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Abstract

Cardiac amyloidosis, characterized by progressive restrictive cardiomyopathy, presents unusual diagnostic challenges. Con-
ventional cardiac scintigraphy has shown limited utility in the quantification of disease burden and serial follow-up of
cardiac amyloidosis. The advent of specialized positron emission tomography with specific amyloid-binding radiotracers
has the potential to change currently employed diagnostic algorithms for the imaging of cardiac amyloidosis. This review
aims to discuss the diagnostic utility of amyloid-binding radiotracers, including Pittsburg compound B, florbetapir, flor-
betapan, and sodium fluoride. These tracers have promising potential for the early detection of the particular type of cardiac
amyloidosis, pursuing relevant medical intervention, assessing amyloid burden, monitoring treatment response, and overall

prognostication.
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Cardiac amyloidosis (CA) is characterized by extracellular
deposition of misfolded filamentous proteins, derived pri-
marily from circulating immunoglobulin light chains (AL)
or transthyretin protein (ATTR) which clinically manifests
as restrictive cardiomyopathy [1].

Imaging modalities like echocardiography and cardiac
magnetic resonance (CMR) provide objective evidence of
cardiac amyloidosis, which include the characteristic find-
ings of increased ventricular wall thickness, diastolic dys-
function, delayed left ventricular gadolinium enhancement,
and T-1 weighted images. These myocardial parameters
help estimate the location and extent of amyloid deposition,
but lack specificity for amyloidosis [2, 3]. Endo-myocardial
biopsy (EMB) should have presumably filled this void in
specificity, but along with its invasive nature, inability to
predict disease burden and the uneven pattern of the amyloid
deposition itself implies the limited utility of this modal-
ity [4]. Amyloid-binding radiopharmaceuticals in positron
emission tomography may answer the diagnostic challenges
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presented by the progressive nature of heart failure asso-
ciated with cardiac amyloidosis [5]. Because of their high
sensitivity and specificity in early studies, these radiotrac-
ers have promising utility for early and accurate detection
of CA, estimating disease burden, monitoring the treatment
response, and prognostication [6].

The three main cardiac amyloidosis types include hered-
itary transthyretin amyloidosis (ATTRv-CA), wild-type
ATTR amyloidosis (ATTRwt-CA), or immunoglobulin light
chain amyloidosis (AL-CA)[7]. Nowadays, the management
of CA has seen the development of targeted pharmaceutical
therapy for ATTR-CA, including TTR stabilizers/silencers,
and chemotherapy regimens for AL-CA, including anti-
plasma cell therapies and anti-amyloid antibodies. These
therapies are associated with slowing or halting cardiac
amyloidosis progression, as such early recognition of car-
diac amyloidosis remains of paramount priority so tailored
therapy can be initiated accordingly [8]. In recent years,
the giant leap forward was with non-invasive, nuclear scin-
tigraphy imaging using bone-avid radiotracers, capable of
binding micro-calcifications more commonly seen in ATTR-
CA than AL amyloidosis [9]. This non-biopsy approach
helped accurately diagnose ATTR-CA and differentiate
the type of cardiac amyloidosis, with imaging modalities,
discussed earlier and prompted a wide change in clinical
approach and proposed diagnostic algorithm [10].
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Limitations of cardiac scintigraphy

Currently, cardiac scintigraphy has left several clinical
unmet needs in the management of cardiac amyloidosis.
These include limitations in detecting the presence of early
disease and the ability to monitor disease progression and/
or response to therapy. These limitations have recently wit-
nessed immense interest following the introduction of new
disease-modifying therapies against cardiac amyloidosis
[11].

High-grade tracer uptake in nuclear scintigraphy
promised 100% specificity for ATTR-CA detection only
in patients with established heart failure and in the pres-
ence of typical echocardiographic and CMR findings of
advanced cardiac amyloidosis, implying limited sensitiv-
ity for the diagnosis of earlier stages of ATTR-CA [12].
Moreover, cardiac scintigraphy has primarily revolved
around ATTR-CA diagnosis while neglecting other forms
of CA such as AL amyloidosis [12, 13]. Using targeted
amyloid-binding radiotracers, PET imaging provides
the ability to detect all amyloid deposits regardless of
original protein precursor. Early pilot studies using ''C-
PiB and '®F-florbetapir have shown that PET may be
able to detect AL-CA even before an increase in LV wall
thickening or alterations in cardiac biomarkers [14, 15].
This would expand previously limited avenues in the
diagnosis, monitoring, and management of AL cardiac
amyloidosis.

