Current Cardiology Reports (2020) 22: 40
https://doi.org/10.1007/s11886-020-01284-3

NUCLEAR CARDIOLOGY (V DILSIZIAN, SECTION EDITOR)

Advances in PET-Based Cardiac Amyloid Radiotracers
Cesia Gallegos 1 & Edward J. Miller 1
Published online: 19 May 2020
# Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract
The gold standard for diagnosis of cardiac amyloidosis (CA) is endomyocardial biopsy showing Congo red staining followed by
mass spectroscopy, but the diagnosis can also be made with high certainty by demonstration of typical cardiac imaging features
along with amyloid on biopsy of another involved organ. The use of cardiac imaging techniques to detect amyloid deposits may
frequently obviate the need for invasive methods in order to ascertain the presence, and potentially the type, of amyloid deposition.
Purpose of Review We aim to review the evidence behind the development of novel positron emission tomography (PET)
radiotracers for demonstrating cardiac amyloid deposition and potentially distinguishing between light-chain (AL) or
transthyretin (ATTR) cardiac amyloidosis.
Recent Findings Multiple recent studies have shown that thioflavin-analogue tracers such as18F-florbetapir, 18F-florbetaben,
18
F-flutemetamol, and 11C-labeled Pittsburg Compound-B (PiB) may be able to fulfill the unmet need of elucidating the presence
of amyloid deposition in the heart. Because they bind to the beta-pleated motif of the amyloid fibril due to their similarity to the
thioflavin structure, they could potentially be used to image CA (Table 1).
Summary The use of PET amyloid radiotracers shows promise; however, further data is needed to define their overall accuracy
and additive value to the care of patients with suspected systemic and/or cardiac amyloidosis.
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Introduction
Amyloidosis is a term used to describe a family of proteinfolding disorders in which organs are infiltrated by deposits
derived from misfolded precursor protein, with characteristic
histopathological features of apple-green birefringence with
polarized light on Congo red staining. Amyloid infiltration
causes expansion of the extracellular space, causing cellular
toxicity and organ damage [1]. In the heart, amyloid deposition commonly causes hypertrophy with progression to
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diastolic dysfunction and heart failure, initially with preserved
ejection fraction but can progress to systolic dysfunction [2].
Though there are multiple types of systemic amyloidosis
defined by their specific precursor protein, cardiac amyloidosis (CA) is most frequently caused by acquired
immunoglobulin-derived light chain deposition (AL) or by
transthyretin (ATTR) protein accumulation. ATTR CA appears to be much more prevalent than AL CA [3]. ATTR
can be subclassified as genetically normal (e.g., “wild type”
(WT)) previously referred to as “senile,” or genetically abnormal or mutant (hATTR) caused by any of the > 120 known
TTR gene mutations [1, 2, 4, 5].
There are three goals for imaging of cardiac amyloidosis.
The first is to have diagnostic sensitivity to detect whether or
not any amyloid deposits (AL, ATTR, etc.) are present in the
heart. The second is to differentiate between AL and ATTR, as
the prognosis and treatments are very different. Lastly, is to
assess total systemic disease burden in order to better understand prognosis and/or response to treatment [6]. While the
diagnostic gold standard for CA remains endomyocardial biopsy showing Congo red positivity followed by mass spectroscopy for amyloid typing, biopsy can be avoided in many
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patients if amyloid is confirmed in another organ or if cardiac
amyloid involvement can be ascertained using an imaging
method. For example, there have been many recent advances
in the use of technetium-99m (99mTc)-labeled SPECT “bone
avid” radiotracers ( 99m Tc-DPD [3,3-diphosphono-1,2propanodicarboxylic acid], 99mTc-HMDP [hydroxymethylene
diphosphonate], and 99mTc-PYP [pyrophosphate]), that can
differentiate between ATTR and AL [7]. Despite their increasingly wide-spread use, the SPECT “bone avid” radiotracers
are limited in their ability to primarily identify ATTR disease
only in the heart.
There is rapidly increasing interest to develop positron
emission tomography (PET) tracers that satisfy both the need
to detect the presence of amyloidosis and quantify the disease
burden and the response to treatment. Thus, this review will
focus on emerging PET radiotracers developed for imaging
amyloidosis, including four thioflavin analogue agents

