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Cardiac amyloidosis (CA) has emerged as a previously underestimated cause of heart failure and mortal-
ity. Underdiagnosis resulted mainly from unawareness of the true disease prevalence and the non-
specific symptoms of the disease. CA results from extracellular deposition of misfolded protein fibrils,
commonly derived from transthyretin (ATTR) or immunoglobulin light chains (AL). A significant propor-
tion of older patients with heart failure and other extracardiac manifestations suffer from ATTR-CA,
whereas AL-CA is still considered a rare disease. This article provides an overview of CA with a special
focus on current and emerging diagnostic modalities. Furthermore, we provide a diagnostic algorithm
for the evaluation of patients with suspected CA in every-day practice.

� 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Amyloidosis is a disorder in which proteins with unstable ter-
tiary structures misfold, aggregate and form insoluble fibrils that
infiltrate the extracellular space of organs and soft tissues [1].
The term amyloid (from the ancient Greek word ἄltkov = starch)
was adopted by Virchow in 1854 due to the starch-like affinity of
amyloid deposits for iodine. More than 30 different precursor pro-
teins with amyloidogenic potential have been identified. Each one
is associated with distinct clinical features and organ tropisms.
Two of them, the liver-synthesized transport protein transthyretin
and amyloidogenic monoclonal immunoglobulin light chains,
which may be oversecreted in plasma cell dyscrasias, account for
the vast majority of all cases of cardiac amyloidosis (CA). Other rare
types of amyloidosis involving the heart include serum amyloid A
amyloidosis (AA) and apolipoprotein A-1 amyloidosis (AApoA-1).
Myocardial involvement in systemic amyloidosis is the main pre-
dictor of outcome and is associated with high mortality if not trea-
ted appropriately at an early disease stage [2,3].

Until recently CA was considered a rare entity. Advances in car-
diac imaging and the fact that specific therapies became available
for transthyretin amyloidosis (ATTR) in recent years led to
increased recognition of this entity as an underestimated cause
of heart failure (HF) [4]. The rise of amyloidosis incidence and
the growing availability of disease modifying drugs have increased
the interest for the disease among cardiologists. This article sum-
marizes current knowledge on optimal diagnostic management
of patients with suspected CA with a special focus on the most
common types of ATTR-CA and light chain CA (AL-CA). Further-
more, we address some controversial issues and unanswered ques-
tions which are of potential interest for future research.

2. Epidemiology

There are two distinct forms of ATTR amyloidosis. The heredi-
tary or variant form (ATTRv) is linked to one of >120 identified
amyloidogenic TTR gene mutations that predispose to instability
of the tetrameric structure of TTR and dissociation in monomers
or oligomers which form amyloid. ATTRv is characterized by great
epidemiologic variability. It is a generally rare autosomal dominant
disease, but some genetic variants are endemic in specific geo-
graphic regions and ethnic groups [5-12]. The Val30Met (currently
named Val50Met) mutation is the most frequent TTR mutation in
the world. It is endemic in Portugal, Sweden, Japan and Majorca
[5]. Some mutations are linked to neuropathic phenotype, others
to isolated cardiac phenotype, whereas mixed neuropathic and car-
diac phenotype is common in others. Four mutations (Val122Ile,
Leu111Met, Thr60Ala, and Ile68Leu) were associated with a mainly
cardiac phenotype in the West-European patient cohort of the
recently published THAOS registry [6]. Val122Ile is observed in
patients from West Africa or of West African descent, with 3.4%
of African Americans aged <65 years carrying at least one copy of
the mutation [7,8]. The penetrance of this mutation is uncertain
and likely relatively low. The Leu111Met variant has been identi-
fied only in Danish families and is associated with an exclusively
cardiac phenotype [9]. The Thr60Ala mutation affects 1% of the
population of Donegal in northwest Ireland [10]. The Ile68Leu
mutation is endemic in central-northern Italy and is associated
with greater penetrance in men and with older patient age [11,12].

