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Abstract Cardiac amyloidosis in the United States is most
often due to myocardial infiltration by immunoglobulin protein,
such as in AL amyloidosis, or by the protein transthyretin, such
as in hereditary and senile amyloidosis. Cardiac amyloidosis
often portends a poor prognosis especially in patients with sys-
temic AL amyloidosis. Despite better understanding of the
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pathophysiology of amyloid, many patients are still diagnosed
late in the disease course. This review investigates the current
understanding and new research on the diagnosis and treatment
strategies in patients with cardiac amyloidosis. Myocardial am-
yloid infiltration distribution occurs in a variety of patterns.
Structural and functional changes on echocardiography can
suggest presence of amyloid, but CMR and nuclear imaging
provide important complementary information on amyloid bur-
den and the amyloid subtype, respectively. While for AL amy-
loid, treatment success largely depends on early diagnosis, for
ATTR amyloid, new investigational agents that reduce produc-
tion of transthyretin protein may have significant impact on
clinical outcomes. Advancements in the non-invasive diagnos-
tic detection and improvements in early disease recognition will
undoubtedly facilitate a larger proportion of patients to receive
early therapy when it is most effective.

Keywords Cardiac amyloidosis - Transthyretin amyloidosis -
AL amyloidosis - Echocardiography - Cardiac magnetic
resonance imaging - Nuclear imaging

Introduction and Epidemiology

Systemic amyloidosis is caused by tissue infiltration of insolu-
ble proteins, disrupting normal organ function leading to a va-
riety of disease manifestations. Virtually any organ can be af-
fected including the heart, kidney, lung, peripheral nervous sys-
tem, liver, eyes, skin, and blood vessels. Systemic amyloidosis
with cardiac involvement (CA) portends a poor prognosis with
eventual development of congestive heart failure, angina, and
arrthythmias. There are many types of systemic amyloidosis
worldwide; however, three main subtypes account for the ma-
jority of cases in the United States: light chain amyloidosis
(AL), senile systemic amyloidosis (WtATTR), and hereditary
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(familial) amyloidosis (MATTR). Although the amyloidogenic
protein is different in AL versus ATTR, the underlying mecha-
nism of cardiac involvement is similar and they are not distin-
guishable by light microscopy (Fig. 1D) [1].

The exact prevalence of CA is not known as the diagnosis is
often overlooked. The diagnosis of CA can be challenging as
signs and symptoms of clinical CA may often be non-specific
and subtle in the early disease course. High level of clinical sus-
picion is necessary for diagnosis, and a lack of familiarity may
delay diagnosis until end stages. A study examining the autopsy
examination of 109 patients with a diagnosis of heart failure with
preserved ejection fraction (HFpEF) without clinically apparent
amyloid involvement demonstrated that 19% of those patients
had LV amyloid deposition, suggesting that wtATTR may play
an unrecognized but important role in HFpEF [2]. Early recogni-
tion of amyloidosis may be critical for intervention prior to man-
ifestation of end-stage complications. This review examines the
pathogenesis, diagnostic strategies, and treatment with a focus on
recent research and current understanding in the use of cardiac
imaging modalities for the diagnosis and prognosis of CA.

Pathogenesis and Subtypes
AL Amyloidosis

AL amyloidosis is caused by a plasma cell dyscrasia that may
occur alone or be associated with multiple myeloma. In this

Fig. 1 Cardiac images showing FR 430z
the correlation between
echocardiography and the gross
anatomy and histopathology after
cardiac explant of a patient with
mATTR who underwent
orthotopic heart transplantation. a
Transthoracic echocardiogram,
apical four chamber view
demonstrating thickened left and
right ventricular walls. b
Explanted heart showing
significant increase in right and
left ventricular wall thickness. ¢
Transthoracic echocardiogram, ..
parasternal long axis view 18em
demonstrating thickened left
ventricular walls. d
Histopathology of the left
ventricular wall showing positive
Congo red staining (noted with
asterisk) consistent with amyloid
infiltration. LA left atrium, LV left
ventricle, MV mitral valve, RV
right ventricle