Additionally, serial cardiac scintigraphy did not pro-
vide meaningful documentation of disease progression.
Castano et al. thought to investigate the clinical fea-
sibility of serial *™Tc-PYP cardiac scintigraphy in an
attempt to quantify disease burden over time. This study
included 20 ATTR-CA patients who underwent a sec-
ond cardiac scintigraphy scan following an average of
1.5 years. The images were assessed and reported with
both visual/semiquantitative and quantitative scores (H/
CL). Albeit a clear disease progression based on clini-
cal outcomes (progressive in NYHA class and/or death)
and biomarkers (troponin and BNP), serial *"Tc-PYP
cardiac scintigraphy failed to capture any differences
over time [16].

This would suggest that cardiac scintigraphy would
not mirror clinical course or increased disease burden
and would be relegated for just the diagnosis of ATTR
cardiac amyloidosis. As such, PET imaging using amyloid-
binding radiotracer holds great potential in this field
owing to the PET’s ability to introduce improved quan-
tification measures which might provide a clearer pic-
ture of disease burden and subsequently form the basis
for monitoring of its progression or response to therapy

(Fig. 1).
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Amyloid-binding PET radiotracers
1¢-labeled Pittsburg compound-B (''C-PiB)

'1C-PiB was one of the pioneering amyloid-fibril-binding
radiotracers, initially developed to visualize and quantify
B-amyloid plaques in Alzheimer’s disease [17]. It was
not long before 'C-PiB found application for in vivo
and in vitro visualization of cardiac amyloidosis were
significantly increased. ''C-PiB retention index (RI) was
observed in both major types of CA, as compared to con-
trols subjects [18, 19]. A subsequent study using meas-
ures of maximal and mean myocardium-to-blood cavity
standard uptake value (SUV) ratios also found significant
margins for differentiating between chemotherapy naive
AL-CA patients, compared to AL-CA patients with prior
chemotherapy. This warranted recognition for 'C-PiB as a
surrogate indicator for detecting active ongoing light chain
deposition in the myocardium. The study also served to
propose possible prognostic utility of myocardial amyloid
uptake [20].

Cardiac amyloid load is a prognostic marker in AL-CA,
especially for chemotherapy-responsive patients with amy-
loid light chain (AL) load of less than 20% having bet-
ter overall survival [21]. This non-invasive modality may
help assess the dynamics of amyloid turnover in response
to directed therapy. Furthermore, the degree of ''C-PiB
uptake may serve as an independent predictor and prog-
nostic indicator for clinical events like all-cause mortal-
ity or acute decompensated heart failure on subsequent
follow-up (Fig. 2) [6].

Of further interest was using ''C-PiB among patients
with genetically and histopathologically diagnosed neuro-
pathic ATTRv-CA with ATTR V30M variant but without
characteristic morphological features on ATTRv-CA on
echocardiography [22]. The V30M variant of ATTRv-CA
has two major phenotypes: early-onset disease (type B
fibrils, with mainly have neuropathic manifestations) and
late-onset disease (type A fibrils, with both cardiac and
neurological manifestations) [23]. Although all patients
with either fibrils type had significantly increased !'C-PiB
uptake compared to healthy controls, the measured ''C-
PiB RI was three times higher in type B fibrils than type
A fibrils, implying that there is limited utility in measur-
ing the magnitude of ''C-PiB RI in ATTR patients. The
increased ''C-PiB RI in ATTR patients may be due to
'1C-PiB high binding affinity for type B fibril, rather than
associated with true amyloid burden or predicting risk of
cardiomyopathic development [22].

In contrast, cardiac scintigraphy showed increased
DPD uptake in type A variant V30M ATTRv-CA and
non-V30M ATTRv-CA, and absent uptake in type B
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Fig. 1 Potential utility of posi-
tron emission tomography in the
imaging of cardiac amyloidosis
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variant V30M-ATTRv-CA further implying that positive
DPD scintigraphy in ATTRVv is associated with the future
development of amyloid cardiomyopathy [22, 24]. If used
together with TTR gene testing, the level and pattern of
'1C-PiB and DPD retention may help in the accurate sub-
classification of the ATTRv-CA fibril type and differen-
tiate AL-CA from ATTRwt-CA, since ''C-PIB showed
uptake in all ATTR-CA and AL-CA cases while DPD is
negative in certain ATTRv-CA [24].

