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Nuclear imaging for cardiac amyloidosis
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Abstract Histological analysis of endomyocardial tissue
is still the gold standard for the diagnosis of cardiac
amyloidosis, but has its limitations. Accordingly, there is a
need for non-invasive modalities to diagnose cardiac
amyloidosis. Echocardiography and ultrasound and mag-
netic resonance imaging can show characteristics which
may not be very specific for cardiac amyloid. Nuclear
medicine has gained a precise role in this context: several
imaging modalities have become available for the diag-
nosis and prognostic stratification of cardiac amyloidosis
during the last two decades. The different classes of ra-
diopharmaceuticals have the potential to bind different
constituents of the amyloidotic infiltrates, with some rele-
vant differences among the various aetiologic types of
amyloidosis and the different organs and tissues involved.
This review focuses on the background of the commonly
used modalities, their present clinical applications, and
future clinical perspectives in imaging patients with (sus-
pected) cardiac amyloidosis. The main focus is on
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Introduction

Cardiac amyloidosis is a creepy Kkiller, sneaking into the
patient, turning up insidiously with non-specific symptoms,
and usually being detected late when the heart is already
heavily affected. Awareness is the first step for diagnosis
that is further based on imaging techniques and tissue
analysis of heart or other tissues. Because of ongoing
extracellular deposition of amyloid fibrils, cardiac walls
thicken and become stiff. Ultrasound and magnetic reso-
nance imaging (MRI) can detect both thickened ventricular
walls and systolic/diastolic dysfunction [1]. However,
many other heart diseases can present the same echocar-
diographic and MRI phenotype. Furthermore, these find-
ings become evident only in a relatively advanced stage of
the disease, whereas an early diagnosis is a prerequisite for
any efficacious therapy in systemic amyloidosis! So other
diagnostic—ideally non-invasive—techniques are needed
in order to face the multiple clinical needs of physicians
treating patients with suspected or definite amyloidosis.
Nuclear medicine has gained a precise role in this context.

Several nuclear medicine imaging techniques have
become available for the diagnosis and prognostic stratifi-
cation of cardiac amyloidosis during the last two decades.
The different classes of radiopharmaceuticals have the
potential to bind different constituents of the amyloidotic
infiltrates, with some relevant differences among the
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various aetiologic types of amyloidosis and the different
organs and tissues involved:

e Serum amyloid P component (SAP) binds in a calcium-
dependent way to all amyloid infiltrates, but fails to
image cardiac amyloid probably because of its large
molecular size [2];

e Aprotinin, a bovine anti-serine protease which binds to
amyloid with an unknown mechanism, has also been
used in the past to image cardiac amyloid with
disappointing results [3];

e Antibodies raised against a common epitope of amyloid
fibrils were not able to visualize cardiac amyloid [4];

e Bone-seeking tracers (in particular diphosphonates)
image cardiac amyloid of the ATTR type very specif-
ically and early and can be used to differentiate
between the amyloid types, since AL amyloid shows
only weak or no imaging at all [5]. The nature of this
specific binding to ATTR amyloid has not been
clarified yet;

e Pittsburgh compound-B labelled with the radionuclide
carbon-11 ([“C]—PiB), derived from the amyloid stain
thioflavin, has been recently used as tracer for cardiac
amyloid [6] with still inconclusive clinical results;

e Jodine-123 labelled metaiodobenzylguanidine (['*I]-
MIBG) can be used as a functional tracer showing
cardiac sympathetic denervation in early stages of
amyloid deposition [7].

This review focuses on the background of the commonly
used modalities [bone-seeking tracers, ['1]-MIBG and
positron emission tomography (PET)], their present clinical
applications, and future clinical perspectives in imaging
patients with (suspected) cardiac amyloidosis.

Nuclear medicine techniques

Radiopharmaceuticals used for diagnostic purposes are
administered intravenously. Gamma camera and PET(/CT)
camera systems are used to visualize the distribution of
radiopharmaceuticals in the body. Both systems detect
v-rays emitted from the patient and transform it into an
image. The choice for either system depends on the prop-
erty of the radionuclide. The choice for a radionuclide
depends on the characteristics of the compound (drug,
antibody, enzyme) it should be labelled to.