Fig. 1 a Thioflavin-T derived
amyloid PET tracers. 18Fflorbetapir (Amyvid™), 18Fflorbetaben (Neuraceq™), 18Fflutemetamol (Vizamyl™), are
FDA approved, while 11C-labeled
Pittsburg Compound-B (PiB) is
not. b Proposed mechanism of
binding to amyloid fibrils. Given
their similarity to the thioflavin-T
structure, they likely bind to the B
motif of the fibril. (Reproduced
with permission from: Singh V,
et al. Journal of Nuclear
Cardiology. 2019;26(1):158–73.
doi:https://doi.org/10.1007/
s12350-018-01552-4, permission
conveyed through Copyright
Clearance Center, Inc.) [12]

Curr Cardiol Rep (2020) 22: 40

initially developed for imaging Alzheimer’s disease (AD)
and β-amyloid that have shown promise for the diagnosis of
CA: 11 C-labeled Pittsburg Compound-B (PiB), 18 Fflorbetapir, 18F-florbetaben, and 18F-flutemetamol [8, 9•, 10,
11] (Fig. 1). They are similar in structure to thioflavin and they
bind to the beta-pleated motif of the amyloid fibril, making
them able to image both AL and ATTR amyloid in the heart
[12]. The following sections will discuss each novel tracer in
detail and will provide insight into their imaging protocols,
uses, and limitations.
11

C-Labeled Pittsburg Compound-B

11

C-PiB was developed by modifying the amyloid-binding
histological dye, thioflavin-T, which led to the finding that a
neutral benzothiazole could bind to amyloid and allow for
direct visualization and quantification of the β-amyloid in

Curr Cardiol Rep (2020) 22: 40

Alzheimer’s disease. Klunk et al. reported the first-in-human
study of amyloid-imaging using the PET tracer 11C-PiB in 16
patients with mild Alzheimer’s disease [13•]. Even though it
has not been FDA approved, it is a widely studied and specific
PET agent that may allow earlier diagnosis of AD [14].
Speculating on its potential use in other amyloidogenic disorders, Antoni et al. were the first to investigate whether the use
of 11C-PiB could allow for visualization of amyloid in the
heart. Ten patients with either AL or ATTR cardiac amyloid
and five healthy volunteers were studied using 11C-PiB to
visualize cardiac amyloid deposits and 11C-acetate to measure
myocardial blood flow and its relation to 11C-PiB retention.
They found that myocardial 11C-PiB uptake was evident in all
amyloidosis patients, but no uptake was present on the healthy
volunteers. This finding was reproduced by Lee et al. in a
study in which twenty-two patients with monoclonal
gammopathy with suspected CA were enrolled. They
underwent 11C-PiB PET/CT along with echocardiography,
cardiac magnetic resonance, and endomyocardial biopsy within a 1-month period. In this study, 11C-PiB PET/CT uptake
was present in thirteen out of fifteen biopsy-proven patients
with CA, but in none of the patients without CA [15]. This
data suggests that 11C-PiB may be a sensitive tracer for determining the presence of CA.
Further intriguing data with 11C-PiB suggest that it may
also be helpful with understanding ATTR biology. In a study
by Pilebro et al., ten patients with biopsy-proven ATTR amyloid and the V30M mutation were grouped according to their
TTR fiber type (fibril type A, early onset, or type B, late onset)
[16]. All underwent 11C-PiB PET/CT and 99mTc-DPD scintigraphy. They found that 11C-PiB retention was increased in all
patients but was significantly higher in those with type B,
commonly associated with less cardiac involvement.
However, 99mTc-DPD uptake was elevated in type A and absent in type B. This study showed that 11C-PiB PET/CT is a
sensitive method for detecting ATTR amyloid deposits, but
DPD appears only to detect fragmented TTR which is associated with more severe clinical heart disease. This data suggests that 11C-PiB might be a sensitive marker for early detection and raises the possibility of studying this agent in carriers
of mutations to detect early onset of disease.
Despite its uses, 11C-PiB has some disadvantages. First, its
use is restricted to centers with an on-site cyclotron.
Additionally, the 20-min half-life of 11C and high synthesis
cost makes it challenging for use in routine clinical practice.
To offset these limitations, amyloid PET tracers labeled with
18−
F will be discussed below realizing their potentially more
widespread clinical use [17].
18

