiac causes, mainly congestive heart failure, which can be prevented due to
the presence of effective, life-saving treatment regimens. Therefore, early diagnosis of
cardiac amyloidosis is crucial more than ever. However, diagnosis of cardiac amyloidosis
may be challenging due to variable clinical manifestations and the perceived rarity of the
disease. In this regard, clinical and laboratory reg flags are available, which may help
clinicians to raise suspicion of cardiac amyloidosis. In addition, advances in cardiovascular
imaging have already revealed a higher prevalence of cardiac amyloidosis in specific
populations, so that the diagnosis especially of ATTR amyloidosis has experienced a >30-
fold increase during the past ten years. The goal of our review article is to summarize these
findings and provide a practical approach for clinicians on how to use cardiovascular
imaging techniques, such as echocardiography, cardiac magnetic resonance, bone scintigra-
phy and, if required, organ biopsy within predefined diagnostic algorithms for the diagnostic
work-up of patients with suspected cardiac amyloidosis. In addition, two clinical cases and
practical tips are provided in this context.
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Introduction

Non-ischemic cardiomyopathies are a heterogeneous group of heart muscle dis-
eases, which are frequently associated with genetic disorders." Among secondary
non-ischemic cardiomyopathies, cardiac amyloidosis is one of the most common,
being caused by extracellular depositions of amyloid fibrils of different precursor
proteins in the myocardium.> Two main forms of cardiac amyloidosis have been
described so far, including (i) light-chain (AL) amyloidosis where plasma cell
dyscrasia results in monoclonal production of light-chains, and (ii) transthyretin
(ATTR) amyloidosis, caused by dissociation of the transthyretin tetramer into

monomers. Transthyretin is a transport protein for thyroxine and retinol and is
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mainly produced in the liver.” ATTR amyloidosis, encom-
passes 2 sub-forms, including (i) the familial or hereditary
variant, due to pathologic variants in the transthyretin gene
(ATTRv) and (ii) the sporadic, non-genetic, earlier referred
to as the senile systemic form, caused by aggregation of
wild-type transthyretin (ATTRwt).* More than 130 patho-
logic mutations leading to instability of the tetramer have
been reported for ATTR amyloidosis, resulting in amyloid
deposition in the heart, the nerves, and other tissues, lead-
ing to variable phenotypes and clinical presentations.*>

Both AL and ATTR amyloidosis are in part rapidly
progressive disorders with median survival from diagnosis
of less than 6 months and 3 to 5 years, respectively, if
untreated.*® Amyloid deposition in the myocardium
results in heart failure symptoms, such as dyspnea, fatigue,
symptomatic hypotension, and syncope. In addition,
deposition of amyloid in the conduction system can
cause bundle-branch block, AV-blockage, or atrial
fibrillation.* The early diagnosis of cardiac amyloidosis
is crucial since patients both with AL and ATTR amyloi-
dosis nowadays profit from specific therapies. Especially
with ATTR amyloidosis, tafamidis was recently shown to
effectively reduce all-cause mortality and hospitalizations
due to heart failure and decline of 6-minute walk distance
and quality of life compared with placebo,” whereas AL
amyloidosis patients profit from specific chemotherapies.
Tafamidis is a small molecule, which binds to transthyretin
with high affinity and selectivity, thus inhibiting the dis-
sociation of tetramers into monomers.>’ In addition, tafa-
midis was also shown to inhibit the progression of
neurologic impairments with mild (stage 1) hereditary
ATTR polyneuropathy.'”

Even wild-type transthyretin can misfold into the amy-
loid configuration, whereas the reason for loss of stability
of the tetramer is unclear. ATTRwt amyloidosis is a late-
onset disease, predominantly manifested in male patients
over 60 years.* The prevalence of ATTRwt amyloidosis is
still a matter of debate but seems to be higher than earlier
anticipated. Thus, studies aiming at the diagnosis of
ATTRwt amyloidosis without systematically performing
myocardial biopsies, have reported a prevalence of 13%
in patients hospitalized for heart failure with preserved
ejection fraction (HFpEF).'" A high prevalence of undiag-
nosed patients with ATTRwt amyloidosis may be related
to the limited effectiveness of pharmacotherapy in earlier
HFpEF trials.'” In addition, almost every sixth patient
(16%) who is considered for transcatheter aortic valve
replacement (TAVR) due to severe aortic stenosis has

been shown to have concomitant ATTRwt amyloidosis."?
In surgically removed heart valves of elderly (more than
80 years) individuals, on the other hand, ATTRwt amyloid
deposits were reported in every fourth (25%) patient.'*
Furthermore, 5% of patients with increased left ventricular
(LV) wall thickness and initial diagnosis of hypertrophic
ATTR amyloidosis
(ATTRv)."” In the same direction, in patients referred

cardiomyopathy exhibit familial
with presumed hypertrophic cardiomyopathy, cardiac amy-
loidosis was the underlying entity with a prevalence of
(9%), the latter increasing with age.'® Thus, especially in
patients over 80 years, ATTR amyloidosis was diagnosed
in every fourth (26%) patient with presumed hypertrophic
cardiomyopathy.