A gamma camera is equipped with a collimator which
guides individual y-rays emitted by the radionuclide. For
planar imaging, a collimator is used to transfer only those
v-rays (or photons) which pass in a perpendicular course.
This camera system is used to visualize the distribution of,
for example, ['**1] and technetium-99m ([99mTc]), radio-
nuclides used in imaging cardiac amyloidosis. Despite the
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introduction of high-resolution collimators, image quality
is rather poor due to limited spatial resolution (approxi-
mately 8 mm) and poor statistics of detected photons.
Furthermore, planar imaging has low contrast due to the
presence of overlying structures that interfere with the
region of interest. Single photon emission computed
tomography (SPECT) can overcome this superposition and
improves sensitivity.

PET is different from conventional nuclear medicine,
since these camera systems detect two photons originating
from annihilation of emitted positrons with electrons. The
detection of both photons is needed to determine the
location of the annihilation in the field of interest (for
example the thorax). Both photons have to be detected
within a certain time window, to consider these two pho-
tons as one pair from the same annihilation process. A ring-
shaped detector system is needed for this method of photon
detection. In contrast to gamma cameras, PET scanners do
not need the use of a collimator. As a result, the spatial
resolution is approximately 4 mm.

Nowadays, many camera systems are hybrid systems,
consisting of either gamma or PET camera combined with
multi-detector computed tomography (CT). SPECT or PET
and CT are performed in an immediate sequential setting,
without changing the position of the patient, providing
perfect co-registration of (patho)physiological with ana-
tomical information. Furthermore, the use of low dose CT
has additional advantages for attenuation correction. Very
recently, hybrid camera systems combining PET with
magnetic resonance imaging (PET/MRI) were introduced.
The application of PET/MRI in cardiac amyloidosis has not
yet been determined.

Bone-seeking tracers for cardiac amyloidosis

Radiolabelled phosphate derivatives, initially developed as
bone-seeking tracers, were first noted to localize to amyloid
deposits with the visualization of calcifications in amyloid
deposits using [**™Tc]-diphosphanate [8]. This observation
led to the development of several phosphate derivatives
tagged with [*™Tc] including [**™Tc]-pyrophosphate
([*°™Tc]-PYP), [**™Tc]-methylene diphosphonate
([**™Tc]-MDP), [**™Tc]-hydroxy methylene diphospho-
nate ([*’™Tc]-HPD), and [**™Tc]-3,3-diphosphono-1,2-
propanodicarboxylic acid ([*™Tc]-DPD).

[99mTc]—DPD Of all the bone-seeking tracers, [99mTc]—
DPD has been the most studied as possible tracer for car-
diac amyloidosis. Currently, this isotope is not approved by
the Food and Drug Administration (FDA) and therefore is
not available for clinical use in the United States, whereas
it is widely adopted in Europe.
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The first publication of patients with cardiac [**™Tc]-
DPD uptake reported that this phenomenon could be
identified in all patients with ATTR amyloidosis and was
not present in oncological control patients [9]. In the
following published series, [*°™Tc]-DPD imaging was
performed in 25 patients with cardiac amyloidosis (15
ATTR, 10 AL) confirmed by echocardiogram and endo-
myocardial biopsy with immunohistochemistry or by
genotyping. All 15 ATTR patients had strong myocardial
uptake of [**™Tc]-DPD, while no uptake was observed in
AL patients [10]. In a further larger cohort of 79 patients
where tracer retention was calculated by a heart-to-whole
body ratio (H/WB), the diagnostic accuracy of [**™Tc]-
DPD scintigraphy was found to be lower due to tracer
uptake in about one-third of AL patients with sensitivity
100 % and specificity 88 % using moderate-to-strong
uptake as cut-off. Importantly, these studies were per-
formed using a visual scoring (VS) where 0 = no uptake,
1 = mild uptake, 2 = moderate uptake, and 3 = strong
uptake. In this second study, the positive predictive value
(PPV) and negative predictive value (NPV) for VS 1 were
80 and 100 %, respectively, compared to 100 and 68 % for
VS 3. Using a VS 2, 9mTc-DPD had a NPV 100 % for
excluding AL amyloid, while a positive cardiac uptake of
[**™Tc]-DPD had a PPV of 88 % for ATTR amyloid [5].

