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Abstract Amyloidosis is an infiltrative disease caused by the
extracellular deposition of misfolded proteins in organs and
tissues resulting in progressive functional and structural im-
pairment. Cardiac amyloidosis is a leading cause of morbidity
and mortality in primary light-chain amyloid (AL) and
transthyretin-related cardiac amyloid (ATTR) and results in a
restrictive cardiomyopathy, heart failure, and death. With the
emergence of new subtype-specific pharmacological therapies
targeting misfolded amyloid fibrils, the need for early recog-
nition of a cardiac amyloid subtype is of major therapeutic and
prognostic importance. Recently, nuclear scintigraphy with
radioactive bone-seeking tracers has shown promising results
in distinguishing ATTR amyloidosis from AL amyloidosis
and may potentially be useful in following disease burden.
This review begins with an overview of cardiac amyloidosis
and then focuses on the current radioactive tracers involved in
cardiac amyloid detection and concludes with future outlook.
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Abbreviations

ATTRm  Mutant transthyretin

ATTRwt  Wild-type transthyretin

EMB Endomyocardial biopsy

FAC Familial amyloidotic cardiomyopathy

FAP Familial amyloidotic polyneuropathy
HFpEF  Heart failure with preserved ejection fraction
MIBG Metaiodobenzylguanidine

PYP Pyrophosphate

DPD Diphosphono-1,2-propanodicarboxylic acid
ROI Region of interest

H/M Heart-to-mediastinum ratio

H/CL Heart-to-contralateral ratio

""C-PIB  Pittsburgh compound B

Introduction

Amyloid deposition in the heart is termed as cardiac amyloid-
osis and is an underappreciated cause of heart failure with
preserved ejection fraction (HFpEF) [1]. Predilection for the
myocardium may occur with any amyloidogenic protein;
however, the three most clinically relevant pathophysiologic
substrates for cardiac amyloidosis are primary light-chain am-
yloid (AL) amyloidosis, familial mutant transthyretin-related
cardiac amyloid (ATTRm) amyloidosis, and senile wild-type
ATTR (ATTRwt) amyloidosis. Other forms of cardiac amy-
loidosis including the acquired serum amyloid A (AA) type
rarely infiltrate the heart [2].

AL amyloidosis is caused by the deposition of monoclonal
immunoglobulin light chains and has an estimated incidence
0f2500 cases annually with cardiac involvement in up to 50 %
of cases [3]. ATTRm amyloidosis, due to genetically
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abnormal transthyretin, leads to familial amyloidotic cardio-
myopathy (FAC) or familial amyloidotic polyneuropathy
(FAP) in an autosomal dominant fashion. In North America,
up to 3.9 % of African-Americans are heterozygous carriers of
the commonest mutation, a valine to isoleucine substitution
(V122I), leading to cardiomyopathy in an age-dependent pen-
etrant manner [1]. ATTRwt cardiomyopathy, due to genetical-
ly normal transthyretin, affects as many as 30 % of patients
with HFpEF aged >75 years [4]. With the aging population,
ATTRm amyloidosis and ATTRwt cardiomyopathy are be-
coming increasingly recognized and now account for >50 %
of our referrals.

Diagnosis of cardiac amyloidosis is challenging on clinical
grounds alone because symptoms are nonspecific and other-
wise common among the elderly. Endomyocardial biopsy
(EMB) combined with immunohistochemistry and/or se-
quence analysis by mass spectroscopy to identify the precur-
sor protein remains to be the gold standard for diagnosis and
has been given a class Ila recommendation by the American
College of Cardiology (ACC) [5]. Although highly sensitive,
EMB is limited to specialized centers and does not provide
information on cardiac amyloid burden, disease progression,
prognosis, or response to treatment. Complications are 6 %
and include arrhythmia, perforation with pericardial
tamponade, accidental arterial puncture, and pneumothorax
[6], though in our experience, these complications, especially
perforation, are less common.