The non-hereditary or wild type form (ATTRwt) is characterized
by a normal transthyretin gene sequence and still unclear disease
etiology. The prevalence of ATTRwt increases with age and nearly
all affected patients are older than 60 years. An autopsy study
reported that among adults aged >80 years 25% have myocardial
ATTR amyloid deposits [13]. Recent studies reported a prevalence
of 13% among patients with HF and preserved ejection fraction
[14,15], 16% in patients with aortic valve stenosis undergoing tran-
scatheter valve replacement [16-19] with as high as 30% in the
subgroup of low-flow, low gradient stenosis and 5% of patients
with hypertrophic cardiomyopathy [20]. Despite initially consid-
ered a disease of older males, later studies demonstrated that
women represent up to 20% of ATTRwt patients [21].

In contrast, AL amyloidosis which is the consequence of
plasma cell dyscrasia with production of amyloidogenic mono-
clonal immunoglobulin light chain, is a rare condition with
prevalence of 8–12/million [22-25] and incidence of approxi-
mately 1/100,000/year in the USA. The disease becomes more
prevalent with increasing age and males are more frequently
affected. The underlying pathology is monoclonal gammopathy
or smoldering myeloma in 90%. Multiple myeloma or B-cell lym-
phoma are identified as a cause in 10% of all AL cases. Symp-
tomatic cardiac involvement is present at diagnosis in 60–80%
of patients [24].

Other forms of CA that are considered very rare include serum
amyloid A amyloidosis and apolipoprotein A-1 amyloidosis. AA
amyloidosis occurs in the setting of chronic inflammatory diseases
(e.g. tuberculosis, inflammatory bowel disease, rheumatoid arthri-
tis, periodic fever syndromes) and the amyloid fibrils are composed
of the degradation products of the non-specific, acute phase reac-
tant protein serum amyloid A. In contrast to other forms of sys-
temic amyloidosis, cardiac involvement in AA amyloidosis is
uncommon, ranging between 10 and 15% depending on the popu-
lation studied [26,27]. AA amyloidosis is likely underdiagnosed in
developing countries, where chronic infections are more prevalent
and undertreated. Current estimates report an incidence of 1 to 2
cases per million person-years for AA amyloidosis [27].

ApoA-1 amyloidosis is a rare form of amyloidosis that may
cause cardiomyopathy [28]. ApoA-1 is produced by the liver and
small intestine and is involved in the transportation and metabo-
lism of high-density lipoprotein. Like in ATTR amyloidosis a wild-
type, age-related phenotype and a hereditary phenotype exist.
More than 20 mutations have been reported to be associated with
this form of amyloidosis, which is associated with an autosomal
dominant inheritance and variable penetrance [28-30]. The hered-
itary form is associated with involvement of various organs (heart,
liver, kidney, skin, gonades and peripheral nervous system). The
exact incidence of the disease in the general population is not
known.

The following sections of this article refer to the two common
types of AL- and ATTR-CA.
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3. Clinical manifestations and natural history

General symptoms such as fatigue, weight loss, cachexia and
muscle weakness are reported in all age groups and types of amy-
loidosis. The most common initial presentation of CA is HF with
preserved or mid-range left ventricular (LV) systolic function and
LV hypertrophy. Peripheral edema and progressive exertional dys-
pnea are cardinal manifestations of CA. Syncope, falls and symp-
tomatic hypotension as a consequence of autonomic dysfunction
are frequently reported and the combination of hypotension with
LV hypertrophy should be a warning sign. High-grade atrioventric-
ular block with the need for permanent pacing is a hallmark of the
disease [31], whereas malignant ventricular arrhythmias are prob-
ably of less clinical importance even in advanced stages of CA. This
has yet to be studied in current patient cohorts with adequate rep-
resentation of ATTR-CA. Atrial fibrillation is the most common
arrhythmia and is associated with higher risk of atrial thrombi
[32,33] and frequent relapses after repeated catheter ablation or
cardioversion [34].