A follow-up study found that ''C-PiB uptake, analyzed
by visual inspection and quantitative measures of SUV and
RI, had significant diagnostic accuracy in discriminating
main cardiac amyloidosis subtypes in biopsy-confirmed
patients from healthy controls [25]. 'C-PiB uptake was
significantly higher in AL-CA than ATTR-CA, suggesting
that the fibril type in ATTR-CA was affecting the ''C-PiB
binding to amyloid and subsequent visual and quantitative
assessments [25]. Cardiac amyloidosis patients without
cardiac wall hypertrophy had significantly increased ''C-
PIB uptake compared to controls, indicating that ''C-PiB
can detect early stages of cardiac amyloidosis before any

Disease Progression

Extra-Cardiac
Involvement

overt morphological change, the basis of echocardio-
graphic and CMR imaging [25].

However, !'C-PiB binding to cardiac amyloids is variable
with some degrees of reversibility in the retention index,
thus requiring early imaging for accurate results [18]. In
addition, the much shorter half-life of the 'C-PIB radi-
otracer, compared to '8F-labeled PET tracers, requires an
on-site cyclotron for its continuous production and diagnos-
tic utilization, which may be beyond the scope except in
specialized centers [25].

8F-Florbetapir

Preliminary studies established the promising potential for
E_florbetapir to serve as a molecular imaging biomarker
for cardiac amyloidosis. '3F-Florbetapir is hypothesized
to directly bind to amyloid fibrils and thus causing longer
tracer transit time—both features hinting at its diagnos-
tic and quantitative abilities in assessing disease burden
[26]. "®F-Florbetapir belongs to the stilbene class of PET
tracers. Earlier studies identified at least six surface- and
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Fig.2 The degree of myocardial !'C-Pittsburgh B compound positron
emission tomography uptake reflects the degree of myocardial amy-
loid deposit on invasive endomyocardial biopsy. Noninvasive evalu-

core-binding sites in fibrils of neuritic amyloid-f plaques
in autopsied Alzheimer’s disease brain tissue, and a further
three-binding-site model boasted a nanomolar affinity for a
primary high-affinity site [27]. This characterization encour-
aged extrapolation of its application to cardiac amyloidosis
as the beta-pleated motif of amyloid protein remains the
same, irrespective of the precursor protein [28].

Earlier autoradiography studies on autopsy-confirmed
AL-CA, ATTR-CA, and non-amyloid control samples dem-
onstrated significantly increased 'SF-florbetapir—specific
uptake in AL and ATTR samples as compared to controls [29].
Furthermore, significantly increased '®F-florbetapir—specific
uptake was seen in AL-CA samples compared to ATTR-
CA (2.48 £0.40 versus 1.52+0.22 DPM/mm?; p<0.001),
despite overall significantly lower amyloid deposition burden
in AL-CA samples as compared to ATTR-CA samples on his-
tology [29]. Unlike the left ventricle myocardial standardized
uptake values (SUV), target-to-blood pool ratio (TBR), and
LV myocardium-to-liver SUV ratio, '®F-florbetapir myocardial

@ Springer

ation of the degree of myocardial amyloid load can independently
predict clinical outcome in AL cardiac amyloidosis patients. (Reuse
permission obtained from [6])

retention index (RI) and liver and cardiac time-activity curves
(TACs) are kinetic parameters shown to effectively stratify
AL-CA from ATTR-CA [30, 31]. Of significance is the semi-
quantitative and incremental value of increased *F-florbetapir
binding in samples with focal and limited amyloid deposits
(in the absence of characteristic increased left ventricular wall
thickness and increased left ventricular mass on echocardio-
gram) as compared to controls, signifying its utility in early
diagnosis of cardiac amyloidosis [29]. Another study found
a strong correlation between cardiac amyloidosis structural
parameters (left ventricular wall thickness and left ventricular
mass on echocardiography and extracellular volume on CMR),
cardiac functional parameters (e.g., LVEF, global longitudi-
nal strain, and relative apical sparing on echocardiogram),
and myocardial '3F-florbetapir retention index (RI) as a direct
measure of cardiac amyloid burden in three groups of active
AL-CA, remission AL-CA, and active systemic AL amyloi-
dosis in the absence of CA (active-non-CA). The study also
established '8F-florbetapir RI’s ability to discern the small
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degree of myocardial amyloid burden in the active-non-CA
group without established structural and functional markers

of amyloidosis [15].