>
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disease, monoclonal plasma cells produce an abnormal immu-
noglobulin that becomes insoluble in serum due to protein
misfolding, and subsequently deposits in tissue. AL amyloid-
osis commonly affects the heart and kidneys, although other
organ involvement occurs frequently. Myocardial amyloid de-
position leads to cardiomyocyte necrosis and interstitial fibro-
sis [1]. AL amyloid infiltration can be seen in both ventricles,
atria, valves, and blood vessels [3]. Direct circulating light
chain toxicity is also felt to be an important cause of cardiac
dysfunction due to oxidative stress [4]. AL amyloidosis due to
production of a lambda light chain is three times more com-
mon than due to a kappa light chain. Disease onset is typically
near the sixth decade of life and occurs commonly in both men
and women [5]. Cardiac AL amyloidosis is an aggressive
disease with a median survival of 4 months [5].

Hereditary Amyloidosis (mnATTR)

Hereditary amyloidosis is an inherited disease most common-
ly caused by production of a mutant transthyretin protein.
Transthyretin is a transport protein found in serum and is
normally produced by the liver. Seventy-five different muta-
tions of the transthyretin protein are known to cause disease,
of which 44 involve the heart. The most common mutations
are replacement of valine by methionine at position 30
(V30M) and replacement of valine by isoleucine at position
122 (V122I) [6]. V1221 is found in 4% of the African-
American population and is the most common mutation seen
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in the Unites States [7]. Transthyretin mutations are inherited
in an autosomal dominant pattern; thus, both men and women
are commonly affected. The age of disease onset and clinical
manifestations are variable and dependent on the specific mu-
tation. Symptoms of congestive heart failure typically occur
in the sixth decade of life [7].

Senile Systemic Amyloidosis (WtATTR)

Senile amyloidosis is caused by infiltration of the wild-type
transthyretin protein. Disease onset tends to be much later than
either AL or hereditary amyloidosis, primarily affecting pa-
tients over the age of 65 years. It affects men disproportion-
ately to women at a ratio of 20:1. Prior studies have found
about a 25% prevalence of wtATTR infiltration in people over
the age of 80 years on autopsy; however, not all of the infil-
tration is clinically significant [8]. In contrast to AL and he-
reditary amyloidosis, it is not uncommon for patients with
senile amyloid to have normal voltage on electrocardiography
(ECG) [6]. Cardiac infiltration in wtATTR tends to have a less
aggressive course than AL amyloidosis with a median surviv-
al of 75 months [1].

Histologic Evaluation

The pattern of amyloid infiltration within the myocardium
varies among patients. Recent studies have attempted to iden-
tify and characterize different patterns of ventricular infiltra-
tion within and between amyloidosis subtypes in order to im-
prove interpretation of diagnostic imaging. Evaluation of nine
explanted or autopsied hearts of patients with amyloid cardio-
myopathy showed that amyloid infiltration is heterogeneous
without significant difference between the amyloid subtypes.
Three patterns of amyloid deposition were evident: diffuse,
mainly subendocardial, and mainly segmental. Endocardial
involvement was more common in these patients, suggesting
that amyloid deposition occurs in an endo-to-epicardial direc-
tion [3]. In contrast, a different study of 216 patients with
cardiac amyloidosis demonstrated distinct patterns of amyloid
distribution between AL amyloidosis, which showed a
reticular/pericellular pattern, and ATTR, which showed
patchy infiltration. This study also suggested a maximum
threshold for myocardial amyloid burden since no patient
showed a burden >60% for AL amyloidosis and >70% for
ATTR (median burden was 30.5%) [9+°].

Diagnosis
Early diagnosis of cardiac amyloidosis is crucial since out-

comes are especially poor with late diagnosis. Many symp-
toms and signs raise suspicion for CA. CA most commonly