Extracardiac manifestations are often present and serve as red
flags for early diagnosis. In AL amyloidosis these may include sev-
ere proteinuria, renal failure and generalized edema, hep-
atomegaly, ascites, pleural effusion, peripheral neuropathy,
autonomic dysfunction with severe hypotension, diarrhea, carpal
tunnel syndrome and soft tissue manifestations (e.g. macroglossia,
periorbital purpura, subcutaneous amyloidomas). History of bilat-
eral carpal tunnel syndrome, lumbal stenosis, presbyacusis and
spontaneous biceps tendon rupture are common in ATTRwt [35].
The latter is a common finding in ATTR-CA [36]. ATTRv is typically
characterized by peripheral sensorimotor polyneuropathy, car-
diomyopathy or mixed phenotype. Autonomic neuropathy is com-
mon and often severe diarrhea, hypotension and erectile
dysfunction are the leading symptoms. Renal or lung involvement
have been rarely reported. Carpal tunnel syndrome is also seen and
may precede cardiac or nerve involvement by several years in both
ATTRv and ATTRwt. Family history with three-generation pedigree
is essential in the evaluation of patients with ATTRv, as symptoms
cluster in families and provide significant clues for the diagnosis.

Each type of CA (ATTRv, ATTRwt, AL) is linked to a distinct nat-
ural history, which is of relevance for the differential diagnosis. In
AL amyloidosis a steep functional decline is observed from the ini-
tial presentation. Consequently, suspicion of AL amyloidosis should
alert physicians to perform a rapid and stringent diagnostic work-
up, since further progression of the disease significantly worsens
prognosis without implementation of effective anti-plasma cell
therapies that have been available for years.

ATTR amyloidosis is characterized by a more insidious and
slowly progressive disease with severe symptoms developing years
after initial manifestations. A recent report from the national amy-
loidosis center in the UK reported 17 medical contacts including 3
inpatient hospital admissions from first cardiac symptoms to diag-
nosis of ATTRv or ATTRwt-CA [37]. These differences in the disease
course are possibly due to distinct underlying pathophysiologic
mechanisms of cardiac damage in AL-CA vs ATTR-CA. In vitro stud-
ies demonstrated that circulating amyloidogenic light chains have
a direct toxic effect in the myocardium leading to increased apop-
tosis, oxidative stress, altered calcium handling and activation of
specific signal transduction pathways [38-40].
4. Diagnosis

Diagnosis of CA requires a high degree of clinical suspicion as
the disease masquerades a plethora of cardiac and systemic dis-
eases. Endomyocardial biopsy (EMB) has been used to diagnose
CA, if a definite diagnosis could not be established via extracardiac
biopsy. However, non-biopsy diagnosis of ATTR-CA with bone-
tracer scintigraphy was proven feasible and highly accurate com-
pared to EMB and may therefore substitute EMB in certain cases
[41]. In the following sections, we describe the role of different
diagnostic modalities and present a recommended algorithm for
the systematic approach of patients with suspected CA.

4.1. ECG

Although ECG may be normal even at advanced stages of CA, it
can provide clues for amyloid infiltration and further support the
diagnosis in conjunction with imaging findings. The typical finding
is normal or low QRS voltage (<1 mV in the precordial and <0,5 mV
in the extremity leads) in patients with LV hypertrophy on
echocardiography. This is more common in AL-CA (45%) but less
frequent in ATTR-CA (23–31%) [42]. Other features include
pseudo-infarct pattern with Q waves or slow R-wave progression
in the precordial leads, atrioventricular block or bundle branch
block. Atrial fibrillation is the most common arrhythmia with a
high relapse rate [43,44]. Given its low sensitivity, ECG should
not be used alone as a screening tool for patients with suspected
CA or at risk for CA e.g. TTR mutation carriers.