Due to the presumably high number of patients with
ATTR amyloidosis, which are undiagnosed or initially
classified as HFpEF, hypertrophic cardiomyopathy or aor-
tic stenosis and the presence of specific therapies, which
are more effective in the early stages of the disease (clin-
ical heart failure NYHA class II), it becomes clear that
early diagnosis of ATTR amyloidosis represents an unmet
clinical need. However, diagnosis of ATTR amyloidosis
may be challenging due to variable clinical manifestations
and the perceived rarity of the disease. To date, advances
in cardiovascular imaging have already revealed a higher
prevalence of cardiac amyloid deposits in specific popula-
tions, so that the diagnosis especially of ATTR amyloido-
sis has experienced a >30-fold increase during the past ten
years in specialized centers.'” The goal of our review is to
summarize these findings and provide a practical approach
for clinicians on how to use non-invasive imaging techni-
ques, including echocardiography, cardiac magnetic reso-
nance, bone scintigraphy and, if required, organ biopsy for
the diagnostic work-up of patients with suspected cardiac
amyloidosis.

Diagnosis of Cardiac Amyloidosis
Clinical Red Flags in AL and ATTR

Amyloidosis
Renal impairment with albuminuria, gastrointestinal dis-
orders such as weight loss and diarrhea, hepato- and sple-
nomegaly, macroglossia, periorbital bleedings, and
subcutaneous nodules, the latter easily assessed by clinical
examination are typical red flags in individuals with AL
amyloidosis.'®

Special attention is also necessary when taking the
clinical with suspected ATTR

history in patients
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amyloidosis since extracardiac symptoms and findings
may proceed cardiac symptoms for 1-2 decades. Thus,
a history of bilateral carpal tunnel syndrome or non-
traumatic distal biceps tendon rupture may be present in
patients with ATTR amyloidosis, long time before heart
failure symptoms.'”'” Lumbar spinal stenosis is also com-
mon especially in patients with ATTRwt amyloidosis, due
to amyloid infiltration and consecutive thickening of the
ligamentum flavum, causing lumbar spinal narrowing.*® In
addition, peripheral and autonomic neuropathy can be
present in AL, ATTRv, and less frequently in patients
with ATTRwt amyloidosis.”'
ATTRv is characterized by a symmetric, axonal and distal

Amyloid neuropathy in
polyneuropathy with beginning in the lower limbs.

ECG and Laboratory Markers

In contrast to myocyte hypertrophy in hypertrophic cardi-
omyopathy or hypertensive heart disease, in amyloidosis,
increased LV-mass is largely attributed to the presence of
electrical inactive amyloid, infiltrating the extracellular
space of the myocardium.”® Therefore, low voltage on
electrocardiogram (ECQG) in the presence of moderate or
severe hypertrophy is a typical hallmark for the presence
of either ATTR or AL amyloidosis. In addition, cardiac
troponin, and NTpro-BNP levels may be disproportio-
nately increased with values above 50ng/L for hsTnT and
1500ng/L for NT-proBNP, respectively in the presence of
mild or moderate clinical symptoms.

Echocardiography

Conventional Measures and Diastolic Function
Transthoracic echocardiography is usually the initial ima-
ging technique for the evaluation of patients with sus-
pected cardiac amyloidosis. Typical echocardiographic
findings are increased left ventricular (LV) wall thickness
over 12mm, accompanied by additional thickening of the
right ventricle (RV), valves, and interatrial septum, and
generally small pericardial effusion (reviewed in).*>**
Furthermore, bi-atrial dilatation is frequently observed in
the presence of severe diastolic dysfunction.”> The char-
acteristic speckled appearance of the myocardium, on the
other hand, referred to as “granular sparkling”, has been
described in patients with cardiac amyloidosis and pre-
viously deemed as a key factor in establishing the
diagnosis.”® However, granular sparkling can also be pre-
sent in other causes of LV hypertrophy, yielding low
sensitivity for the identification of cardiac amyloidosis

272
d.2728

than previously anticipate In addition, tissue

harmonic imaging and image processing techniques may
alter the myocardial echogenicity and, thus, impair the
diagnostic value of this feature.