The preferential uptake of [*™Tc]-DPD in ATTR
compared to AL amyloid cardiomyopathy remains to be
explained, but it is probably related to different amounts of
calcium ions available for the binding with the isotope.

[**™Tc]-DPD imaging is now widely used in Europe in
the field of amyloidosis, and other clinically relevant data
have been produced:

° [99mTC]—DPD uptake occurs also in carriers of the TTR
mutations before the acquisition of a clear echocardio-
graphic and electrocardiographic phenotype [11] and in
asymptomatic elderly people with echocardiographic
and biopsy-proven wild-type TTR-related cardiomyop-
athy [12];

e Heart tracer retention (calculated as heart-to-whole
body ratio) is related to the severity of cardiac amyloid
deposition as expressed by LV parietal thickness and by
LV systolic/diastolic dysfunction [11];

e [*™Tc]-DPD myocardial uptake is of prognostic value
for predicting major adverse cardiac events (MACE, for
example myocardial infarction and sudden cardiac
death), either alone or in combination with LV wall
thickness [11].

A recent study performed in a large number of patients
not only confirmed the high sensitivity of [**™Tc]-DPD
scintigraphy in detecting TTR-related amyloidotic cardiac
involvement but also showed that SPECT imaging can
detect diffuse skeletal muscle uptake as a hitherto

unrecognized site that merits investigation as a target
organ in ATTR amyloidosis. This extensive soft-tissue
uptake may lead to a reciprocal reduction in bony uptake
due to masking of the bones [13].

[*™Tc]-HDP Other diphosphonates were also used to
study cardiac amyloidosis. Earlier studies comparing the
different diphosphonate bone-seeking agents did not show
any significant differences in diagnostic accuracy in bone
diseases [14, 15]. Therefore, probably the behaviour of the
different diphosphonates is also the same in patients with
amyloidosis. [*™Tc]-HDP was used in a group of patients
with ATTR amyloidosis in different phases of their disease
(carriers of an amyloidogenic TTR mutation, proven ATTR
amyloidosis with echocardiographically defined cardiac
amyloidosis, and ATTR amyloidosis without echocardio-
graphically defined cardiac amyloidosis), to relate the
findings to echocardiography, ECG, and cardiac biomark-
ers. All patients with proven cardiac amyloidosis showed
high diphosphonate heart uptake. So did eight out of 19
patients with ATTR without cardiac amyloidosis signs on
echocardiogram. Correlations were found between heart-
to-skull ratio on planar bone scintigraphy with troponin T
and heart-to-whole body ratio with left ventricular mass
index. In this study, bone scintigraphy detected cardiac
involvement in patients with ATTR amyloidosis prior to
echocardiographic evidence. Cardiac uptake on the bone
scan correlated with severity of cardiac involvement using
echocardiography, ECG, and biomarkers [16].

[*™Tc]-PYP Another phosphate derivate that has been
studied extensively for cardiac amyloidosis is [**™Tc]-
PYP. A number of a case reports since 1980 demonstrated
myocardial uptake of [**™Tc]-PYP in amyloid patients.
Despite this, [*™Tc]-PYP scintigraphy has not been vali-
dated as a method in identifying cardiac amyloid due to
variable sensitivities, lack of identification of amyloid
subtype in earlier studies, and failure of a quantitative
method for detecting myocardial amyloid [17-20]. More
recently, two studies provided interesting data, potentially
able to induce a clinical diffusion of this tracer.