4.2. Laboratory testing

As no single parameter exists for diagnosing ATTR-CA, the goal
of laboratory testing in patients with suspected CA is primarily to
search for markers of plasma cell disease causing AL-amyloidosis.
These include elevated serum free light chain immunoglobulins,
pathologic j to k free light chain ratio and monoclonal gammopa-
thy in serum and urine immunofixation with reported sensitivity
of >95% for the detection of AL amyloidosis [45,46]. Caution is
required in the interpretation of positive findings as up to 5% of
the general population aged >65 years have monoclonal gammopa-
thy of undetermined significance (MGUS) [47]. ATTR-CA may coex-
ist with MGUS and should be differentiated from AL amyloidosis by
seeking further evidence of amyloid infiltration in affected organs
with identification of the precursor protein. Renal dysfunction also
leads to higher serum concentration of free light chains [48].
Approximately 2–3% of patients with AL amyloidosis have no lab-
oratory evidence of monoclonal disorders. Despite this being extre-
mely rare, rule out of AL amyloidosis should not be merely based
on laboratory testing if clinical suspicion is high.

Natriuretic peptides are markedly and disproportionally ele-
vated in CA and mildly elevated troponin on repeated occasions
is common. However, ischemic heart disease may coexist with
amyloidosis and thus, evaluation by coronary angiography should
be performed in selected patients. Amyloidogenic light chains
modulate p38 mitogen-activated protein kinase, which can
directly promote NT-proBNP expression. Thus, for the same range
of hemodynamic abnormalities plasma levels of NT-proBNP are
higher in AL- than in ATTRwt- and ATTRv-CA [49].

Furthermore, biomarkers play an important role in the follow-
up of patients with known MGUS. In case of MGUS with an abnor-
mal free light chain ratio with elevation of the involved light chain,
N-terminal pro B-type natriuretic peptide (NT-proBNP) and urinary
albumin should be monitored during follow up to detect progres-
sion of MGUS to systemic amyloidosis [50,51]. After establishment
of diagnosis of CA, serum NT-proBNP and cardiac troponin T com-
bined with the difference in serum free light chain values facilitate
staging of AL amyloidosis, as the severity of cardiac involvement is
a powerful predictor of outcome [52]. According to a contemporary
staging system, patients with AL amyloidosis are assigned a score
of 1 for each one of the following: difference in free light chains
�18 mg/dL, cardiac Troponin T �0.025 ng/mL and NT-proBNP
�1800 pg/mL, creating stages I to IV with additive scores of 0 to



Fig. 1. Echocardiographic presentation of patients with cardiac amyloidosis: Parasternal long axis, apical four chamber and subcostal view from a patient with ATTRv-CA
Marked left and right ventricular hypertrophy with speckled myocardial appearance are present, as well as pericardial effusion. (A-C). Pulsed wave doppler of the mitral valve
inflow reveals restrictive filling pattern with marked reduction in mitral annular early diastolic velocity (e0 5.4 cm/sec) in a patient with ATTRwt-CA (D, E). F: Global
longitudinal strain of the patient with ATTRwt-CA is significantly reduced (�10.4%) with characteristic sparing of the strain values in apical segments (F).
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3 points, respectively. The respective median overall survival is
94.1, 40.3, 14 and 5.8 months, respectively [52]. Biomarker-based
staging systems were recently proposed for ATTR-CA. Thresholds
of Troponin and NT-proBNP or estimated glomerular filtration rate
and NT-proBNP were used to risk stratify ATTR patients. In a scor-
ing system in wtATTR-CA and ATTRv-CA, stage I was defined as NT-
proBNP � 3000 ng/L and eGFR � 45 ml/min, stage III was defined
as NT-proBNP > 3000 ng/L and eGFR < 45 ml/min, and the remain-
der were stage II. Median survival of stage I patients was
69.2 months, stage II patients 46.7 months and stage III patients
24.1 months [53]. The Mayo Clinic staging system for wtATTR-CA
used thresholds of troponin T and NT-proBNP (>0.05 ng/ml and
>3000 pg/ml, respectively). The 3 stages were defined as stage I:
both biomarker values below threshold, stage II: 1 biomarker
above the threshold and stage III: both biomarkers above the
Table 1
Common clinical and echocardiographic ‘‘red flags” of cardiac amyloidosis.