presents with symptoms of heart failure; however, angina also
occurs often due to intramyocardial vessel infiltration. Low
voltage on ECG (defined as <1 mV in all precordial leads or
<0.5 mV in all limb leads) with evidence of left ventricular
wall thickening suggests a diagnosis of amyloid (Fig. 1B).
Pseudoinfarction pattern and conduction delays are also com-
mon ECG patterns [5]. Cardiac biomarkers, such as NT-pro
brain natriuretic peptide (BNP) and troponin, are sensitive
markers of cardiac dysfunction and are commonly abnormal
in amyloidosis. There is insufficient data on the utility of bio-
markers in the diagnosis and treatment response assessment in
amyloidosis especially in ATTR. Elevated troponins have
been shown to be associated with a worse prognosis in pa-
tients with systemic amyloidosis [10]. In AL amyloidosis,
troponin and NT-proBNP have been incorporated into the
amyloidosis staging system [11, 12]. Echocardiography is of-
ten helpful showing LV wall thickening and evidence of re-
strictive ventricular filling (Figs. 1 and 2). Howeyver, since the
symptoms and signs mentioned above are not specific to am-
yloidosis, a definitive diagnosis of amyloid requires a biopsy
specimen and histologic analysis showing a positive Congo
red stain with apple-green birefringence under polarized light
(Fig. 1D). A biopsy specimen can be obtained from any in-
volved tissue. CA is considered present if there is either a
positive endomyocardial biopsy or a positive non-cardiac bi-
opsy in a patient who has evidence of clinical, laboratory, or
echocardiographic abnormalities consistent with amyloid
[13].

Once the diagnosis of amyloidosis is confirmed, the
subtype must be identified since treatment can vary con-
siderably. AL amyloidosis is confirmed with testing for
serum free light chains (FLC) and serum and urine pro-
tein electrophoresis/immunofixation [13]. If ATTR is
suspected, then DNA analysis is performed to identify
the mutant form [6].

While tissue biopsy remains the gold standard for diagnosis
of amyloidosis, there is increasing interest in using non-
invasive cardiac imaging techniques to potentially diagnose
CA cearlier, which can have a tremendous effect in clinical
outcomes. Various imaging modalities with different advan-
tages and disadvantages (Table 1) have been utilized and stud-
ied to varying degrees in CA, with most studies looking at
small patient populations.

Echocardiography

The hallmark of CA on echocardiography is a range of
diastolic abnormalities in the setting of ventricular wall
thickening due to amyloid infiltration. ATTR and AL am-
yloidosis are not morphologically distinguishable on echo-
cardiography [14]. Early studies using echocardiography
showed that the majority of patients with CA have
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Fig. 2 Transthoracic Spectral
Doppler echocardiography at the
mitral valve inflow showing (a)
increased peak E (early) to peak A
(late) ventricular filling velocity
ratio and (b) decreased lateral E’
velocity suggestive of restrictive
left ventricular filling in a patient
with mATTR. Normal range: E/A
ratio <2.0, lateral E’ velocity

>10 cm/s
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PG 1 mmHg
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concentric LV wall thickening (Fig. 1), although asymmet-
ric septal thickening can occur [15]. The LVEF is often
normal even in the presence of congestive heart failure.
The evolution of abnormal LV diastolic filling patterns in
CA was first described by Klein et al. in a study of 53
patients with primary systemic amyloidosis. These patients
had deleterious changes in LV filling as measured by
transmitral peak early (E) and late (A) flow velocity and
E/A ratio with increasing progression of cardiac disease
(Fig. 2). In advanced cardiac disease, a restrictive filling
pattern was evident with significant changes in diastolic
parameters including deceleration time and systolic versus
diastolic pulmonary vein peak flow velocities [16]. Similar
diastolic function abnormalities in patients with AL amy-
loid cardiomyopathy were later reported by Koyama et al.
[17]. Systolic dysfunction can result but requires signifi-
cant cardiomyocyte necrosis and extensive fibrosis, such
as found in advanced disease.