These studies potentiated the utility of '®F-florbetapir as
the litmus test to diagnose, differentiate, and assess the bur-
den of cardiac amyloidosis. It may be worthwhile to consider
dual-imaging with bone avid radiotracers and '*F-florbetapir
to diagnose cardiac amyloidosis and identify the type because
the former modality has a higher affinity for ATTR-CA and
the latter for AL-CA [29]. However, interval imaging with
F_florbetapir in AL-CA treatment-naive patient before
starting therapy and after chemotherapy completion with
complete hematological response did not show a significant
difference in RI or SUV}, making it a less reliable marker to
assess treatment response [32].

'8F-Florbetapan

Similar to '8F-florbetapir, PET imaging with '3F-florbetapan
had demonstrated utility in accurate detection of b-amyloid
neuritic plaques in Alzheimer’s disease before feasibility
studies were pursued to diagnose cardiac amyloidosis [33].
Qualitative and quantitative measures, including mean
standardized uptake value (SUV) of LV myocardium,
TBR-SUV ratio, and '3F-florbetapan retention (percentage
mean myocardial SUV change on scheduled time intervals)

Fig.3 (Upper panel) Fluorine
18 [18F]-florbetaben cardiac
positron emission tomography
myocardial time—activity curves
in patients with immunoglobu-
lin light-chain amyloidosis (AL)
(blue), transthyretin-related
amyloidosis (ATTR) (red),

and non-cardiac amyloidosis
(non-CA) (gray). The 95%
confidence interval is repre-
sented as a shaded area for each
curve. (Lower panel) Early (5

to 15 min), intermediate (30 to
40 min), and late (50 to 60 min)
[18F]-florbetaben cardiac posi-
tron emission tomography scans
in patients with AL and ATTR
CA and those with non-CA.
SUVmean % mean standardized
uptake value. (Reuse permission
obtained from [37])

were significantly higher in CA patients as compared to
control subjects. Initial studies identified the potential for
8E_florbetapan to differentiate between non-CA, AL-CA,
and ATTR-CA since AL-CA had a higher myocardial SUV
variability spherical volume of interest (VOI) and higher
myocardial tracer retention (MT-) cut-off [34-36]. Expect-
antly, '8F-florbetapan retention in cardiac amyloidosis was
an independent determinant of cardiac dysfunction on
echocardiogram and cardiac magnetic resonance imaging
(CMR), for functional and morphological parameters, like
global LV longitudinal strain and ventricular wall thickness,
respectively [34, 35]. Myocardial tracer retention (MTR)
and changes in MTR over time (AMTR) were noted to cor-
relate with disease progression and amyloid burden quanti-
fication, a promising potential for use in treatment response
measurement [35].

A recent study investigated the utility of '®F-florbetapan
dynamic PET acquisition technique, whereby four 10-min
static scans were obtained at pre-determined intervals after
radiotracer injection [37]. A significant difference was found
in the retention index among patients with AL-CA compared
to ATTR-CA patients and non-CA individuals, with AL-CA
patients having persistent, high cardiac uptake in all static
scans, in contrast, while ATTR-CA patients and non-CA
individuals showed a temporal decline in radiotracer uptake
after early static scans (Fig. 3) [37].

CENTRAL ILLUSTRATION: Cardiac [18F]-Florbetaben Uptake in Patients
With and Without CA
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18E_Sodium fluoride ('F-NaF)

As outlined previously, positron emission tomography
(PET) has amassed a wide array of novel radiotracers
(*8Fluorine-labeled florbetapor/florbetapir and ''Chlorine-
labeled Pittsburg B) capable of imaging and quantifying
cardiac amyloidosis (CA). However, currently, these radi-
otracers are yet to be approved for clinical use and are only
available in limited specialized centers.

BE_Sodium fluoride ('®F-NaF), on the other hand, is a
readily available and FDA-approved tracer used primarily
for the imaging of cancer metastasis especially prostate can-
cer. '8F-NaF, a PET radiotracer, should in theory offer higher
resolution imaging compared to Tc-labeled cardiac scintig-
raphy and more importantly the ability to obtain quantifica-
tion of amyloid burden. Thus, similar to other quantitative
measurements, this would allow for the earlier detection of
cardiac amyloidosis, a more accurate assessment of amyloid
disease burden, and response to therapies.

The use of '8F-NaF PET for the imaging of cardiac amy-
loidosis was reported in the form of a case report by Van Der
Gucht et al. which revealed this modality’s potential to iden-
tify and differentiate ATTRv (Val122Ile) vs AL amyloidosis.
More importantly, the authors highlighted that this technique
was more efficient than comparable HMDP imaging citing

faster kinetics and overall faster imaging protocols (20- and
60-min imaging acquisitions post-injections) [38]. However,
another case report by Gagliardi et al. reported no '*F-NaF
uptake in 2 patients with ATTRwt and ATTRv (Ile68Leu).
The authors hypothesized that '®F-NaF uptake might not
only be subject to differences in amyloid subtype (ATTR vs
AL) but also specific TTR mutations [39]. It should be noted
that the former case report was done prospectively compared
to the latter which was done retrospectively in patients pri-
marily evaluated for prostate cancer [38, 39].