F-Florbetapir

18

F-florbetapir is structurally different from 11C-PiB, with
a styrylpyridine structure and use of 18 F [18]. It was
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developed and FDA approved in 2012 for imaging βamyloid protein in the brain in AD [19, 20]. In 2014,
Dorbala et al. presented a pilot study in which they studied
the feasibility of 18F-florbetapir for imaging in CA and
whether its uptake in the heart could help distinguish AL
from ATTR CA [9•]. They also explored the kinetics of
this tracer in the liver, lung, and bone to assess its potential use to diagnose amyloidosis in other organs in fourteen patients: Nine with confirmed cardiac amyloid and
five control subjects. They found that the left ventricular
signal after injection with 18F-florbetapir was diffuse and
uniform in both ventricles in the amyloid patients compared with controls. Despite the lower myocardial mass,
the retention index also tended to be higher in patients
with AL compared with the ATTR cohort without clearly
distinguishing between them. They speculated that the
higher uptake might reflect amyloid disease activity [9•].
This same group also studied endomyocardial biopsy
specimens with autopsy-documented AL and ATTR using
18
F-florbetapir and digital autoradiography. They demonstrated the specific in vitro binding of the tracer to myocardial amyloid fibers with significantly higher uptake
particularly in those with AL amyloid, suggesting that
the concentration of available binding sites for the tracer
may be different in AL and ATTR [21•].
With this background and given the lack of modalities to
identify multi-organ involvement in AL amyloidosis accurately, Ehman et al. sought to evaluate the additive value of 18Fflorbetapir when in conjunction with international consensus
in the largest study of this tracer and systemic AL amyloidosis
to date [22]. They prospectively studied 40 subjects with
biopsy-proven systemic amyloidosis both with active disease
and those with hematologic remission with the aim of determining the distribution and frequency of systemic amyloid
[22]. In this study, 18F-florbetapir uptake identified organ deposition of amyloid, even in those patients without clinically
evident involvement and in patients with complete remission
for more than 1 year, potentially allowing for early diagnosis
as well as monitoring of antifibrillar treatments.
These data suggest that 18F-florbetapir holds promise for
evaluating fibril deposition in systemic AL amyloidosis, even
in patients where there is no obvious organ involvement. It
may also be successful to monitor organ response to plasma
cell and antifibrillar therapies.
18