Although cardiac involvement occurs in AL amyloidosis
and ATTR amyloidosis, the two subtypes vastly differ in their
therapeutic interventions and prognosis. For instance, the clin-
ical course in AL cardiac amyloidosis is more rapidly progres-
sive than that in ATTR amyloidosis [7-9] with median surviv-
al of 11 months in AL amyloidosis compared to 75 months in
ATTRwt amyloidosis [9].

Treatment of AL amyloidosis is aimed at clonal plasma
cells by chemotherapy. In contrast, therapies of ATTR amy-
loidosis include liver transplantation and, more recently, phar-
macotherapies halting TTR misfolding and aggregation [10,
11]. One such drug, diflunisal, is a nonsteroidal anti-
inflammatory drug (NSAID) that was recently shown to re-
duce the rate of progression in neurologic impairment and
preserve the quality of life of patients with ATTRm-FAP
[12e¢], and many of whom had cardiac involvement. Addi-
tional investigational drugs include tafamidis, a TTR stabilizer
without NSAID side effects [13], and the use of antisense
oligonucleotides [14, 15] and small interfering RNAs [16] to
silence TTR expression.

While electrocardiogram, serum tests, echocardiographic
findings, and cardiac magnetic resonance imaging (CMRI)
can noninvasively aid in the diagnosis of cardiac amyloidosis,
none can differentiate ATTR amyloidosis from AL amyloid-
osis. Recent advancements in cardiac nuclear imaging, specif-
ically using bone-seeking tracers, can discriminate AL from
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ATTR. As new pharmacotherapies emerge to prevent TTR
misfolding, the need to identify patients with TTR amyloid
expeditiously is important. This review serves to highlight the
current nuclear tracers in cardiac amyloid imaging.

Nuclear Imaging Modalities

The most clinically relevant nuclear tracers in cardiac amyloid
detection are the bone-seeking tracers °°™Tc-3,3-
diphosphono-1,2-propanodicarboxylic acid (**™Tc-DPD)
and *™Tc-pyrophosphate (*™Tc-PYP) and the tracers that
detect sympathetic denervation or '?°I-
metaiodobenzylguanidine ('**I-MIBG) (Table 1). Recently,
the bone-seeking tracers **"Tc-DPD and **™Tc-PYP have
gained increasing recognition due to avid uptake in patients
with ATTR with minimal uptake in those with AL.

SPECT Imaging

#"Te-DPD The most studied bone-seeking tracer in cardiac
amyloid detection is **™Tc-DPD. After the intravenous ad-
ministration of 20 mCi of **™Tc-DPD, whole-body scans are
taken at 5 min and 3 h (anterior and posterior projection) using
a dual-head gamma camera with low-energy and high-
resolution collimators. If there is positive myocardial uptake,
chest SPECT is performed and images are acquired with an
acquisition time of 25 s per frame using a 128 x 128 matrix.

In an initial small study by Perugini et al. of 25 patients
with cardiac amyloidosis (10 with ATTRm, 5 ATTRwt, and
10 AL) confirmed with biopsy and immunohistochemistry or
by genotyping with typical echocardiographic appearance,
strong myocardial uptake of *™Tc-DPD was found in all 15
patients with ATTR amyloidosis compared to absent uptake in
10 patients with AL amyloidosis, suggesting the discrimina-
tory ability of **™Tc-DPD for ATTR detection with 100 %
sensitivity and 100 % specificity [17]. Additional studies of
elderly patients with unexplained left ventricular hypertrophy
and non-dilated left ventricles who had positive myocardial
uptake of **™Tc-DPD showed that all 46 patients had a
biopsy-proven ATTR [18], confirming the affinity of **™Tc-
DPD for ATTR.