A pilot study conducted by Morgenstern et al. confirmed
the finding reported by Van Der Gucht et al. The study con-
sisted of a small cohort of 5 ATTR (3 ATTRwt and 2 Val-
122Ile), 2 AL, and 5 control patients (prostate cancer). PET
along with CT-based attenuation images were acquired at 10-
and 60-min (one study at 90 min) post-injection of 10 mCi
of '"8F-NaF. Next, the scans were assessed both visually and
quantitatively with standard uptake values in the entire myo-
cardium (SUV,). Specifically, SUVs were obtained for the
entire myocardium and in the 17-segment cardiac model.
18E_NaF uptake was absent in patients with AL and controls
compared to ATTR-CA patients who showed a noticeable
uptake, particularly in ATTRwt patients. Moreover, based
on quantitative assessment of ATTR patients reported higher
SUV,, vs AL and control patients. '®F-NaF was noted to

Table 1 At a glance: summarizing the diagnostic utilities and applications of semiquantitative parameters in cardiac amyloidosis

Radiotracer Semiquantitative parameter

Clinical utility

Hc.piB Retention index, visual uptake, SUV

Effectively differentiates cardiac amyloidosis, (ATTR and AL) from controls

100% accuracy in AL-CA
Detects early stages of AL-CA in suspected cases [20]

Maximal SUV

Used together with *"Tc-PYP Scintigraphy: Complementary Relation- Effective

detection and differentiation of three major types of cardiac amyloidosis[57]

I8F-florbetapir

I8F_florbetaben

18F.NaF

Myocardial-to-blood SUV

VU, RI, TBR, SUV,
Cardiac TAC

Maximum signal intensity in ROI
(autopsy subjects)

Cardiac TAC and RI
Cardiac RI

SUYV, retention index,
Visual uptake

MTR
AMTR

Cardiac RI
M/B or TBR

Assess dynamics of amyloid turnover: differentiates between chemotherapy naive
AL-CA compared to prior chemotherapy, may serve as predictor of disease burden
and prognostic indicator{18]

Effectively differentiates cardiac amyloidosis, (ATTR and AL) from controls [30, 31]

Effectively differentiates cardiac amyloidosis, (ATTR and AL) from controls [29]

Screen for early detection of AL-CA and ATTR-CA

Discriminate AL-CA from ATTR-CA

Assess amyloid burden in AL-CA [15], however, a less reliable marker for assessing
treatment response [32]

Effectively differentiates cardiac amyloidosis, (ATTR and AL) from controls [34]

RI is an independent determinant of myocardial dysfunction

Correlated with cardiac dysfunction on CMR and echocardiogram

Discriminates AL-CA from ATTR-CA and control (MTR and SUV)

Treatment response measurement: correlated with amyloid burden and disease
progression [35]

Discriminates AL-CA from ATTR-CA or other mimicking conditions [37]

Differentiates ATTR-CA from AL-CA albeit with less sensitivity as cardiac
scintigraphy

Current clinical utility is still unclear and limited in the evaluation of cardiac
amyloidosis
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be diffuse with varied uptake in different cardiac segments.
SUV,, for ATTR patients was around 1.5*SUV , of controls
(p=0.012) and AL patients (p =0.078). Although the differ-
ence between ATTR and AL SUV , approached but did not
reach significance, this can be attributed to the small sample
size used in the study [40].

These findings echoed a study by Trivieri et al. which
used a hybrid PET/MR imaging approach. Diffuse '8F-
NaF uptake was observed in patients with ATTR (4) but
not in AL (3) or control (7) patients. BF_NaF uptake
colocalized with regions of LGE and correlated well
with native T1 mapping [41]. A larger '®F-NaF PET/
MRI study (16 ATTR and 7 AL patients) showed that

myocardial-to-blood pool (M/B) ratios were signifi-
cantly higher in ATTR patients compared to AL patients
(»=0.001) [42].