Generally, LV diastolic abnormalities occur already in
the early stages of cardiac amyloidosis, whereas LV-
ejection fraction, usually remains normal or mildly
reduced until the late stages of the disease, despite dimin-
ished longitudinal deformation of the myocardium.**-*
Despite preserved ejection fraction, however, cardiac out-
put is low due to decreased ventricular volumes.*>'~*? In
this regard, myocardial contraction fraction, the ratio of
(LV) stroke volume to myocardial volume measured by
M-mode echocardiography was predictive of mortality in

patients with ATTRv, ATTRwt, and AL amyloidosis.3 3,34

The Role of Echocardiographic Myocardial
Deformation (Strain)

Changes of the myocardium in dimensions and shape
during contraction and relaxation can be characterized
by the assessment of myocardial “strain”. Strain is
a measure of regional or global deformation, which
originates from physics and can be applied to the heart
to measure regional shortening, thickening, and length-
ening of the myocardium. Strain can be quantitatively
assessed by echocardiography using speckle tracking
imaging and has demonstrated a characteristic pattern
with markedly reduced strain in mid and basal and rela-
tively preserved strain in apical segments. This pattern is
referred to as “apical sparing” and is well suited for the
differentiation of such patients from other causes of LV
hypertrophy.*>>7 The apical sparing pattern is easily
recognizable on polar maps of myocardial strain and is
observed both in patients with ATTR and AL cardiac
amyloidosis. Even though absolute values of apical
strain are lower in patients with ATTR compared to AL
amyloidosis, this difference probably does not allow for
the accurate differentiation of cardiac amyloidosis
subtypes.*”*

In addition, myocardial strain was shown to bear
prognostic implications in amyloidosis in several pre-
vious clinical studies, exhibiting incremental value over
clinical and biochemical markers for the risk stratification
of patients with AL amyloidosis.***' However, limited
data are available so far for the prognostic value of
echocardiographic derived strain in ATTR amyloidosis.
Red flags in cardiac amyloidosis in terms of clinical data,
ECG, and echocardiographic imaging markers can be
depicted in Table 1.
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Table | Clinical, ECG and Echocardiographic Red Flags in Patients with Cardiac Amyloidosis

Clinical markers and red flags in
ATTR amyloidosis

Elderly patients with aortic stenosis, peripheral sensomotoric neuropathy, autonomic dysfunction, carpal

tunnel syndrome, biceps tendon rupture, lumbar spinal stenosis

Clinical markers and red flags in AL

amyloidosis

Albuminuria, renal impairment, gastrointestinal disorders with weight loss and diarrhea, hepato- and

splenomegaly, macroglossia, periorbital bleedings, and subcutaneous nodules

ECG signs

heart disease.

Low voltage on electrocardiogram (ECG) in the presence of moderate or severe hypertrophy in contrast

to high voltages in patients with true hypertrophy due to hypertrophic cardiomyopathy or hypertensive

Standard and advanced echocardiographic work-up in patients with suspected amyloidosis

2D echocardiography

Wall thickness >12mm, thickening of the RV, atrioventricular valves, and interatrial septum

Bi-atrial dilation

Small pericardial effusion

Granular sparkling (Cave: lower sensitivity than previously anticipated)

Mitral inflow

Restrictive filling pattern (E wave >> A wave)

Speckle tracking echocardiography
polar maps)

Reduced myocardial strain, especially in mid and basal segments (apical sparing, easily recognizable in strain

Doppler echocardiography

Concomitant presence of aortic stenosis

Cardiac Magnetic Resonance (CMR)
Conventional Cine Measures by CMR

CMR allows for non-invasive imaging of cardiac struc-
tures with high spatial resolution and intrinsic blood-to-
tissue contrast. The versatility of CMR can provide the
assessment of myocardial function, perfusion, tissue char-
acterization by late gadolinium enhancement (LGE) and
mapping techniques and, if required, myocardial deforma-
tion using “strain” analyses within a single examination,
independent of the patients’ acoustic windows and without
radiation exposure.** Morphological and functional altera-
tions are comparable with echocardiography findings. In
addition, CMR studies highlighted differences in terms of
asymmetrical septal hypertrophy in ATTR amyloidosis,
mimicking hypertrophic cardiomyopathy versus concentric
hypertrophy seen in most patients with AL amyloidosis.**
Of note, tissue characterization techniques, which are
highly sensitive for amyloidosis, like late Gadolinium
Enhancement and T1 mapping can be implemented in
a single CMR examination.

Late Gadolinium Enhancement

Gadolinium is an extracellular contrast agent. Therefore,
gadolinium distributes preferentially in areas of increased
extracellular volume (ECV), as in diseased myocardium
with an expanded extracellular space in patients with

cardiac amyloidosis, whereas the contrast agent rapidly
washes out in healthy myocardium. LGE images are typi-
cally acquired approximately 10 min after contrast agent
administration. LGE allows for visual and, if required,
quantitative assessment of the myocardial amyloid burden,
the latter albeit being challenging in cases of diffuse global
LGE with progressed disease.