Clinical

History of spontaneous (biceps) tendon rupture
History of bilateral carpal tunnel syndrome
Peripheral polyneuropathy (tingling, numbness, pain, loss of temperature discrimina
Autonomic neuropathy (orthostatic hypotension, erectile dysfunction, diarrhea/const
Low-flow, low-gradient aortic valve stenosis
Mild troponin elevation on repeated occasions
Elevated serum free light chains and free light chain ratio, monoclonal gammopathy
Macroglossia, periorbital purpura
Proteinuria, nephrotic syndrome
Echocardiographic
LV wall thickness � 12 mm and heart failure in men � 60 y/ women > 70 y
LV wall thickness � 12 mm and AV-Block or pacemaker
LV wall thickness � 12 mm and diastolic dysfunction
LV wall thickness � 12 mm and reduced GLS with apical sparing
Infiltrative phenotype (biventricular hypertrophy, thickening of cardiac valves, perica
threshold. These 3 stages had a median survival of 66, 42, and
20 months, respectively in this study [3].

Additional laboratory testing should be ordered according to
suspected organ involvement (e.g. liver function tests, urine pro-
tein analysis).

4.3. Echocardiography

Transthoracic echocardiography is essential for the initial eval-
uation of patients with suspected CA. Although subtle abnormali-
ties at early stages are non-specific, some findings are highly
suggestive of CA in the appropriate clinical context. LV hypertro-
phy without dilation is an almost ubiquitous finding, whereas out-
flow tract obstruction is very rare. Increased LV wall thickness of
�12 mm was reported to be an early sign of cardiac amyloidosis
tion)
ipation)

in serum and urine, Bence-Jones proteins in the urine

rdial effusion, thickening of the interatrial septum)
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and therefore caution should be taken when examining patients
with possible amyloidosis in order not to miss the diagnosis before
the establishment of significant LV hypertrophy [54]. Right ventric-
ular hypertrophy, thickening of cardiac valves and interatrial sep-
tum, granular appearance of the myocardium and pericardial
effusions are common (Fig. 1A-C). The echocardiographic hallmark
of CA is LV diastolic dysfunction (Fig. 1D-E), which gradually pro-
gresses in restrictive filling with consecutive biatrial dilation and
often secondary insufficiency of the atrioventricular valves. LV sys-
tolic function is almost invariably abnormal despite preservation of
a normal or mildly reduced ejection fraction until late disease
stages. Global longitudinal strain of the LV is profoundly reduced
with relative sparing of the apical region, giving a characteristic
appearance in the bull’s eye plot, called ‘‘cherry on the top” or
‘‘cupcake” appearance (Fig. 1F). The latter has a high sensitivity
(93%) and specificity (82%) for CA and helps differentiate between
various phenocopies of LV hypertrophy such as hypertensive heart
disease, hypertrophic cardiomyopathy and storage diseases
[55–58]. Longitudinal systolic and diastolic deformation parame-
ters derived from speckle tracking imaging and doppler-derived
left ventricular (LV) Tei index were shown to predict mortality of
patients with CA [59]. ATTR-CA has been associated with more
prominent left ventricular hypertrophy than AL-CA but significant
overlap has been shown so that the echocardiographic features of
ATTR- and AL-CA are indistinguishable. In our experience, echocar-
diography combined with a careful physical examination and his-
tory taking reveals sufficient clues and red flags for CA. The most
relevant for screening patients at risk in every-day practice are
summarized in Table 1.
4.4. Magnetic resonance imaging (MRI)