The accuracy of **™Tc-DPD to selectively bind to ATTR
over AL was found in larger studies to be lower than previ-
ously thought due to unexpected tracer uptake in one third of
patients with AL. In a cohort study of 79 patients (28 with
ATTRm, 17 ATTRwt, and 34 AL) where tracer retention was
calculated using a heart-to-whole body ratio (H/WB), sensi-
tivity was 100 % and specificity was 88 %, using moderate to
strong uptake as cutoff. Using visual scoring (0=no uptake,
1=mild uptake, 2=moderate uptake, 3=strong uptake), the
positive predictive value (PPV) and negative predictive value
(NPV) for a visual score (VS) of >1 were 80 and 100 %,
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Table 1 A summary comparing nuclear imaging tracers for cardiac amyloid detection
%™ Te-DPD M Te-PYP '"ZL-MIBG
Imaging Planar/SPECT Planar/SPECT Planar/SPECT
modality
Mechanism Bone-seeking tracer Bone-seeking tracer Sympathetic cardiac innervation

Availability in  No

the USA

Radioactivity 20
(mCi)

Technical * Whole-body scan at 5 min and 3 h post
aspects injection

* Dual-head gamma camera with low-
energy and high-resolution collimators

« If positive of myocardial uptake, SPECT
with acquisition time of 25 s/frame and

128 %128 matrix

Characteristics * Most validated bone-seeking tracer in

distinguishing ATTR from AL

Yes
15-25

* Whole-body planar imaging 1 h
post injectionx 8 min

* Dual-head gamma camera with
low-energy and high-resolution
collimators

« If positive of myocardial uptake,
SPECT CT with 64 %64 matrix
and 1.46 zoom factor

* ATTR: H/CL>1.5

* Non-ATTR: H/CL<1.5

* “PYP” score may distinguish HF
due to amyloid from HF due to

Yes
5

* Images acquired at 15 min (early) and 4 h
(delayed) post injection

* Anterior chest static images taken using a gamma
camera with a medium-energy low-penetration
parallel-hole collimator

* Used 15 % energy window centered on 159 keV,
256 %256 matrix, and 1.45 zoom

» May detect early cardiac amyloid involvement
specifically in patients with ATTRm-FAP

* MIBG confounded by many drugs (e.g., opioids,
labetalol, CCB, TCA)

non-amyloid causes

Differentiates  Yes Yes No
ATTR from
AL

Sensitivity/ ~ Using VS>2* Using H/CL>1.5" Variable

specificity  Sensitivity 100 %
Specificity 88 %
Poor H/WB>7.5°
prognosis LV wall thickness>12 mm
markers

Sensitivity 97 %
Specificity 100 %
Not available

Not available

HF heart failure, mCi millicurie, CCB calcium channel blocker, VS visual score, H/CL heart-to-contralateral ratio

#Rapezzi et al. [19+¢]
° Bokhari et al. [24+¢]
“Rapezzi et al. [17]

respectively, compared to 100 and 68 % for a VS of >3. Using
a VS of>2, ™ Tc-DPD had a NPV of 100 % for excluding AL
while positive cardiac uptake of **™Tc-DPD had a PPV of
88 % for ATTR [19e].

In addition to differentiating ATTR from cardiac AL, heart
retention (HR) of **™Tc-DPD has a positive correlation with
interventricular septal thickness and severity of cardiac amy-
loid deposition assessed by impaired longitudinal function
[e.g., mitral annular plane systolic excursion (MAPSE)/tricus-
pid annular plane systolic excursion (TAPSE)] in patients with
ATTRwt amyloidosis [20]. Furthermore, **™Tc-DPD myocar-
dial uptake has a prognostic value in predicting major adverse
cardiac events (MACESs), either alone or in combination with
left ventricular (LV) wall thickness with highest event rates
when LV wall thickness is >12 mm and H/WB is >7.5 [17].

Due to its affinity for ATTR compared to AL and prognos-
tic value, *™Tc-DPD scintigraphy has been used throughout
Europe for cardiac amyloid detection. Since this tracer is not
available in the US market, a similar bone-seeking tracer,
99MTc-PYP, has recently shown similar promising results.

?9"Te-PYP After the intravenous administration of 15—
25 mCi of **™Tc-PYP, whole-body planar images are taken
1 h post injection over 8 min using a dual-head SPECT/CT
camera with low-energy and high-resolution collimators. If
there was positive myocardial uptake, SPECT images were
performed using a 64 x64 matrix, a 1.46 zoom factor, and a
Butterworth filter.