Several studies previously demonstrated the presence of

(*° reviewed

LGE in patients with cardiac amyloidosis
in’") LGE patterns vary from patchy or diffuse to more
specific patterns, such as global subendocardial or trans-
mural, the latter associated with technical difficulties in
terms of nulling, due to the absence of “healthy” myocardial
tissue. Transmural LGE is associated with progressed dis-
eased and adverse clinical outcomes in both, AL and ATTR
amyloidosis.*® The sensitivity and specificity of LGE versus
endomyocardial biopsy for the diagnosis of cardiac amyloi-
dosis were reported to be 86% and 92%, respectively, based
on a recent meta-analysis.’’ Importantly, the technical
approach to LGE imaging with amyloidosis needs to involve
the use of phase-sensitive inversion recovery (PSIR) pulse
sequences, which exhibit incremental value to conventional
LGE acquisitions since they can address the nulling problems
seen in cardiac amyloidosis especially in cases of global
transmural affection of the myocardium.*® In addition,
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PSIR pulse sequences were shown to provide valuable prog-
nostic information.*®

A smaller number of clinical studies aimed at differ-
entiating ATTR from AL amyloidosis using CMR and
particularly LGE patterns. In this regard, transmural left
ventricular LGE and LGE of the free RV wall and the atria
was found to a larger extent in patients with ATTR versus
AL amyloidosis (90% of ATTR patients demonstrated
transmural LGE compared with 37% of AL patients).’>
Based on these findings, an LGE scoring system was
developed, which might help to differentiate ATTR from
AL amyloidosis with a sensitivity and specificity of 87%
and 96%, respectively. In the same direction, transmural
LGE was present in more patients with ATTR versus AL
amyloidosis (63% versus 27%),*® whereas the LGE con-
trast intensity, left atrial, RV free wall, and inter-atrial LGE
was also more pronounced in ATTR versus AL amyloido-
sis in another study.”® In addition, consideration of light
chain analysis and serum and urine protein immunofixa-
tion can further enhance the ability of CMR to differentiate
between the 2 underlying pathologies ATTR and AL
amyloidosis.>* Although these findings appear promising
for the differentiation of the 2 main cardiac amyloidosis
subtypes, larger prospective trials are warranted in this
context.

Native T1 Mapping and Extracellular Volume (ECV)
Native TI

Considering the concomitant renal impairment especially
in AL amyloidosis patients, a non-contrast CMR scan
would be preferable in such patients, when the adminis-
tration of gadolinium-based contrast agents is problematic.
In this regard, measures of the myocardial T1 relaxation
with non-contrast T1 mapping sequences have been used
for the detection and quantification of interstitial expan-
sion due to fibrosis.”® In cardiac amyloidosis, native T1
mapping was shown to exhibit significantly higher values
in patients than in control subjects.>® In the same direction,
T1 elevations were noted in AL and ATTR amyloidosis
patients, allowing for differentiation between both sub-
types of amyloidosis versus hypertrophic cardiomyopathy
with high accuracy.”’ In addition, native T1 values were
shown to be related to functional echocardiographic mar-
kers of systolic and diastolic LV function and to be sig-
nificantly increased even in asymptomatic amyloidosis
patients, thus being potentially more sensitive than
LGE.”® Furthermore, native T1 mapping easily enabled
the differentiation between cardiac amyloidosis and the

Anderson Fabry disease due to diametrically opposite T1
values, with elevated T1 in amyloidosis versus reduced T1
due to fat infiltration with the Fabry disease.””

Recently, 2 meta-analyses underscored the value of T1
mapping for the diagnostic classification and risk stratifi-
cation of patients with cardiac amyloidosis.®*®' Based on
the pooled values of native T1 in cardiac amyloidosis and
control subjects, thresholds suggesting the absence, inde-
terminate, or presence of amyloidosis were <994 msec,
994-1073 msec, and >1073 msec, respectively, at 1.5T.%°
Interestingly, native T1 showed similar diagnostic and
prognostic value as LGE, without requiring contrast
administration.®!

Despite these promising data, some limitations of
native T1 mapping need to be mentioned. Thus, hetero-
geneity of “normal” T1 values of the myocardium has
been reported, which is attributed to differences in the
sequences used for mapping, especially in terms of the
applied flip angles, different field strengths (1.5 versus
3.0T, the latter exhibiting longer T values by 100—
200ms) and difficulties with the precise identification
between myocardial and fibrotic tissue.®* These discrepan-
cies have been considered by recent guidelines in this
field, which recommend each center to develop reference
ranges with control subjects before performing clinical T1
scans.®

Extracellular Volume (ECV)