Cardiac MRI with a combination of native and contrast
enhanced imaging provides accurate anatomical and functional
assessment of the myocardium as well as tissue-characterization,
which is of incremental value in the evaluation of cardiomy-
Fig. 2. Cardiac MRI depicting concentric LV hypertrophy and diffuse transmural LGE i
myocardial tracer uptake (C).
opathies. CA has a characteristic appearance of diffuse, subendo-
cardial or transmural late gadolinium enhancement (LGE) of non-
ischemic pattern, which is of prognostic value [60]. T1 mapping
is a newer technique that provides quantitative analysis of myocar-
dial relaxation time. Native T1 increases with amyloid infiltration
and correlates with markers of systolic and diastolic dysfunction
[61]. It is an early disease marker with high diagnostic accuracy
for CA in case of a high pretest probability [62]. As it does not
require contrast administration, it is of interest for patients with
severely impaired renal function, in whom gadolinium-based con-
trast agents are contraindicated. Extracellular volume (ECV) mea-
surement using gadolinium-based contrast agent is an ancillary
method for the assessment of myocardial amyloid burden, how-
ever it requires the application of contrast media. ECV is globally
elevated in CA, often with values >40% and higher in ATTR- than
AL-CA. ECV elevation may be detected early before the develop-
ment of LV hypertrophy, LGE or elevation in serum biomarkers
[63]. Like echocardiography, cardiac MRI cannot differentiate
between AL- and ATTR-CA. Currently, cardiac MRI is complemen-
tary to echocardiography rather than routine application but has
great potential for prognosis and serial assessment of response to
treatment [64].
4.5. Bone-tracer scintigraphy

Cardiac uptake of 99mTc-phosphate derivatives was first demon-
strated in the 1980s as an accidental finding in patients with ATTR-
CA undergoing scintigraphy for metastatic bone disease. In 2005 a
small study demonstrated the diagnostic value of 99mTc-3,3-dipho
sphono-1,2-propanodicarboxylic acid (99mTc-DPD) for ATTR-CA
[65]. Since then, several studies reported on the high sensitivity
of bone-tracer scintigraphy for ATTR-CA with only mild or absent
tracer uptake in AL-CA, attributed possibly to higher calcium con-
tent in ATTR amyloid deposits [66-68]. These results were recently
validated in a large-scale multicenter trial, which showed high
diagnostic accuracy of 99mTc-phosphate scintigraphy for
n a patient with ATTRwt-CA. (A, B). 99mTc-DPD planar scintigraphy with grade 3



Fig. 3. Integrated 18F-Flutemetamol PET/MRI in a patient with ATTRv-CA. The patient had known ATTRv with polyneuropathy under treatment with tafamidis and presented
with new onset dyspnea. T1 mapping revealed prolongation of relaxation time (A). Subendocardial late gadolinium enhancement was present (B). PET images showed 18F-
Flutemetamol uptake of the left and right ventricle, indicative of advanced stage myocardial amyloid infiltration (C).
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non-invasive detection of ATTR-CA [41]. In summary, a scan
demonstrating grade 2 or 3 uptake according to the visual Perugini
scale combined with negative serum and urine analysis for ele-
vated free light chains andmonoclonal gammopathy demonstrated
99% sensitivity, 100% positive predictive value and 100% specificity
for ATTR-CA. The technique met wide clinical adoption following
the publication of the study and is now integrated into the recom-
mended diagnostic algorithm for CA. Fig. 2 demonstrates the typi-
cal finding of 99mTc-DPD scintigraphy in a patient with ATTR-CA.

Despite this paradigm shift, bone-tracer scintigraphy does not
provide quantitative analysis of tracer uptake and the diagnostic
yield of scintigraphy at an early disease stage of ATTR-CA has not
been sufficiently studied. False-negative scans have been regarded
as extremely rare but a recently published study reported very low
sensitivity (10%) of 99mTc-DPD scintigraphy in 55 patients with
ATTRv-CA carrying the Phe64Leu TTR mutation [69]. This finding
needs confirmation in further studies, as it is of great importance
for the subset of patients with ATTRv.