Many case reports dated from the early 1980s demonstrat-
ed myocardial uptake of **™Tc-PYP in patients with amyloid.
In 1982, Wizeberg et al. reported diffuse cardiac uptake of
9MTc-PYP in all 10 patients with tissue-proven amyloid of
unknown subtype, suggesting a possible role of **"Tc-PYP
imaging in patients with biopsy-proven amyloid with sugges-
tive echocardiographic features [21]. However, in a larger
study of 34 patients with biopsy-proven amyloid (undefined
subtype) and echocardiographic features, only 20 patients had
positive uptake, a finding which was also noted in 15 out of 20
controls without amyloid heart disease [22]. These early stud-
ies casted doubt on the utility of **™Tc-PYP and warranted it
as an insensitive method in cardiac amyloid detection.
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Recent studies have found that **™Tc-PYP preferentially
binds to ATTR with less affinity for AL, a finding that can
explain the varying sensitivities of earlier studies which did
not define an amyloid subtype. In 2012, Yamamoto et al. used
a quantitative method, the “PYP score,” to assess the utility of
99MTc-PYP in differentiating subjects with heart failure due to
amyloid (one with AL, one AA, three ATTRm, eight
ATTRwt) from heart failure due to non-amyloid etiologies
(n=37). PYP score, defined as the ratio of myocardial mean
counts to ventricular cavity mean counts, was found to have
84.6 % sensitivity and 94.5 % specificity for distinguishing
cardiac amyloidosis from non-amyloid heart failure [23].

In a study by Bokhari et al. that enrolled 45 subjects
(12 with AL, 16 ATTRwt, and 17 ATTRm) with cardiac
amyloidosis (37 EMB proven), *™Tc-PYP SPECT was
able to selectively bind to ATTR with good sensitivity
and specificity. Cardiac retention was assessed using both
a semiquantitative visual score (see Fig. 1) in relation to
bone uptake (0=no cardiac uptake to 3=high uptake great-
er than bone) and a quantitative analysis by drawing a
region of interest (ROI) over the heart corrected for con-
tralateral counts and calculating a heart-to-contralateral ra-
tio (H/CL). Although a cohort with AL had some tracer
uptake, patients with ATTR had significantly higher semi-
quantitative cardiac VS as well as quantitative scores.
H/CL>1.5 consistent with intensely diffuse myocardial
tracer retention had 97 % sensitivity and 100 % specificity
for identifying ATTR cardiac amyloidosis [24e¢¢]. In

Fig. 1 a—c Quantitative method
of calculating the distribution of
9MTc-PYP uptake. Raw images
of (a) a representative negative
subject and (b) a positive subject
are shown 1 h after radiotracer
infusion. ROI circles are depicted
in green, and the contralateral
comparison circle is depicted in 43
blue. SPECT image of (¢) a 30,779
patient with ATTR amyloidosis 4763.4 mm?2
showing predominantly apical
septal uptake. ROI region of CL ROI
interest, CL contralateral, cts
counts, Std Dev standard
deviation

Negative Uptake

32,888
4818.2mm?2
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addition, the degree of cardiac tracer retention correlated
with LV thickness and mass similar to prior studies with
99MTe-DPD [19ee].

Several points are notable in this study. First, a simple
nuclear scan can distinguish ATTR from cardiac AL with
good sensitivity and specificity using a quantitative method
(H/CL>1.5), eliminating potential reader bias from semiquan-
titative methods. Second, although subjects with ATTRwt had
greater LV mass and wall thickness, those with AL and
ATTRm did not, and yet a H/CL was significantly higher in
patients with ATTRm, suggesting that **™Tc-PYP has a
unique affinity for ATTR. Finally, several limitations are
worth noting. This was a small single-center study wherein
no control group (left ventricular hypertrophy without amy-
loid) was included for comparison, so the absence of uptake
may mean AL or non-amyloid heart disease. Many patients
had severe phenotypes with thickened LV walls. In addition, a
large percentage of patients with ATTRm had the V1221 mu-
tation which is the commonest mutation in the USA. Despite
these limitations, **™Tc-PYP shows promise in detecting
ATTR and is readily available in the USA.