F-Florbetaben

18

F-florbetaben is a stilbene derivative that shares similar
structural features to PiB. It was also studied first in patients
with AD, where it was found to bind specifically to the amyloid β-pleated sheets [23]. In CA, it was first studied by Law
et al. in a small number of patients with both AL and ATTR
CA and controls with hypertensive heart disease [10]. They
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found that target-to-background SUV ratio and percentage
tracer retention were higher in the patients with CA when
using a cutoff of 40% of retention, proposing the possibility
of this tracer in differentiating between CA and hypertensive
heart disease in clinical practice. However, 18F-florbetaben
does not appear to effectively differentiate between AL and
ATTR despite having significantly higher myocardial SUV
variability for AL patients [10]. This was also the first 18Fflorbetaben study to show a correlation between tracer retention and biventricular contractive function via an inverse
curve relationship, suggesting it may have a role in monitoring
burden of amyloid plaque and response to therapies.
Another small study with nine patients with suspected AL
CA evaluated the use of 18F-florbetaben PET/MR whole-body
imaging in the diagnosis of AL systemic involvement.
Accumulation of the radiopharmaceutical was noted on delayed whole-body imaging in the bone marrow, stomach,
brain, salivary glands, tongue, spleen, skeletal muscle, ocular
muscles, thyroid, pleura, kidneys, and lungs, suggesting that
this method may provide guidance of organ involvement for
treatment and histological examination [24].
Most recently, the performance of 18F-florbetaben PET/
CT imaging was studied to assess the amyloid burden response in twenty-two patients with clinically proven or
suspected CA. This technique was compared with echocardiography, cardiac MRI (CMR), and DPD scintigraphy.
They found that amyloid subtypes demonstrated different
characteristic retention patterns, with AL being highest.
Myocardial tracer retention correlated with parameters as
measured by CMR and echocardiography, but not with
cardiac biomarkers (troponin T and N-terminal proBNP).
In four patients, a follow-up PET/CT done after treatment
initiation showed changes in tracer retention from baseline
to follow-up correlating with treatment response [25].
Though a small sample size and heterogeneous group of
patients without histological confirmation of CA, the results of this pilot study are promising in suggesting the
possibility of this tracer to differentiate between subtypes
of CA and accurately assess amyloid burden and response
to treatment.
These data suggest that 18F-florbetaben is a feasible technique for differentiating among CA subtypes with the added
value of possible burden quantification and deserves further
investigations to assess its suitability for assessment of treatment response.
18

F-Flutemetamol

18

F-flutemetamol is another thioflavin derivative used for
evaluation of β-amyloid plaque density in patients with
cognitive impairment being evaluated for AD and other
dementia disorders [26]. Dietemann et al. retrospectively
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studied twelve patients: Nine with CA (one with AL and
the rest with ATTR) and three control subjects. 18 Fflutemetamol uptake was higher in eleven of the patients
with CA. The target to background ratio was also significantly higher, showing promise of this radiotracer in the
diagnosis and perhaps treatment response in patients with
CA [27•].
In summary, the 18F-labeled PET amyloid tracers (Table 1)
appear to be sensitive for CA given their ability for imaging
amyloid independent of the type of amyloid precursor protein.
The quantitative nature of the PET holds promise for disease
quantification and therapy monitoring. Further studies are
warranted to determine their additive value in clinical practice.

Other Tracers Under Investigation
As described in the previous sections, there has been extensive work on developing imaging tracers for cardiac
amyloidosis based on their ability to bind to β-amyloid
fibrils. However, another potential basis for tracer development is the interaction of amyloid precursor proteins and
local calcium homeostasis, as it has been postulated that
ATTR fibrils have higher calcium content leading to the
ability to potentially bind calcium-sensitive probes. Such
is the case for 18F-labeled sodium fluoride ( 18F-NaF),
which is approved for prostate cancer imaging as well as
for detecting microcalcification in coronary plaques and
progression of disease in patients with calcific aortic stenosis [2, 28]. Besides possibly detecting presence of CA as
well as allowing for treatment monitoring, 18F-NaF has the
advantage of being more readily available than other Flabeled tracers. Preliminary results on the use of 18F-NaF
to distinguish between mutant ATTR and AL had been
discordant as published in two European case reports [29,
30]. This was followed by an exploratory study in seven
patients with biopsy-proven CA (two with AL and five
with ATTR) and five patients with prostate cancer and no
amyloid as controls who were enrolled to undergo 18F-NaF
PET imaging [28]. The principal finding of the study was
greater uptake in amyloid patients compared with controls,
which was more accentuated in patient with ATTR CA.
Though a novel quantitative approach with intriguing findings, this study had important limitations: It was small and
with a small proportion of AL that is difficult to understand
whether 18F-NaF PET imaging can reliably differentiate
between the two entities. More recent data aimed to examine the use of this tracer in patients with AL and ATTR CA
using qualitative and quantitative analysis with average left
ventricular SUV and TBR. They found that the TBR was
significantly increased in those with ATTR compared with
AL and controls with varying degrees of sensitivity depending on the cutoff for diagnosing ATTR [31].
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PET radiotracers studied in cardiac amyloidosis