Although semiquantitative measures were able to dis-
tinguish ATTR from AL, the same was not true for visual
qualitative assessments [40—43]. A study by Martineau et al.
revealed that visual assessment of '®F-NaF uptake in ATTR
patients was limited due to its low sensitivity of 57% (speci-
ficity of 100%). '®F-NaF uptake was significantly higher in
ATTR compared to AL or controls; nevertheless, uptake was
quite mild and inferior to that of blood pool in 57% of the
studies which will undoubtedly complicate visual assess-
ments [43].

Table 2 Summarizing key studies of the diagnostic value of !'C-PiB PET imaging for cardiac amyloidosis

Acquisition

Patient cohort

Parameters

Notes

Antoni et al. [18]

Lee et al. [20]

Pilebro et al. [22]

Ezawa et al. [19]

Rosengren et al. [14]

Takasone et al. [24]

Lee et al. [6]

!1C-PiB PET/CT
15-25-min dynamic scan/

summed images at 10-15 s

'C-PiB PET/CT
30-min post-injec-
tion 4+ 3 min/bed

1C-PiB PET/CT

25-min dynamic scan/
summed images at
15-25 min

'C-PiB PET/CT

30-min post-injection+2 min/

bed

'1C-PiB PET/CT
35-min dynamic scan/
summed images at

10-20 min

''C-PiB PET/CT

30-min post-injection+2 min/

bed

1C-PiB PET/CT

3 ATTR
7 AL
5 Control

15 AL (5 underwent
chemotherapy)
7 Control

10 ATTRv (V30M: 5 Type-A

and 5 Type B fibrils)
5 Control

7 ATTRv

1 Asymp. TTR carrier
7AL

3 Control

Retrospective Arm
21 ATTR (16 wt and 5v)

15 AL
15 Control

30 ATTR (8wt and 22v)
17 AL

41 AL

30-min post-injection+3 min/ 14 Control

bed

Visual assessment
Cardiac RI

Visual assessment
Myocardium TBR

Visual assessment
Cardiac RI

Visual assessment

Visual assessment
Cardiac RI
SUV ration (SUVy)

Visual assessment
Maximal SUV
(SUVpa)

SUV

eUptake was noted in all cardiac
amyloidosis patients and none in
the control

o!!C-PiB RI didn’t correlate with
MBFs

eUptake was noted in 13/15 of
cardiac amyloidosis patients and
none in the control

oMY/B significantly different:
CA>non-CA and chemotherapy
naive > chemotherapy

eUptake was noted in all cardiac
amyloidosis patients and none in
the control

!'!C-PiB significantly higher in
type B vs type A fibrils

o!!C-PiB uptake is noted in
several organ systems and can
be used to work up systemic
amyloidosis

eUptake was noted in all cardiac
amyloidosis patients and none in
the control

eSensitivity and specificity of
SUVy and RI for differentiation
of CA vs control were 94%/93%
and 94%/100% respectively

o(+) *™Tc-PYP and (-) ''C-PiB
PET seen in ATTRwt-CA

o(—) "Tc-PYP and (+4) ''C-PiB
PET seen in AL-CA

oPYP or CiB patterns were able
to distinguish different ATTRv
mutations

oThe degree of ''C-PiB reflects
cardiac amyloid burden

!!C-PiB uptake is an independent
predictor of clinical outcomes in
AL-CA
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Table 3 Summarizing key studies of the diagnostic value of '3F-florbetapir PET imaging for cardiac amyloidosis

Acquisition

Patient cohort

Parameters

Notes

Park et al. [29]

Dorbala et al. [30]

Osborne et al. [31]

Manwani et al. [32]

Cuddy et al. [15]

Autoradiography study

8E_florbetapir PET

60-min dynamic scan/
summed images at
10-60 min

8E_florbetapir PET

30-min dynamic scan/
summed images over 0-3,
10-15, and 15-20 min

18F_florbetapir PET

60-min dynamic scan/
summed images at
0-60 min

18F_florbetapir PET/CT
60-min dynamic scan/
summed images at
10-60 min

Autopsy samples
10 ATTR

10 AL

10 Control
4 ATTR

5 AL

5 Control

4 ATTR
4 AL
3 Controls

15 AL

45 AL

25 AL-CA active

10 AL non-CA

¢10 AL-CA in
remission

Total and nonspecific

binding of '®F-florbetapir

Visual assessment
Suv

Cardiac RI
Myocardial TBR

Visual assessment
SUv

Visual assessment
Suv
Cardiac RI

Visual assessment
Suv
Cardiac RI

eMean '3F-florbetapir—specific
uptake was significantly higher in
CA > controls, AL> ATTR, and
higher in early amyloidosis samples

eUptake was noted in all cardiac
amyloidosis patients and none in the
control

oTBR, RI, and myocardial-to-liver
SUV can distinguish control from
AL and ATTR

eUptake was noted in all cardiac
amyloidosis patients and none in the
control

oSUV able to differentiate CA vs
control and AL vs ATTR

eUptake was noted in all cardiac
amyloidosis

eSuggesting that treatment-naive
patients may have higher cardiac
uptake

e Active AL-CA had the highest amyloid
burden based on RI

eEvidence of cardiac amyloid was
noted in AL non-CA patients; possible
insight into preclinical disease process
(using PET and ECV from CMR)