1. MIBG '**1-MIBG is a norepinephrine analog that un-
dergoes little enzymatic breakdown and therefore provides
an objective measure of cardiac sympathetic denervation due
to amyloid deposition. After the intravenous administration of
5 mCi of '**I-MIBG, static anterior chest images are taken at
15 min (early) and 4 h (delayed) using a gamma camera with a

b Positive Uptake

Mean cts/pixel Mean cts/pixel

Max cts Max cts

Std Dev 43 Std Dev
Total cts 30,778 Total cts
Area of ROI 5122.5 mm2 5181.5mm? Area of ROI

CL ROI
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medium-energy low-penetration parallel-hole collimator. Af-
ter ROl is set in the heart and mediastinum, cardiac '>*I-MIBG
uptake is quantified via a heart-to-mediastinum ratio (H/M)
and a washout rate.

A number of case reports [25-28] in patients with ATTRm-
FAP have shown absent myocardial uptake of '**I-MIBG,
indicating a lack of sympathetic activity due to amyloid depo-
sition. In a study of 17 patients with FAP confirmed by rectal
and nerve biopsy, cardiac '**I-MIBG uptake was significantly
decreased in patients with FAP with no difference in washout
rates despite preserved left ventricle systolic function and car-
diac perfusion. In addition, the severity of polyneuropathy had
a negative correlation with MIBG uptake at 4 h [28], suggest-
ing that '*I-MIBG imaging may detect early cardiac amyloid
specifically in FAP, which is characterized by early autonomic
nervous system involvement. The utility of '**I-MIBG in pa-
tients with ATTRwt and ATTRm-FAC who do not present
with predominant manifestations of autonomic dysfunction
requires additional studies.

123 [.MIBG was also used to examine a cohort of 25 patients
with AL, and it was found that myocardial uptake and turnover
of 'I-MIBG is heterogeneous and dependent on the presence
or absence of heart failure and cardiac autonomic dysfunction
[29]. In a more recent study of 61 patients (39 with AL, 11 AA,
and 11 ATTRm), late MIBG H/M was significantly lower with
higher washout rates irrespective of the amyloid subtype com-
pared to healthy controls in patients who had echocardiograph-
ic features of amyloidosis. Furthermore, patients with ATTRm
without echocardiographic signs of amyloidosis had lower
H/M compared to the other subtypes (AL and AA), a finding
that may be related to concomitant neuropathic involvement.
The author concluded that '**I-MIBG scintigraphy can detect
cardiac denervation in patients with ATTRm before signs of
amyloidosis appear on echocardiogram [30¢].

The prompt detection of cardiac denervation with
MIBG in patients with ATTRm-FAP is important as sympa-
thetic denervation occurs early in the disease, and all current
therapies under investigation, including liver transplantation
[31], are aimed at halting disease progression and not at re-
moving a preexisting amyloid. '*I-MIBG myocardial imag-
ing has been used in Europe and Japan, and recently, the US
Food and Drug Administration (FDA) has approved this tracer
for the assessment of myocardial sympathetic innervation in
patients with New York Heart Association (NYHA) class IT or
class III heart failure and left ventricular ejection fraction
(LVEF) <35 %.

123
I-

Positron Emission Tomography Imaging

There is limited data on the use of positron emission tomog-
raphy (PET) for cardiac amyloid detection. Pittsburgh com-
pound B (''C-PIB), a tracer designed for 3-amyloid in
Alzheimer disease, is believed to bind to amyloid fibrils of

any type. In a study of 10 patients with amyloid (seven
with AL, two ATTRm, and one ATTRwt) with cardiac
involvement (five biopsy proven), ''C-PIB uptake was
seen in all patients 15-25 min after injection of the
tracer compared to absent uptake in five controls, sug-
gesting its possible role in cardiac amyloid imaging
[32]. Other PET tracers include ''C-BF-227, which has
shown significant cardiac retention compared to a con-
trol in a patient with ATTRm amyloidosis [46], and
241_m11-1F4, a murine amyloid-reactive monoclonal an-
tibody, which are currently in phase I clinical trial de-
veloped for passive immunotherapy in patients with AL
[33].