First author

Tracer

N and cohort

Antoni et al. [10]

11

Lee et al. [14]

11

Pilebro et al. [15]

11

10—ATTR and AL CA
Tracer retention and myocardial
5—healthy volunteers
flow quantification
11
22—monoclonal
C-PiB PET/CT + TTE +
gammopathy and
cMRI + EMB
suspected CA
10—ATTR CA (according 11C-PiB PET/CT and 99mTc-DPD
to fibril type A or B)
scintigraphy
and V30M mutation

Dorbala et al. [8]

18

9—ATTR and AL CA
5—control subjects

Park et al. [20]

18

30—myocardial autopsy
specimens
(AL, ATTR, and control)

Ehman et al. [21•]

18

40—AL CA

18

Law et al. [9•]

18

18

Baratto et al. [23]

18

5—AL CA
5—ATTR CA
4—control with
hypertensive heart
disease
9—CA

Kircher et al. [24]

18

5—proven CA
17—suspected CA

Dietemann et al. [26]

18

8—ATTR CA
1—AL CA
3—control

C-PiB
C-PiB

C-PiB

F-florbetapir

F-florbetapir

F-florbetapir

F-florbetaben

F-florbetaben

F-florbetaben

F-flutemetamol

Method

Cardiac uptake of 18F-florbetapir
and tracer kinetics in the liver,
lung, and bone
18
F-florbetapir and digital
autoradiography
F-florbetapir PET/CT

F-florbetapir PET/CT

18

F-florbetapir PET/MRI of the
heart and whole body

−18

Outcome
Retention in all CA patients and no
uptake on healthy volunteers
11
C-PiB Uptake was present in 3/15
biopsy-proven CA
None in non-CA patients
11
C-PiB increased in all but > in fibril
type B (less cardiac involvement)
DPD elevated in type A
11
C-PiB: Sensitive to detect earlier onset
of disease?
Diffuse uptake of tracer in both amyloid
types with increased retention index
in AL patients.
First time in vitro specific binding of
tracer in amyloid specimens AL >
ATTR
Tracer detected widespread organ
amyloid deposition in subjects with
both active AL and AL hematologic
remission.
Increased retention in patients with CA
with no difference between types.

High early and delayed cardiac uptake
Increased abnormal accumulation in
multiple organs
Tracer retention consistent with CA in
14/22 patients with characteristic
retention patterns AL > AA > ATTR

F-florbetaben-PET/CT in
detection of CA vs TTE, cMRI
and scintigraphy.
−18
F-florbetaben-PET/CT for
quantification of amyloid burden
and monitoring of treatment
response was assessed.
18
F-flutemetamol pilot study
Uptake noted in 8/9 CA patients and
determining SUV in the left
none in control
ventricular myocardium and
blood pool

Overall, though significant advanced have been made as
proof-of-point of 18F-NaF PET imaging as an emerging
modality for evaluation of CA, there current data is limited.
Comparison with the current available bone tracers like
99m
Tc-PYP might be useful to advance the application of
this radiotracer.

analogue PET agents shows promise, data is still lacking
regarding their additive clinical role. However, there is
unmet and critical need to develop tracers to distinguish
between amyloid types and quantify response to treatment.
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Despite the growing armamentarium in the imaging of CA,
the use of PET technique for its diagnosis and management
continues to develop. Though the use of thioflavin
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