4.6. Positron-emission tomography (PET)

Targeted molecular imaging of amyloid deposits in the heart
using 18F- and 11C-labelled PET radiotracers with amyloid-
specific affinity has been shown feasible for both AL and ATTR
amyloidosis. These are benzothiazole and stilbene derivatives with
very similar chemical structure and already received market
approval in 2012 for b-amyloid brain imaging to differentiate Alz-
heimer’s disease from other dementias. Following the fundamental
work from Dorbala et al [70], a series of investigations revealed a
very high accuracy of 18F- florbetapir, 18F- florbetapen and 11C-
Pittsburgh compound B for the detection of amyloid in the heart
[71-76]. Notably, AL patients exhibited higher myocardial tracer
activity than ATTR, indicating a different binding mechanism and
distinct biologic properties of ATTR and AL amyloid. All studies
included small study samples, however, according to a meta-
analysis of six studies including 98 patients, 95% sensitivity and
98% specificity were calculated [77]. Furthermore, whole-body
18F-Florbetapir PET/CT demonstrated high accuracy for the detec-
tion of subclinical organ involvement in AL amyloidosis, which is
of paramount clinical importance considering the devastating nat-
ure of the disease [78,79]. Fig. 3 demonstrates integrated 18F-
Flutemetamol PET/MRI in a patient with ATTRv-CA. PET imaging
benefits from a superior spatial resolution compared to single pho-
ton emission computed tomography (SPECT), provides quantitative
analysis of tracer uptake and has the potential to accurately quan-
tify amyloid burden, facilitate prognosis and assess disease pro-
gression and response to therapy. These issues are of special
interest for future research and may improve our understanding
of the underlying molecular mechanisms of amyloidosis.
4.7. Endomyocardial and tissue biopsy

As presented above, EMB can be omitted in case of unequivocal
positive scintigraphy for ATTR-CA (grade 2 or 3 cardiac uptake)
without laboratory evidence of plasma cell proliferation or clinical
suspicion of AL amyloidosis. These findings are diagnostic for
ATTR-CA [41]. Histological confirmation of amyloid in one of the
involved organs or a surrogate site (e.g. abdominal fat, bone mar-
row, rectum, salivary glands) is needed for the diagnosis of sys-
temic AL amyloidosis. The presence of typical cardiac MRI
findings in a patient with already established diagnosis of AL amy-
loidosis via histologic confirmation of amyloid in extracardiac
organs should also be considered diagnostic for AL-CA. In such
cases, endomyocardial biopsy is not necessary and treatment
should not be delayed in order to obtain cardiac biopsies. If extrac-
ardiac biopsies are not feasible or non-diagnostic, EMB is the
method of choice to diagnose AL-CA.

Since the integration of bone tracer scintigraphy in the diagnos-
tic pathway of CA, the need for EMB is reduced and should be abol-
ished in case of Perugini-grade 2 or 3 myocardial tracer uptake in
bone-tracer scintigraphy and no laboratory evidence of mono-
clonal gammopathy in serum and urine or abnormal free light
chain ratio or clinical suspicion of AL-CA. Likewise, biopsies of
abdominal fat or gingiva, rectum, upper gastrointestinal tract and
salivary glands are now less frequently performed for ATTR amy-
loidosis but are still of value in patients with suspected AL amyloi-
dosis due to their ease, convenience and high yield. The yield of a
fat pad biopsy in AL amyloidosis is >70% but much lower in ATTRv
(45–67%) and ATTRwt (15%) and thus, a negative result is insuffi-
cient to exclude diagnosis of AL and ATTR [80,81].

4.8. Histopathological examination

The presence of amyloid fibrils can be confirmed by their char-
acteristic appearance on electron microscopy and their ability to
bind Congo red, leading to the characteristic apple-green birefrin-
gence under polarized light, or thioflavin-T producing an intense
yellow-green fluorescence [82]. Once histologic diagnosis of amy-
loid is made, the type of amyloid must be identified. Light micro-
scopy immunohistochemistry with the use of commercial
antibodies lacks specificity and caution is warranted because of
the observed rates of false positive transthyretin-antibody staining
of amyloid deposits in patients with AL amylodosis and a low-
sensitivity for light chain staining, which may be misleading and
result to malpractice [83]. The cause of the strong nonspecific
transthyretin staining is not known. Especially a strong and diffuse
transthyretin staining needs confirmation with other methodol-
ogy. This limitation can be overcome when amyloid typing is per-
formed with custom-made antibodies at specialized centers [84].