@ Springer
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Myocardial Strain

Strain is a non-invasive, reliable, and quantitative assessment
of myocardial deformation with vast clinical applications in-
cluding early detection of cardiac dysfunction in a variety of
pathological conditions. Multiple recent studies have shown
that strain abnormalities can be an early marker of CA often
before symptoms of congestive heart failure [2, 17, 18].
Impairment in longitudinal LV strain is present across
all three amyloidosis subtypes and these abnormalities
correlate with other standard echocardiographic parame-
ters [19]. Furthermore, there is a specific pattern of
change in strain in CA, which is described as a basal
to apical gradient of strain abnormalities with relative
“sparing,” i.e., relatively normal values, of apical seg-
ments (Fig. 3). The presence of an “apical sparing”
pattern also has prognostic implications being predictive
of a lower rate of major adverse cardiac events [19].
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Table1 Comparison of echocardiography, CMR, and nuclear imaging
in cardiac amyloidosis
Modality Advantages Disadvantages
Echocardiography No ionizing radiation Operator dependent and
Readily available quality dependent on
Cost-effective patient acoustic
Superior assessment of windows
valvular disease, Requires geometric
diastolic dysfunction, assumptions
and hemodynamics Cannot distinguish
Extensive literature amyloid subtypes

No cut-off values are
sensitive or specific
enough for CA
diagnosis

Increased sensitivity for
detecting early disease
using strain pattern

CMR No ionizing radiation Underestimates degree of
Superior spatial amyloid severity in
resolution with 3D diffuse disease
images of cardiac Limited availability and
anatomy and tissue high cost

characterization Requires patient

More reproducible than cooperation with long
echocardiography examination times
with accurate Not typically compatible
assessment of left and with metallic implants
right ventricular Gadolinium
function contraindicated in

No acoustic window advanced kidney
interference from bone  disease
or air Cannot distinguish

subtypes

Nuclear imaging  Can distinguish ATTR ~ Radiation exposure

with Tc-PYP or  from AL makes it less suitable
Te-DPD High sensitivity for for serial follow-up
ATTR even in early monitoring
disease Modest specificity

The apical sparing strain pattern has been shown to distin-
guish amyloid from other causes of LV hypertrophy such as
aortic stenosis and hypertrophic cardiomyopathy. In one
study, a relative apical LS value of 1.0, defined as the average
apical LS/(average basal LS + average mid-LS), showed a
sensitivity of 93% and specificity of 82% for differentiating
CA from hypertrophic cardiomyopathy, aortic stenosis, and
LV hypertrophy. In regard to the different CA subtypes, apical
sparing is seen in both ATTR and AL amyloidosis; however,
apical strain was noted to be significantly lower in ATTR:
—17.5 £ 5.2 in AL versus —14.5 + 4.8 in ATTR [20°¢]. The
systolic longitudinal base to apex strain gradient in a patient
with shortened diastolic time of <200 ms may be helpful in
distinguishing amyloid versus multiple other causes of con-
centric LV hypertrophy [21].

Prognosis

Abnormal Doppler-derived LV diastolic filling variables in-
cluding deceleration time and increased E/A ratio are

important predictors of survival in CA. The combination of
an E/A ratio >2.1 and a deceleration time <150 ms has been
shown to be more strongly associated with mortality than 2D
measurements of LV thickness and fractional shortening in
patients with biopsy-proven systemic amyloidosis [22]. Low
voltage on ECG in combination with a reduced LVEF iden-
tifies patients at highest risk of cardiac death [23]. Strain as a
prognostic indicator has not been well studied in ATTR; how-
ever, in AL amyloidosis, mean basal LV longitudinal strain
and global longitudinal strain (LS) are significant predictors of
survival [24, 25].

Cardiac Magnetic Resonance Imaging

In recent years, cardiac magnetic resonance imaging has gen-
erated a lot of interest as a potential diagnostic technique for
CA. In contrast to echocardiography, cardiac magnetic reso-
nance imaging (CMR) is not dependent on good acoustic win-
dows, has higher spatial resolution, and provides tissue charac-
terization. Studies have shown that certain late gadolinium en-
hancement (LGE) patterns on CMR are highly sensitive and
specific for CA and may even precede morphologic increases
in LV wall thickness [26]. Gadolinium contrast agents prefer-
entially distribute in the extracellular space. LGE images are
acquired approximately 10 min after gadolinium administra-
tion, and, due to a rapid washout in normal myocardium, en-
hancement is typically only seen in myocardium with abnormal
distribution kinetics and an expanded extracellular space such
as in the setting of amyloid infiltration. Regional differences in
LGE reflect differences in distribution of amyloid deposits and
can be used to estimate myocardial amyloid burden [19].