The first study introduced a quantitative method, the
‘PYP score’, to assess the clinical utility of [gngc]-PYP
for the evaluation of cardiac amyloidosis [21]. In this
study, 13 subjects with heart failure due to amyloid (1 AL,
1 AA, 11 ATTR) and 37 subjects with heart failure due to
non-amyloid causes were analysed. PYP score, defined as
the ratio of myocardial mean counts to ventricular cavity
mean counts, was found to have a sensitivity of 84.6 % and
specificity of 94.5 % for distinguishing cardiac amyloido-
sis from non-amyloid causes of heart failure.

Recently, the second study reported the use of [**™Tc]-
PYP SPECT in 45 subjects (12 AL, 23 ATTR) with biopsy-
proven amyloidosis [22]. Cardiac retention was assessed
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with both a semi-quantitative visual score (VS) in relation
to bone uptake (0 = no cardiac uptake to 3 = high uptake
greater than bone) and by quantitative analysis by drawing
a region of interest (ROI) over the heart corrected for
contralateral counts and calculating a heart-to-contralateral
ratio (H/CL). The degree of cardiac tracer retention in the
heart correlated with left ventricular wall thickness and
mass. Subjects with ATTR cardiac amyloid had signifi-
cantly higher semi-quantitative cardiac VS than the AL
cohort, as well as a higher quantitative score. The authors
concluded that [*™Tc]-PYP cardiac imaging may be a
simple, widely available method to identify subjects with
ATTR-type cardiac amyloidosis. Despite potentially rele-
vant limitations (selection of patients with more advanced
cardiac amyloid and V122I mutation), this study suggests
that [99mTc]—PYP (already available in the USA) can help
physicians in recognizing TTR-related cardiac amyloidosis
and in discerning ATTR from AL amyloid

In summary, labelled diphosphonates play an important
role in the typing of amyloidosis and in diagnosing heart
involvement in patients with ATTR amyloidosis with
confidence. Cardiac involvement in ATTR patients may be
diagnosed earlier with bone scintigraphy in ATTR patients
compared to echocardiography.

PET tracers for imaging cardiac amyloidosis

Although PET/CT has advantages over conventional
nuclear medicine modalities (improved spatial resolution
and potential of quantitative measurements), the role of
PET/CT in cardiac amyloidosis is still limited. Currently
two studies and one case report, using three different ra-
diopharmaceuticals, involving cardiac amyloid deposits
have been published. The first study used N-[methyl-''C]2-
(4-methylamino-phenyl)-6-hydroxybenzothiozole ([''C]-
PiB), which is a tracer developed to visualize B-amyloid in
Alzheimer’s disease. The aim of this study was to visualize
and quantify cardiac amyloid deposits in ten (both AL and
ATTR) patients with systemic amyloidosis and to compare
the distribution of [''C]-PiB to five healthy control sub-
jects. To determine the relationship of [''C]-PiB to myo-
cardial blood flow (MBF), myocardial perfusion imaging
was performed using [''Cl-acetate. Cardiac [''C]-PiB
uptake was heterogeneous in patients, but significantly
higher compared to controls, with all control subjects
negative for cardiac tracer uptake. There was no relation-
ship between [''C]-PiB and MBF [6].

More recently, another study using a radiopharmaceu-
tical which was developed for imaging B-amyloid in the
brain, ['®F]-florbetapir, was published. Tracer uptake in
fourteen patients with biopsy-proven cardiac amyloidosis
was compared to five control subjects [23]. In concordance
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with the [''C]-PiB study, all amyloid patients and none of
the control subjects showed cardiac [18F]-ﬂ0rbetapir
uptake, suggesting that both tracers may be promising tools
to visualize cardiac amyloid involvement. Furthermore,
these authors suggest that based on cardiac ['*F]-florbetapir
retention index, ATTR patients could be distinguished
from AL patients. A disadvantage of the use of these PET
techniques is the need for dynamic imaging during 60 min
after injection. Furthermore, quantification is a laborious
process.