Fig. 4. Proposed algorithm for the diagnostic evaluation of patients with suspected cardiac amyloidosis.
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Immunoelectron microscopy can achieve 100% specificity and can
correctly classify more than 99% of patients with systemic amyloi-
dosis [85]. Mass spectrometry-based proteomics can overcome
those limitations greatly improving the diagnostic accuracy, as
the method is antibody-independent [86]. Mass spectrometry
diagnostics can be performed after laser capture microdissection
of Congo red positive areas from slides obtained from paraffin-
embedded tissue or on protein extracted from the whole sample
[86,87]. This method is not widely available, and in case of discrep-
ancies in clinical and pathologic diagnoses, tissue samples need to
be sent to referral centers for such testing in order to convincingly
rule out AL amyloidosis.
4.9. Genetic testing

TTR gene sequencing of the exons 1–4 and genetic counseling
are recommended in all patients with ATTR amyloidosis. Due to
incomplete or late penetrance as well as reports of ATTRv even
in older individuals >80 years, differentiation between the heredi-
tary and wild type form of the disease is not feasible based only on
family history or clinical criteria. Genetic counseling and testing
should also be offered in family members, especially if they
become symptomatic. Since gene silencing therapies are currently
approved only for ATTRv, it is important to offer genetic testing in
all patients diagnosed with ATTR. Furthermore, detection of a
pathogenic gene variant enables cascade screening and early diag-
nosis of relatives.

The accumulating evidence on the different diagnostic modali-
ties has led to the widespread adoption of standardized diagnostic
algorithms for suspected CA. A common approach is presented in
Fig. 4. Overall, amyloidosis remains a multifaceted systemic dis-
ease with enigmatic pathophysiology. In our experience, a system-
atic approach to diagnosis and management of this growing
patient population warrants a close collaboration of experienced
specialists in the context of interdisciplinary amyloidosis pro-
grams. In our point of view, cardiology, hematology, neurology
and nuclear medicine constitute the fundamental core of amyloi-
dosis programs.
5. Future outlook

There is an ongoing need to raise awareness for CA, especially of
the ATTR type which is still underrecognized out of specialized
clinics and academic centers. For this purpose, it is essential to
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identify cost-effective and straightforward tools and algorithms for
large-scale screening of populations at risk. Multimodality imaging
is anticipated to play a pivotal role in all aspects of CA: screening of
individuals at risk, early and accurate diagnosis, prognostication
and assessment of response to treatment. As no single imaging
method was proven perfect so far, complementary use of the avail-
able modalities is currently adopted but further refinements are
currently on the spotlight of research and hold promise for preci-
sion diagnostics in the near future.
6. Conclusion

CA is a devastating disease with an underestimated prevalence
and high mortality. Early diagnosis is impeded by suboptimal
awareness of the disease and the non-specific clinical presentation.
Increased LVwall thickness in males >65 years or females >70 years
in addition to signs and symptoms of HF or other red flags (e.g. car-
pal tunnel syndrome or peripheral neuropathy) should trigger
evaluation for CA [88]. Repurposed bone scintigraphy and labora-
tory testing may exclude or confirm the diagnosis in most cases
of suspected ATTR-CA, whereas tissue biopsy for histopathologic
examination is still the test of choice for AL amyloidosis and cer-
tain clinical scenarios. Myocardial imaging is steadily evolving
and will possibly expand its applications in the near future in
key aspects of diagnosis, risk assessment and response to treat-
ment. Due to the systemic nature of the disease collaboration of
the caring specialists in the context of interdisciplinary amyloido-
sis programs is essential for accurate diagnosis and optimal long-
term care.
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