Patterns of Late Gadolinium Enhancement Seen
in Cardiac Amyloidosis

Multiple studies confirm that LGE patterns in patients with
cardiac amyloid distribution on CMR are heterogeneous vary-
ing from non-specific patchy enhancement to more specific
patterns such as global subendocardial enhancement or diffi-
culties with myocardial nulling (Fig. 4). CMR utility in CA
was first reviewed in a study of 29 patients with biopsy-
proven amyloidosis. Sixty-nine percent (20/29) of the amyloid
patients had a characteristic pattern of global subendocardial
late enhancement. Presence of late enhancement correlated
with other markers of amyloid deposition such as LV and
RV mass index and LVEF [27]. In a larger study of 251 pa-
tients with multiple myeloma referred for CMR due to con-
cern for CA based on heart failure symptoms, systemic amy-
loidosis, or abnormalities in cardiac biomarker, ECG, or echo-
cardiography, 30% (75/251) of patients had a LGE pattern
suggestive of CA. These patients had several different patterns
of infiltration including diffuse subendocardial or transmural
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Fig. 3 a Myocardial strain imaging by speckle tracking
echocardiography of a 71-year-old male patient with wtATTR.
Transthoracic echocardiogram, apical four chamber view. The apical
segments demonstrate better strain (between —23 and —32) in
comparison to the mid- and basal segments (between —14 and —17). b
Polar plot of a 2D representation of the left ventricle in 17 segments. The
strain value for each segment is noted on the figure. There is apical

pattern (55%) and focal or patchy patterns (26%); the remain-
ing 19% of patients had suboptimal nulling [26]. Similar find-
ings were reported in 18 patients with positive genetic testing
for ATTR, 56% (10/18) of whom had positive LGE with the
following enhancement patterns: subendocardial circumferen-
tial (13%), focal (75%), and diffuse (13%) [28]. Another sub-
sequent study examined 53 patients with mATTR amyloid
and showed that patterns of LGE were either diffuse (32%),
focal (26%), or circumferential (2%), with diffuse pattern only
seen in patients with cardiac symptoms [29].

Differentiating Subtypes of Cardiac Amyloidosis

Although CMR cannot fully distinguish between amyloid
subtypes, small studies have attempted to delineate differences
in LGE patterns that could elucidate the amyloid subtype.
Subendocardial LGE occurs more commonly in AL, and
transmural LGE more commonly in ATTR. One study showed
that subendocardial LGE was present in 39% of AL versus
24% of ATTR patients, and transmural LGE was present in
27% of AL versus 63% of ATTR patients [30]. A second
study similarly described that global subendocardial pattern
was present in 39% of AL and 12% of ATTR, but extensive
transmural LGE was higher in ATTR than AL [31e¢]. In addi-
tion, mATTR showed greater enhancement in the RV free wall
as well as the atria. Based on these findings, a LGE scoring
system called the Query Amyloid Late Enhancement (QALE)

@ Springer
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sparing demonstrated by the preserved strain values in the apical LV
segments compared to the reduced strain values in the outer LV
segments (i.e., mid- and basal left ventricular segments). BIS basal
inferoseptal segment, MIS mid-inferoseptal segment, ApS apical septal
segment, Apex apical segment, ApL apical lateral segment, MAL mid-
anterolateral segment, BAL basal anterolateral segment

was devised to distinguish ATTR from AL. This score was
able to detect ATTR from AL with a sensitivity of 87% and
specificity of 96%; however, reproducibility of the QALE
score between two independent observers was only fair [31ee].