By measuring the T1 value of the myocardium before and
after gadolinium administration, quantification of the
myocardial ECV can be achieved. This parameter reflects
the fraction of myocardium composed by the extracellular
space, where the amyloid deposits accumulate in patients
with cardiac amyloidosis. ECV requires the administra-
tion of gadolinium-based contrast agents but is consid-
ered less susceptible to technical issues, compared with
the pulse sequences used for native T1 mapping.®*®* Like
native T1, ECV has been extensively validated in cardiac
amyloidosis,® including studies where ECV was serially
studied during treatment with novel pharmacologic
agents both in AL and ATTR amyloidosis.®®®” Due to
its high reproducibility and quantitative nature, the use of
ECV was proposed for serial studies, monitoring the
response to therapies in patients with cardiac amyloido-
sis. In addition, ECV has been validated against histol-
ogy, exhibiting close correlation to histologic amyloid

68,69

burden and was independently associated with

patients’ outcomes.** In ATTR amyloidosis, ECV was,
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in contrast to native T1 values, independently associated
with mortality after adjustment for age, biochemical,
functional markers, and LGE. This highlights the robust-
ness of this marker,’> which was recently confirmed in
a meta-analysis by a systematic comparison of ECV ver-
sus native Tl in AL and ATTR amyloidosis patient
cohorts.®’ Summarizing the relevance of native T1 and
ECV, both markers bear strong diagnostic and prognostic
implications and need to be considered together with
clinical, laboratory, and other imaging parameters during
the diagnostic work-up of patients with suspected cardiac
amyloidosis.®® While T1 does not require the administra-
tion of contrast agents, ECV seems to be more robust in
terms of both reproducibility and risk stratification for
patients with cardiac amyloidosis. Besides CMR, cardiac
computed tomography (CCT), which is routinely per-
formed prior to TAVR, can also be used to the assessment
of ECV.”® CCT based ECV measures can reliably detect
interstitial expansion due to amyloid deposition, com-
pared to bone scintigraphy, so that CCT may be an alter-
native to CMR in such patients who are frequently
affected by ATTRwt amyloidosis and undergo contrast
enhanced CCT imaging by clinical indication prior to
TAVR.

The Role of CMR-Based Myocardial Deformation
(Strain)

We and others have previously demonstrated the role of strain-
encoded magnetic resonance (MR) (SENC), an advanced tag-
ging technique, which provides both, color-coded visual and
quantitative assessment of myocardial strain, for the diagnostic
classification and risk stratification of several cardiac disorders
("' reviewed in"?). Recently, we demonstrated the value of
myocardial strain measured by fast-SENC for the risk stratifi-
cation of patients with heart failure due to non-ischemic
cardiomyopathies.” Likewise, fast-SENC aided the diagnostic
classification of patients with different forms of LV hypertro-
phy, effectively differentiating patients with cardiac
amyloidosis.”* Myocardial strain derived from the fast-SENC
successfully differentiated between patients with hypertrophic
cardiomyopathy and amyloidosis, the latter exhibiting lower
global strain values. In addition, patients with amyloidosis
showed a base-to-apex strain gradient, which was not the
case in hypertrophic cardiomyopathy and hypertensive heart
disease.”® This base-to-apex strain gradient, which was initially
described by echocardiographic speckle tracking as “apical

293537

sparing was also recently confirmed using strain analysis

by CMR, being associated with less LGE burden in apical

compared to mid and basal segments. Thus, relatively pre-
served strain in apical segments in patients with cardiac amy-
loidosis may be at least partially explained by the increased
burden of amyloid deposition and fibrosis in mid and basal
versus apical segments.”’® Furthermore, circumferential
strain by tagged CMR showed higher sensitivity than LGE
for the early detection of cardiac amyloidosis.”’

Overall, developments of CMR sequences and software
analysis can aid the comprehensive evaluation of patients
with suspected cardiac amyloidosis, using quantification of
LV mass and volumes, symmetricity of LV-hypertrophy,
LGE, native T1 mapping, ECV, and myocardial strain within
a single examination. Red flags for cardiac amyloidosis for
CMR imaging parameters are summarized in Table 2. Since
the prevalence of amyloidosis may be higher than previously
anticipated, varying between 5% and 15% in specific popula-
tions, CMR emerges as a first-line test, given its diagnostic
versatility to detect cardiac amyloidosis, quantify the burden
of amyloid deposition and identify other relevant myocardial
disorders when amyloidosis is not present.