Table 4 Summarizing key studies of the diagnostic value of '®F-florbetaben PET imaging for cardiac amyloidosis

Parameters

Notes

Law et al. [34]

Kircher et al. [35]

Seo et al. [36]

Genovesi et al. [37]

Acquisition Patient cohort
'8F_florbetaben PET 5 ATTRwt
80-min dynamic 5 AL

scan/summed images

at 15-75 min
'8F_florbetaben PET 5 ATTR

30-min dynamic 8 AL

scan/summed images 1 AA

at 10-30 min 8 Control
'8F_florbetaben PET 6 AL

20-min dynamic scan 8 Control
8E_florbetaben PET 20 ATTR (16 wt and 5v)

60-min dynamic 20 AL

scan/summed images 20 Control

at 5, 30, 50, and
110 min

4 Control (hypertensive)

Visual assessment
MTR
Myocardium TBR

Visual assessment
MTR
AMTR

Visual assessment
SUV (max, mean,
and ratio)

Visual assessment
Cardiac RI
Myocardium TBR
Suv

eUptake was noted in all cardiac amyloidosis
patients and none in the control

oTBR and MTR higher in CA > control

eMTR independent determinant of myocardial
dysfunction in CA

eRetention pattern AL >AA > ATTR

eMTR correlated with morphological and
functional parameters (but not with cardiac
biomarkers)

o AMTR corresponded to treatment response
during follow-up

eUptake was noted in all cardiac amyloidosis
patients and none in the control

oCan detect systemic amyloidosis and identify
organ involvement

eUptake was noted in all cardiac amyloidosis
patients and none in the control

oVisual assessment and semiquantitative parameters
were higher in AL> ATTR > controls
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Table 5 Summarizing key studies of the diagnostic value of '*F-NaF PET imaging for cardiac amyloidosis

Acquisition

Patient cohort

Parameters

Notes

Van Der Gucht et al. [38]

Gagliardi et al. [39]

Trivieri et al. [41]

Morgenstern et al. [40]

18p_NaF PET/CT
20 and 60 min

18E_NaF PET/CT
15 and 60 min

18p_NaF PET/MR
15 and 90 min

18E_NaF PET/CT

1 ATTRv (Val1221le)
1 AL

1 ATTRwt
1 ATTRv (Ile68Leu)

4 ATTR (2 wt and 2 v)
3 AL
7 Control

5 ATTR (3 wtand 2 v)

Visual assessment
Myocardium TBR

Visual assessment

Visual assessment
Myocardium TBR

Visual assessment
SUvV

mean

Visual assessment
Myocardium TBR

e M/B (early) 1.4 ATTR>1.00 AL

eNo uptake noted in AL study

e No uptake was noted in any scan phase in
both patients

e TBR,,, >0.84 defined as the threshold to
differentiate ATTR from AL

e SUVm for ATTR patients was around
1.5*SUVm of controls and AL patients

o For diagnosis of ATTR, qualitative and
quantitative assessments reported a sensitivity

10 and 60 min 2 AL
5 Control
Martineau et al. [43] BE_NaF PET/CT 7 ATTRwt
60 and 90 min 4 AL
3 Control

18E_NaF PET/MR
20 and 60 min

Abulizi et al. [42] 16 ATTR (7wt and 9v)
7 AL

4 Control

and specificity of 57%/100% vs 75%/100%
respectively

o 8F_NaF PET/CT not ready for clinical use
for cardiac amyloidosis

e TBR, ., >0.90 is defined as the threshold to
differentiate ATTR from AL

o Visual interpretation is challenging due to
low contrast and faint uptake

Visual assessment
Myocardium TBR

CA cardiac amyloidosis, AL light chain amyloidosis, ATTR cardiac transthyretin amyloidosis, SUV standardized uptake value, R/ retention index,
LV left ventricular, TBR target to background ratio, ECV extracellular volume: measured via cardiac magnetic resonance imaging)

Faint '8F-NaF uptake reinforces the need for semiquan-
titative measures to differentiate ATTR from AL. Albeit
low uptake values, target-to-background ratio (TBR )
recorded sensitivity and specificity of 75% and 100% respec-
tively for a cutoff threshold of 0.89 for detection of ATTR
(SUV .. failed to show a significant difference between
ATTR, AL, and controls consistent with the noted low visual
uptakes) [43]. This is comparable to previously published
semiquantitative M/B (TBR,,,) >0.90 and 0.84 [41, 42].