Imaging Markers of Prognosis

Although there are inconsistencies in studies reporting the prog-
nostic significance of LGE, the majority demonstrates that in-
creased LGE is an important predictor of mortality. Austin
et al. showed that diffuse delayed hyper-enhancement (DHE)
on CMR in patients with suspected CA was a strong predictor
of 1-year mortality (Wald chi-square statistic 4.91, p = 0.03) [32].
In patients with multiple myeloma, myocardial LGE on CMR
was a predictor of mortality (HR 1.72, 95% CI 1.05-2.8,
p = 0.04) [26]. In a study by Fontana et al., the presence of
transmural LGE on CMR was an independent predictor of mor-
tality in patients with either ATTR, AL or asymptomatic patients
with mATTR (HR 4.1, 95% CI 1.3-13.1, p < 0.05) even after
adjusting for NT-proBNP, LVEF, stroke volume index, E/e’, and
LV mass index [30]. Maceira et al. did not show that the presence
of LGE was an independent predictor; however, an
intramyocardial T1 gradient of <23 ms was associated with
worse outcomes with a median duration of follow-up of 623 days
[33]. In contrast, in Ruberg et al.’s study of 28 patients with
systemic amyloidosis, LGE was sensitive and specific for CA
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Fig. 4 Mid-ventricular short-axis LGE-CMR images in six patients with
systemic amyloidosis. a Global transmural late gadolinium enhancement
(LGE) in a homogeneous pattern in the left ventricle and right ventricle.
The blood pool has a characteristic dark appearance commonly seen in
cardiac amyloidosis. b Global transmural LGE in a heterogeneous pattern
in the left ventricle and right ventricle. ¢ Global subendocardial LGE
(arrow) with dark blood pool. d Suboptimal myocardial nulling without
discrete hyperenhancement. Normally, the LGE sequence forces normal
myocardium to be nulled at an appropriately selected inversion time. The
blood pool is darker than usual, and the image has poor signal-to-noise
ratio with a grainy appearance, as has been described in cardiac

and also correlated with heart failure, but it did not predict sur-
vival at a follow-up period of 29 months [34].

Limitations

LGE in patients with diffuse disease may limit the accuracy of
CMR because LGE requires an inversion time to null normal
myocardium. Homogeneity of amyloid infiltration can there-
fore lead to displaying only areas of higher amyloidosis dis-
tribution [28]. Alternative LGE sequences such as phase sen-
sitive inversion recovery (PSIR) may improve this, as it is less
sensitive to inversion time and less operator dependent [30].

Nuclear Imaging

Nuclear imaging has shown promise in facilitating the diag-
nosis of amyloid, particularly due to the ability to distinguish
between subtypes. Many radiotracers have been investigated;
however, 99mtechnetium-phosphate derivatives (99mTc-3,3-
diphosphono-1,2-propanodicarboxylic acid or **™Tc-DPD,
and Tc-pyrophosphate or Tc-PYP) have been the most

amyloidosis. e Patchy focal LGE (arrows) in the basal inferolateral
segment, and to a lesser extent in the inferoseptal segment. f Normally
nulled myocardium. CMR cardiac magnetic resonance. Reprinted from
JACC Cardiovascular Imaging, volume 3, number 2, Imran S. Syed, MD,
James F. Glockner, MD, PhD, DaLi Feng, Philip A. Araoz, MD, Matthew
W. Martinez, MD, William D. Edwards, MD, Morie A Gertz, MD,
Angela Dispenzieri, MD, Jae K. Oh, MD, Diego Bellavia, MD, PhD,
A. Jamil Tajik, MD, Martha Grogan, MD, Role of Cardiac Magnetic
Resonance Imaging in the Detection of Cardiac Amyloidosis, pages
155-164, ©2010, with permission from Elsevier

studied. The mechanism of myocardial tracer uptake is not
completely understood; however, phosphate-calcium binding
appears to be an important factor. TTR amyloid accumulates
more of these Tc-based tracers than AL. Although the reason
for this is unclear, it is thought that a higher calcium content
and longer duration of amyloid deposition in ATTR are con-
tributing factors [35]. There are no studies that specifically
compare imaging accuracy between the two tracers.