The case report describes the successful use of [“C]-
BF-227 in identifying cardiac amyloid deposits in a patient
with ATTR amyloidosis and comparing the tracer uptake to
a healthy control subject [24]. Finally, despite its value in
localized extra-cardiac amyloidosis, [ISF]-FDG is of no
value for cardiac involvement of systemic amyloidosis [25,
26].

Imaging cardiac sympathetic innervation

Myocardial adrenergic denervation, using ['**I]-MIBG, has
been shown to be present in patients with amyloidosis [27—
29]. In an indirect way, [1231]-MIBG visualizes the effect of
amyloid deposition in the myocardium. This technique
might be able to detect early cardiac denervation before
ongoing deposition of amyloid leads to actual heart failure.

Sympathetic nerve fibres interact with postsynaptic [-
adrenergic receptors on the cell membrane of myocytes
through norepinephrine. Norepinephrine is produced in the
presynaptic nerve terminals and stored in presynaptic
vesicles. After a stimulus, these vesicles release norepi-
nephrine into the synaptic cleft and subsequently norepi-
nephrine binds to the B-adrenergic receptors, resulting in
cardiac stimulatory effects.

['#*I]-MIBG is the result of chemical modification of the
false neurotransmitter analogue guanethidine and therefore
an analogue of norepinephrine. The uptake of ['*’I]-MIBG
occurs similarly to the uptake of norepinephrine: predom-
inantly by a specific uptake system (“uptake-1") and to a
much lesser extent by a non-specific uptake system (pas-
sive diffusion, “uptake-2”). Eventually, like norepineph-
rine, ['2*I]-MIBG is stored in granules of presynaptic nerve
terminals. In a normal situation, unlike norepinephrine,
['*1]-MIBG is not bound to receptors on the myocyte
membrane and thus not catabolized by monoamine oxidase
(MOA). Therefore, normally it is retained in these granules
[30, 31].

At present, planar (anterior view, scanning time
3-5 min) images, preferable using a medium-energy col-
limator, are made 15 min as well as 3-5 h after adminis-
tration of 111-300 (mean 185) MBq ['*’I]-MIBG. The late
planar images are often combined with SPECT images. A
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semi-quantitative assessment of the heart-to-mediastinum
ratio (HMR) is used to determine global uptake on the
planar images. The wash-out rate between these images
provides additional information and reflects the degree of
sympathicotonia [32, 33]. Although normal values for
HMR and wash-out rates seem to vary between age and
image acquisition, HMR values <1.6 as well as wash-out
rates >20 % indicate cardiac denervation [34].

The acquisition of SPECT has advantages for evaluating
abnormalities in regional distribution in the myocardium
[27-29, 35-37]. Usually, the reconstructed data are dis-
played in three planes (short axis, horizontal long axis and
vertical long axis), which is similar to that used in myo-
cardial perfusion SPECT.

Analogues to myocardial perfusion imaging, the use of
polar maps can be used to calculate extent and severity
scores for segmental defects. Comparing perfusion imaging
to [1231]—MIBG distribution provides extra information
about the presence or absence of mismatch patterns.
Myocardial ischaemia or infarction disrupts sympathetic
transmission, which may lead to denervation of a region
larger than affected by ischaemia only. Furthermore,
sympathetic nervous tissue is more sensitive to iscahemia
than cardiomyocytes. The presence of innervation/perfu-
sion imaging mismatches correlates with electrophysio-
logical abnormalities and increasing inducibility of
potential lethal dysrhythmia [38, 39].

[1231]-MIBG in cardiac amyloidosis

The use of ['*I]-MIBG is studied most intensively in patients
with hereditary ATTR amyloidosis with polyneuropathy. The
first reported cases showed no uptake in the heart on either
early or late images, indicating severe impairment of cardiac
sympathetic function [27, 35]. Subsequent larger studies of
patients with biopsy-proven cardiac amyloidosis confirmed
these findings. In some studies, these patients also underwent
rest myocardial perfusion scintigraphy using Thallium-201.
Patients with hereditary ATTR amyloidosis and polyneurop-
athy were found to have a high incidence of myocardial
adrenergic denervation despite normal myocardial perfusion,
LV function, and viability, which can be found early in cardiac
amyloidosis in the absence of clinically apparent heart disease
(Figs. 1, 2) [28, 29].