Recently, the PET tracer 'SF-florbetapir was FDA ap-
proved and used to visualize beta-amyloid plaques in the
brain in Alzheimer patients. In an open-label, multicenter
brain imaging study of '®F-florbetapir PET imaging on 32
patients (16 Alzheimer patients and 16 controls), mean
cortical standardized uptake value ratios (SUVRs) were
significantly higher in Alzheimer patients compared to
healthy controls [34]. The role of 18F—ﬂorbetapir PET im-
aging for cardiac amyloidosis is currently in clinical trial
(NCTO01683825).

Non-nuclear Imaging Modalities

Echocardiography is universally available and is one of the
first tests utilized in suspected cardiac amyloid. Classic echo-
cardiographic features are neither sensitive nor specific and
commonly present in advanced stages of disease [35, 36].
Patients with cardiac amyloid are more likely to have bi-
atrial dilation in addition to biventricular, valvular, and septal
thickening. Ultrasound may show granular echogenicity, dia-
stolic dysfunction, and preserved ejection fraction. Advanced
echocardiographic techniques including tissue Doppler imag-
ing and strain and strain rate measurements may detect early
cardiac changes [37].

CMRI is highly reproducible and may provide functional
and morphological information of cardiac amyloid. Deposi-
tion of amyloid proteins in the myocardium results in changes
in tissue composition and architecture and can be visualized as
late gadolinium enhancement (LGE) on T1-weighted images
differentiating it from other infiltrative cardiomyopathies [38].
The presence of qualitative global and subendocardial LGE
was associated with increased ventricular mass and impaired
left ventricular systolic function [39]. In addition to LGE,
patients with cardiac amyloid have faster gadolinium washout
from the blood. More recently, the use of noncontrast T1 map-
ping in patients with AL offers promise in patients with severe
renal impairment in which gadolinium is contraindicated [40].
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Conclusion

Cardiac amyloidosis is a challenging diagnosis. While
EMB remains to be the gold standard for cardiac amyloid
detection, it is performed at specialized centers, but it is
not a minimal-risk procedure and does not provide infor-
mation on the extent of myocardial infiltration, disease
progression, or response to treatment. With the emergence
of innovative pharmacotherapies aimed at halting ATTR
misfolding and aggregation, the need to diagnose cardiac
amyloid expeditiously becomes crucial. Recent advance-
ments in cardiac nuclear imaging have shown promising
results, specifically the bone-seeking tracers (°*™Tc-DPD
and **™Tc-PYP) which can discriminate ATTR from AL
with good accuracy.

There remain many questions that need attention before
the widespread adaptation of nuclear imaging modalities
for cardiac amyloid detection. First, the role of '**I-MIBG
imaging for early cardiac amyloid detection before echo-
cardiographic features was studied mainly in patients with
FAP who present with primary autonomic dysfunction.
Whether this can be generalized to patients with FAC
who do not have predominant autonomic dysfunction
needs further investigation. Second, **™Tc-PYP cardiac im-
aging was studied in patients who had advanced cardiac
involvement. Can *Tc-PYP be used to detect a subclin-
ical cardiac amyloid in patients with less severe pheno-
types? Finally, the role of the bone-seeking tracers in fol-
lowing disease progression and response to anti-TTR ther-
apies needs investigation.

There has been great progress in the field of nuclear
imaging for myocardial amyloid detection providing
hope for better outcomes in patients with amyloid. The
role of PET tracers for potential cardiac imaging is un-
der trial. Studies to identify the role of bone-seeking
tracers for early cardiac amyloid detection and to quan-
tify the amount of amyloid burden with serial scans
remain to be investigated. Do bone-seeking tracers for
cardiac amyloid detection have widespread use in the
foreseeable future?
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