Te-DPD

Nuclear imaging with Te-DPD appears to have a very high
sensitivity and specificity. *™Tc-DPD is the first radiotracer
that showed the ability to distinguish AL from ATTR and may
have prognostic significance [36, 37]. In one early study of 25
patients with either ATTR (n= 15) or AL (n = 10), *™Tc-DPD
uptake had a sensitivity and specificity of 100% with echocar-
diography as the reference standard for amyloid recognition;
no patients with AL showed tracer uptake [37]. A subsequent
study evaluated 63 patients with biopsy-proven systemic
ATTR either with or without echocardiographic evidence of
amyloid cardiomyopathy. All patients with cardiac amyloid
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showed moderate to severe tracer uptake including some pa-
tients without echocardiographic evidence of CA. The authors
concluded that **™Tc-DPD may be useful in early disease
detection. Univariate analysis of heart/whole body retention
ratio (H/WB) correlated with prognosis (HR 7.2, CI1 1.6-32.1,
p = 0.009) [36]. This study was later expanded to include
patients with AL amyloid as well as ATTR. In the follow-up
study, **™Tc-DPD was still clearly useful in differentiating
ATTR versus AL amyloid, as H/'WB of late tracer uptake
was higher in ATTR than AL subtypes. However, overall
diagnostic accuracy was less than previously reported since
one third of AL patients showed mild tracer uptake. Tracer
uptake was assessed using a visual score of 0, 1, 2, or 3 which
represents no, mild, moderate, or strong uptake, respectively.
The positive and negative predictive values for a diagnosis of
ATTR were 80 and 100% for a score of >1, 88 and 100% for a
score of >2, and 100 and 68% for score of =3 [38¢¢]. Tc-DPD
is currently FDA approved and not available for clinical use in
the United States.

Te-PYP

Tc-PYP is an alternative radiotracer that is available in the United
States with sensitivity and specificity similar to that of Tc-DPD
(Fig. 5). In one study of 45 patients with AL and either wtATTR
or mATTR, the authors quantified **™ Tc-PYP tracer uptake as a
heart-to-contralateral (H/CL) uptake ratio. A ratio of >1.5, con-
sistent with intensely diffuse myocardial retention, had 97% sen-
sitivity and 100% specificity for identifying ATTR [39].

Other Radiotracers

Additional tracers currently used to quantify brain amyloid in
Alzheimer’s disease may be useful in the diagnosis of CA. C-

Fig. 5 Technetium
pyrophosphate nuclear scan of a
79-year-old male patient
demonstrating intense cardiac
uptake (left panel) with a heart-to-
contralateral (H/CL) uptake ratio
of 2.1 consistent with wtATTR
amyloidosis

«
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BF-227, [11]C-PIB, and '®F florbetapir in particular demon-
strate myocardial uptake in CA but not in healthy volunteers
[35]. These tracers may improve the quantification of CA;
however, in contrast to Tc-PYP and Tc-DPD, these tracers
do not differentiate between amyloid subtypes. A pilot study
of 14 subjects (nine CA, five controls) demonstrated that 18
florbetapir uptake, measured using standardized uptake values
and myocardial retention index, can distinguish control sub-
jects from patients with CA [40]. '®F florbetapir is in advanced
clinical development for CA with a clinical trial underway to
assess if it can be used as a non-invasive measure of myocar-
dial amyloid deposits [41].

Correlation Among Imaging Modalities

Large correlation studies comparing the diagnostic accuracy
among different imaging modalities are lacking. One study
compared all three amyloidosis subtypes using both echocar-
diography and CMR and showed that LS correlates with LGE
and amyloid burden [19]. One study examined patients with
familial transthyretin polyneuropathy with evidence of myo-
cardial involvement who underwent echocardiography, CMR,
and *™Tc-DPD. CMR abnormalities included increases in LV
end-systolic diameter, increased anteroseptal and posterior
wall thickness, increased LV mass, and lower LVEF.
However, no difference in the LV end-diastolic diameter or
MRI-derived diastolic function was observed. CMR
underestimated amyloid burden in comparison to **™Tc-
DPD. Based on this, Tc-DPD may be more sensitive than
CMR; however, interobserver agreement in imaging findings
may be lower for nuclear imaging (depending on the cardiac
chamber), than for CMR [28]. Other studies support an asso-
ciation between the extent of transmural LGE by CMR with
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abnormalities in echocardiographic LV end-diastolic volume,
LV end-systolic volume, and left atrial size. Segments with
extensive transmural enhancement (>50%) more commonly
have severe hypokinesis or akinesis on echocardiography
[42].