Bone Tracer Myocardial Scintigraphy

The ability of nuclear scintigraphy imaging to depict
ATTR amyloid deposition in the heart with high sensitivity
and specificity after exclusion of monoclonal gammopathy
has revolutionized the diagnostic work-up of cardiac amy-
loidosis during the last decade, in many cases obviating
the need for myocardial biopsy. Among radiotracers,
99Mtechnetium-phosphate  derivatives (*°™Tc-3,3- dipho-
sphono-1,2-propanodicarboxylic acid (*’™Tc-DPD), and
Tc-pyrophosphate (Tc-PYP)) are the most widely used.
Although the exact mechanism of tracer uptake into the
heart is not completely understood, binding of the tracers
seems to be related to a high calcium content with cardiac
amyloid deposits. Calcium content is presumably higher in
patients with ATTR compared to AL amyloidosis, which
results in a much stronger uptake of pyrophosphate-based
tracers in patients with ATTR amyloidosis, in contrast to
the AL subtype.”®”” In hereditary TTR amyloidosis, amy-
loid fibrils are composed of either a mixture of full-length
and TTR fragments (Type A) or only full length TTR
(Type B). It should be noted that bone scintigraphy is

80,81 and

false negative in all patients with Type B fibres
therefore ATTRv patients with some mutations (eg p.
Val50Met late onset or p.Phe84Leu) cannot be diagnosed
using scintigraphy. Furthermore, bone scintigraphy can
provide false positive results in a very few cases, for

example after intoxication with hydroxychloroquine.®* To
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Table 2 CMR Red Flags in Patients with Cardiac Amyloidosis

Standard and Advanced CMR Work-Up in Patients with Suspected Amyloidosis

Standard CMR cine

sequences

Wall thickness >12mm, thickening of the RV wall, valves, and interatrial septum, asymmetric septal hypertrophy versus

concentric LV-wall thickening in patients with ATTR versus AL amyloidosis, respectively

Preserved or mildly reduced LV-ejection fraction without LV-dilatation

Bi-atrial enlargement

Small pericardial and pleural effusions

Late gadolinium

Patchy, diffuse, subendocardial or transmural LGE patterns

enhancement

Technical difficulties with nulling of the myocardium (blood pool signal nulling is present prior to myocardial nulling).
The phase sensitive inversion recovery (PSIR) technique needs to be used, which exhibits incremental value to

conventional acquisitions since it can address the nulling problem.

More extensive, transmural LGE seen in patients with ATTR versus AL amyloidosis.

Native T| mapping
T1 elevated in AL and ATTR patients.

sequences.

Preferable especially in patients with renal impairment, and contraindications to gadolinium injections.

Similar prognostic value to LGE without the need of gadolinium use.

Limitations: Variance in “normal” T| values of the myocardium depending on field strength and differences in pulse

Extracellular volume
(ECV)

Expanded ECV in patients with cardiac amyloidosis and has been validated against histology.
Bears stronger prognostic implications than LGE and T1 mapping.

Assessment of ECV requires the administration of gadolinium but is less susceptible to technical issues than T1 mapping.

CMR-based strain

“apical sparing” by echocardiography.

Reduced myocardial strain using fast-SENC or tagged-CMR.
Apical-to-basal strain gradient present in patients with amyloidosis versus hypertrophic cardiomyopathy, resembling

Strain gradient related to LGE gradient between apical and basal LV segments.

avoid false positive results due to blood pooling, SPECT
imaging should be used to confirm myocardial uptake.®
Limited data are available so far, comparing **™Tc-DPD
versus **™Tc-PYP.

99™Te-DPD was the first radiotracer demonstrating the
ability to distinguish AL from ATTR amyloidosis in pre-
vious studies.””®* In these studies, **™Tc-DPD exhibited
high accuracy for the differentiation between amyloidosis
subtypes, whereas uptake was noticed even in patients
without evident echocardiographic involvement, thus high-
lighting the high sensitivity of this technique and its ability
to early diagnose the disease. In addition, the extent of
mTe-DPD uptake was related to poorer clinical
outcomes.®™ In the subsequent study, performed by the
same research group and including a larger number of
AL amyloidosis patients, *™Tc-DPD uptake remained
useful for the differentiation of amyloidosis subtypes,
albeit exhibiting lower diagnostic yield due to mild tracer
uptake in approximately one third of patients with AL
amyloidosis. When tracer uptake was assessed using the

semiquantitative Perugini visual score of 0, 1, 2, or 3
which represents no, mild (less than in bones), moderate
(similarly high as in bones), or strong (higher than in
bones) uptake, respectively,” the positive and negative
predictive values for a diagnosis of ATTR were 88 and
100%, respectively for a score of >2.%° These findings
were confirmed within a multicenter study, where bone
scintigraphy allowed for the non-invasive diagnosis of
ATTR amyloidosis with a sensitivity of >99% but simul-
taneously relatively low specificity of 68% due to a low
level of uptake in some AL amyloidosis patients.
However, when only moderate or strong uptake (Perugini
Score 2 or 3) was considered, the specificity increased to
97%. In addition, excellent positive predictive value, and
specificity of 100% were achieved in patients with
Perugini Score 2 or 3 and absence of a monoclonal protein
in serum and urine.*® Like “apical sparing” in echocardio-
graphy and CMR, increased **™Tc-HMDP uptake was also
noticed in mid and basal versus apical segments with
ATTR amyloidosis patients.®’
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Another tracer used for bone scintigraphy, **™Tc-PYP,
which in contrast to **™Tc-DPD is available in the United
States, exhibits similar sensitivity and specificity to **™Tc-
DPD for the diagnosis of ATTR amyloidosis. In this
regard, quantitative analysis with *™Tc-PYP uptake,
revealed high sensitivity and specificity of 97% and
100%, respectively for the identification of ATTR amyloi-
dosis and was associated with all-cause mortality.*** In
addition, apical sparing was also described with **™Tc-
PYP, whereas pronounced apical sparing was associated
with poorer outcomes in patients with ATTR
amyloidosis.”®