As a bone-avid tracer, the hypothesized binding mecha-
nism behind '*F-NaF uptake in cardiac amyloidosis resem-
bles more conventional bone-avid radiotracers compared to
the previously discussed novel amyloid-binding tracers. F-
NaF can detect microcalcifications which form the basis of
its use in cancer imaging. TTR amyloid fibrils are thought
to bind more calcium compared to AL fibrils which might
explain the differentiating capabilities of both '®F-NaF and
bone-avid radiotracers [11, 44].

Previous studies have shown that not all bone-seeking
tracers are created equal with varied accuracy and clinical
utility. Currently, available data on '®F-NaF PET have shown
inconsistent findings, weak visual uptake, and low TBG. A
recent meta-analysis reported high specificity (100%) for
8E-NaF PET but relatively low sensitivity (63%) [45]. How-
ever, the adequate judgment of its current clinical utility
remains uncertain due to the limited available data regard-
ing '8F-NaF compared to its counterparts. Current literature
(Table 1) has shown mixed methodology which could have
contributed to the heterogeneity of the observed accuracy of

8F_NaF. As such, larger comparative studies (against PYP
or DPD) are needed to truly elucidate the role of '*F-NaF
PET in the workup of cardiac amyloidosis (Tables 2, 3, 4,
and 5).

Coronary microvascular dysfunction (CMD)

The coronary microvasculature is comprised of coronary
pre-arterioles and arterioles measuring < 500 pm in diam-
eter and hold 90% of the total myocardial blood flow [46].
Although direct imaging of the coronary microvasculature
is challenging, PET is at present the most accurate modality
in clinical practice for the evaluation of coronary microvas-
culature function [47, 48].

Coronary microvascular dysfunction (CMD) is defined
as ischemic cardiac chest pain with impairment in coronary
microvascular blood flow in the absence of epicardial coro-
nary obstruction. Although prevalence is unknown, sev-
eral studies have shown how microvascular angina is not
an uncommon initial presentation for patients with cardiac
amyloidosis [49-51].

Autopsy studies have shown that amyloidosis causes
microvascular dysfunction through three overlapping mech-
anisms: (1) deposition within vessel wall causing intimal
thickening, (2) interstitial deposition causing perivascular
compression, and (3) autonomic and/or endothelial dysfunc-
tion [52-55]. These contribute to ischemia and impaired
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systolic dysfunction seen in some patients with cardiac
amyloidosis.

Only one study has prospectively assessed microvascular
dysfunction using PET MPI. Dorbala et al. prospectively
enrolled 21 patients with cardiac amyloidosis (15 with light
chain and 6 with transthyretin) and 10 patients with hyper-
tensive left ventricular hypertrophy [56]. Amyloidosis was
diagnosed with either endomyocardial biopsy (n=10) or
extracardiac biopsy with echocardiography cardiac involve-
ment (n=11). All patients underwent N-13 ammonia PET/
CT imaging using standard imaging protocols. Microvascu-
lar dysfunction was defined as the presence of reduced peak
stress myocardial blood flow (MBF), coronary flow reserve
(CFR), or minima coronary vascular resistance.

Ischemic defect and transient ischemic dilatation were
seen in 57% and 76% of the patients with amyloidosis.
More importantly, stress MBF and MFR were signifi-
cantly lower in those with amyloid compared to the LVH
group (rest MBF 0.59 vs 0.88 ml/g/min p =0.0004; stress
MBF 0.85 vs 1.85 ml/g/min p < 0.0001; CFR 1.19 vs 2.23
p <0.0001 for amyloid vs LVH group respectively), and
microvascular resistance was significantly higher (147 vs
117 ml/g/min/mm Hg p =0.004). Differences between the
two groups were the same even after accounting for age,
subclinical myocardial dysfunction, and lower left ven-
tricular mass in the LVH group. Importantly, limitations of
note were the small sample size, and how invasive angiog-
raphy to rule out epicardial stenosis was done at a median
of 164 from PET imaging.
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