Treatment

Diuretics are central to the treatment of heart failure symptoms
in all subtypes of CA. Angiotensin-converting enzyme inhib-
itors and angiotensin receptor blockers are infrequently used
because they can cause profound hypotension particularly in
AL amyloidosis. Beta-blockers and calcium channel blockers
have no proven benefit and are generally poorly tolerated.
Digoxin should be avoided due to higher risk of digoxin tox-
icity likely due to avid binding of digoxin to amyloid fibrils.
Symptoms of orthostatic hypotension may respond to com-
pression stockings and treatment with the alpha-1 blocker
midodrine [1, 6]. Pacemaker insertion may be required for
conduction disease; however, pacemakers have not been
shown to improve mortality [43]. Sudden cardiac death is
common in patients with AL cardiac amyloidosis; however,
death often occurs due to electromechanical dissociation as
opposed to primary arrhythmias. The effectiveness of implant-
able cardioverter defibrillator (ICD) placement in CA remains
unclear and it is not routinely recommended for primary pre-
vention. Further studies are needed to help identify which
subset of patients of CA may benefit from ICD placement
[44, 45].

Routine use of heart transplantation in CA is controversial
due to concerns about amyloid recurrence in the allograft.
Prior studies have suggested worse post-transplant outcomes
in patients with amyloidosis compared to patients transplanted
for other indications [46, 47]. A more recent study suggests
that similar intermediate-term post-transplant outcomes may
be possible in patients with CA with careful patient selection,
aggressive light chain suppression, and management of
extracardiac disease [48].

AL Amyloidosis

Chemotherapy followed by autologous stem cell trans-
plant is the target therapy for AL amyloidosis intended
to eliminate the plasma cell clone producing the
amyloidogenic protein. Severe cardiac involvement often
precludes optimal chemotherapy administration; there-
fore, early diagnosis is crucial. In addition, a recent
study by Kristen et al. found that once myocardial am-
yloid burden reaches a certain threshold, chemotherapy
does not appear to improve outcomes [9].

ATTR

Several investigational approaches to ATTR management are
underway; however, transplantation of the liver, which pro-
duces the transthyretin protein, remains the gold standard of
therapy. Tafamidis, a meglumine salt that has been shown to
prevent breakdown of the transthyretin molecule, may de-
crease amyloid deposition [49, 50]; however, no placebo-
controlled trials have been performed. Additional investiga-
tional drugs that decrease circulating levels of transthyretin are
undergoing testing in clinical trials. Antitransthyretin small
interfering RNA reduces the production of transthyretin and
may have clinical benefit [51].

Conclusions

CA is a rare disease often with a poor prognosis. It com-
monly presents with non-specific symptoms and signs, and
thus the diagnosis is often overlooked. However, early
detection is critical since treatment effectiveness is greatest
in early disease, particularly for AL and hereditary system-
ic amyloidosis. Echocardiography is the cornerstone of
diagnosis, and evaluation for CA with newer metrics such
as strain may provide significant advances in early recog-
nition of CA.

CMR and nuclear imaging are useful diagnostic tools that
can improve evaluation of presence and risk of CA. CMR
enables high-resolution myocardial tissue characterization, as-
sessment of amyloid burden, and appears to have prognostic
significance. CA manifests with various patterns of LGE;
none of which are specific to CA alone; therefore, CMR in-
terpretation depends on integrating all clinical and diagnostic
information. Nuclear imaging offers the best non-invasive
technique for distinguishing CA subtypes, although specific-
ity is modest. Several promising positron emission tomogra-
phy (PET) radiotracers for the detection of CA are currently in
clinical trials. There is little research on the correlation be-
tween imaging modalities, although they appear to offer sim-
ilar yet complementary data.

Although newer chemotherapy regimens for AL have im-
proved survival, treatment response still hinges on early diag-
nosis. Similarly, early identification of CA and timely liver
transplantation have tremendous impact on survival in
ATTR. New investigational agents that target transthyretin
may have significant therapeutic benefit; however, their im-
pact has not yet been established in clinical trials. Heart trans-
plantation is offered to a minority of patients in experienced
amyloid centers, although there is important concern for dis-
ease recurrence in the cardiac allograft. Ultimately, further
studies are needed to help optimize patient selection and iden-
tify outcome predictors.
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