Beyond bone scintigraphy tracers, which are in the
meanwhile clinically established for the diagnostic work-
up of patients with suspected ATTR amyloidosis, increas-
ing evidence is present that amyloid specific positron
emission tomography (PET) tracers, including 18-F flor-
betapir and the 11-C Pittsburgh B compound, which may

be able to specifically bind to AL amyloid.”'-**

Comprehensive Algorithms Considering
Clinical Data, Cardiovascular Imaging, and
Myocardial Biopsy

In case of suspected cardiac amyloidosis based on clinical
or echocardiographic findings, attention needs to be given
to the so-called “red flags”, including systemic, multi-
organ manifestations in patients with AL amyloidosis
and carpal tunnel syndrome, lumbar spinal stenosis, per-
ipheral sensomotoric and/or autonomic neuropathy, and
non-traumatic distal biceps tendon rupture, which may
proceed heart failure symptoms more than 10 years in
patients with ATTR amyloidosis. In addition, ECG may
show paradoxically low voltage in the presence of marked
LV hypertrophy. Furthermore, care needs to be taken with
standard echocardiography, giving special attention to (i)
the presence of septal, asymmetric versus concentric
hypertrophy in patients with ATTR versus AL amyloido-
sis, (ii) impaired diastolic function exhibiting restrictive
filling patterns, (iii) thickening not only of the LV but also
the RV and atrial wall including the interatrial septum, and
atrioventricular valves and (iv) regional differences in
myocardial strain reduction, resulting in “apical sparing”.
In case of clinical suspicion and echocardiographic indices
of amyloidosis, laboratory investigation including biomar-
kers like troponin and NT-proBNP, as well as CMR need
to be the next steps in the diagnostic algorithm. With
CMR, attention needs to be given to morphologic and

functional parameters, as mentioned above for echocardio-
graphy. The assessment of LGE extent and patterns allows
for the detection of amyloid deposits and new values as T1
mapping, ECV, and myocardial strain may provide addi-
tional valuable information. Furthermore, patients need to
undergo screening for monoclonal gammopathy in blood
and urine samples including measurement of free light
chains and immunofixation. If monoclonal gammopathy
is detected, subcutaneous abdominal tissue biopsy pro-
vides high diagnostic sensitivity for AL amyloidosis.”* In
cases where monoclonal gammopathy is not detected,
bone scintigraphy, using **™Tc-DPD or **™Tc¢ -PYP can
confirm the diagnosis of ATTR amyloidosis. In case of
moderate or strong tracer uptake (Perugini Score 2 or 3),
an endomyocardial biopsy is not required due to the high
specificity and positive predictive value, allowing for the
initiation of specific pharmacologic treatment. In case of
equivocal findings, such as absent monoclonal gammopa-
thy with absent or mild tracer uptake by bone scintigraphy,
an endomyocardial biopsy may be however necessary. If
ATTR amyloidosis is confirmed, further genetic testing is
needed to confirm or exclude a variant in the TTR gene.
The widespread adoption of CMR and bone scintigraphy
has many-fold increased the diagnosis of ATTR amyloi-
dosis, consequently enabling early treatment with specific
and potentially life-saving therapies.” A diagnostic algo-
rithm based on the above considerations is proposed in
Figure 1. Based on this algorithm, a typical patient case is
described below.

Patient Case and Practical Issues

An 8l-year-old male patient presented with atypical
angina and exertional dyspnea NYHA class II. He had
a moderate atherogenic risk profile, including arterial
hypertension and hyperlipidemia and had a prior coronary
intervention with stent implantation of the LAD 3 years
ago. External echocardiographic work-up had been per-
formed, with echocardiographic images considering the
presence of hypertrophic cardiomyopathy due to asym-
metric LV-hypertrophy. In addition, carpal tunnel syn-
drome was diagnosed 7 years ago, and the patient had
undergone surgical repair at that time. In domo echocar-
diography confirmed the presence of septal asymmetric
hypertrophy (diastolic and systolic echocardiographic
images of the long axis and 4-chamber view shown in
Figure 2A-D) with preserved LV-function and ejection
fraction of 55%. In addition, strain polar maps showed
reduced strain values in mid- and basal LV segments
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Clinical, ECG, laboratory, echocardiographic or CMR findings suggestive

for cardiac amyloidosis

!

Light chain analysis: Serum / Urine Protein

Immunofixation and assessment of serum free light

chains

Positive

AL amyloidosis probable.
Confirm by subcutaneous
abdominal tissue biopsy
(positive in 84% patients
with AL amyloidosis)

In case of a negative
abdominal fat biopsy,
consider a biopsy of another
organ such as salivary
glands, rectal tissue, or
endomyocardial biopsy.

Refer to oncology /
haematology specialists for
further diagnosis and
specific therapy.

Perugini grade 0/ 1:
Reconsider clinical and
imaging findings with focus
or differential diagnosis
such as HCM, hypertensive

heart disease.
If amyloidosis suspicion still l
high proceed with
myocardial biopsy.

Negative

Perform bone scintigraphy

Perugini grade 2/ 3:

TTR amyloidosis extremely probable.
Diagnosis can be made without
endomyocardial biopsy and specific
tratment can be initiated.

Genetic testing and referral
to neurology specialist

Wild type TTR amyloidosis Mutant type TTR

amyloidosis

Figure 1 With clinical suspicion and echocardiographic indices of cardiac amyloidosis, laboratory markers and CMR are usually the next diagnostic steps. In addition,
patients need to undergo screening for elevated free light chains and monoclonal gammopathy. If monoclonal gammopathy and/or elevated free light chains with abnormal
kappa/lambda ratio are detected, subcutaneous abdominal tissue biopsy can provide a high diagnostic sensitivity for AL amyloidosis. In case of a negative biopsy of abdominal
fat, a biopsy of another organ (salivary glands, rectal tissue, or endomyocardial biopsy) can be useful to confirm the diagnosis, increasing the sensitivity. If monoclonal
gammopathy is not detected and free light chains are not elevated, AL amyloidosis can be excluded and bone scintigraphy with strong tracer uptake can confirm the diagnosis
of ATTR amyloidosis. In case of equivocal findings however, endomyocardial biopsy may be however necessary.

with apical sparing (Figure 2K). Laboratory markers
showed increased high-sensitivity troponin T of 53ng/L,
creatinine of 1.4mg/dl, GFR of 38 mL/min/1.73m* and
NT-pro BNP of 3500ng/L. Further diagnostic work-up
using CMR was deemed appropriate, where asymmetric
LV hypertrophy was confirmed in the 4- and 3-chamber
view (diastolic and systolic CMR images shown in
Figure 2E-H. In addition, with LGE images transmural
enhancement of the LV, RV, the atria, and the interatrial
septum was present (Figure 21 and J). Subsequently, serum
and urine immunofixation showed the absence of mono-
clonal free light chains, and suspicion of ATTR amyloido-
sis was confirmed using bone scintigraphy, which indeed
showed strong tracer uptake in transversal and coronal

images (Figure 2L). Molecular genetic testing excluded

a variant of the TTR gene. Thus, ATTRwt amyloidosis
was diagnosed and pharmacologic treatment with 61 mg
tafamidis per day was initiated. Clinical improvement was
observed already after 3 months of specific pharmacologic
therapy regarding the patients’ heart failure symptoms.

Conclusions

Cardiac amyloidosis is a rapidly progressive disease with
a median survival of 3—5 years and approximately 6 months
in untreated patients with ATTR and AL amyloidosis,
respectively.*®!7?* Death occurs in most patients due to
cardiac causes, including sudden cardiac death and heart
failure,”* which can be prevented to date due to the presence
of effective, potentially life-saving treatment regimens for
both subtypes of cardiac amyloidosis. Therefore, precise
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Figure 2 Echocardiography shows the presence of septal asymmetric hypertrophy (A-D) with preserved ejection fraction. In addition, strain polar maps show apical sparing
(K). Further diagnostic work-up using CMR confirmed asymmetric LV hypertrophy (E-H) and showed transmural LGE of the LV, RV, the atria, and the interatrial septum
(I'and }). In addition, serum, and urine immunofixation showed no monoclonal free light chains, and suspicion of ATTR amyloidosis was confirmed using bone scintigraphy,

which exhibited strong tracer uptake (L).

diagnosis of cardiac amyloidosis at the early stages of the
disease is nowadays crucial more than ever. In this regard,
combined cardiovascular imaging by echocardiography,
CMR, bone scintigraphy and, if required, organ biopsy
need to be applied within predefined diagnostic algorithms,
facilitating (i) early and in most cases non-invasive diagno-
sis, (ii) quantification of disease burden and (iii) monitoring

the effectiveness of pharmacologic treatment.
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