Furthermore, progression of sympathetic denervation
seems to stop after liver transplantation, since the HMR
before and after liver transplantation appeared to be not
different [36]. In this same study, early re-innervation
could not be measured within 2 years after liver trans-
plantation. However, conduction disturbances, ventricular
arrhythmias, and LV wall thickening were associated with
low ['*I-MIBG uptake and progressed after liver

transplantation. This may implicate progression of cardiac
amyloid infiltration after liver transplantation [40].

Compared to other imaging modalities for cardiac
involvement of amyloidosis, especially echocardiography,
['**1]-MIBG scintigraphy seems to be able to detect these
signs in an earlier stage of the disease [7]. In this study, late
HMR was significantly lower and wash-out rates were
significantly higher in patients with echocardiographic
signs of amyloidosis than in patients without these signs.
Furthermore, in ATTR patients with polyneuropathy but
without echocardiographic signs of amyloidosis, HMR was
lower than in patients with other types of amyloidosis (AL
and AA).

The most recent and largest study in ATTR patients
showed that late HMR was an independent prognostic
predictor of all-cause mortality [41]. The 5-year mortality
rate in patients with low HMR was 42 %, compared to 7 %
in patients with normal HMR. Eventually 53 of the 143
included patients underwent liver transplantation. Long-
term mortality in this subgroup was reduced (total group:
hazard ratio 0.32, p = 0.012), even in those patients with a
high risk of unfavourable outcome based on low HMR.
Therefore, ['**I]-MIBG scintigraphy can also be used as a
prognostic tool in ATTR patients.

The use of ['**I]-MIBG in only patients with AL-type
amyloidosis has hardly been studied. In fact only one major
study has been performed in which the presence of
impaired myocardial sympathetic innervation was related
to clinical autonomic abnormalities and congestive heart
failure in AL amyloidosis [37]. In this study, 25 patients
with biopsy-proven cardiac manifestation of AL amyloi-
dosis underwent autonomic function tests, echocardiogra-
phy, heart rate variability analysis, and ['*I]-MIBG
scanning. In patients with autonomic dysfunction, HMR
and wash-out rates were significantly decreased compared
to the patients without autonomic dysfunction. HMR was
significantly decreased and wash-out rate increased in
patients with heart failure compared to the patients without
heart failure. Therefore, myocardial uptake and turnover of
['*1]-MIBG in patients with AL amyloidosis are hetero-
geneous and seem to depend on the presence of both
congestive heart failure and cardiac autonomic
dysfunction.

We are not aware of studies performed in which only
patients with AA amyloidosis were scanned using ['?’I]-
MIBG for the detection of cardiac denervation.

Applications of nuclear imaging in the overall clinical
spectrum of cardiac amyloidosis

From the above review, it is evident that the contribution of
nuclear medicine imaging modalities, albeit consistent and
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Fig. 1 Normal ['*I]-MIBG scintigraphy in a patient with AL
amyloidosis: a early image acquired after 15 min after tracer
administration, b late image acquired after 4 h post injection. Both

Fig. 2 Abnormal ['**I)-MIBG scintigraphy in a patient with ATTR
amyloidosis. a Early image acquired after 15 min after tracer
administration, b late image acquired after 4 h post injection.

clinically relevant in general, varies considering the dif-
ferent radiopharmaceuticals and techniques, the different
stages of the disease’s history, and the heterogeneous
clinical needs of the physician treating the patient with
definite or suspected cardiac amyloidosis. Table 1 sum-
marizes this variable diagnostic and prognostic
contribution.

Patients with cardiac amyloidosis usually present with
clinical signs and symptoms of right-sided heart failure,
with progressive dyspnoea as the most common complaint
[42]. The diagnosis is based on histological proof from
endomyocardial biopsy, especially when amyloidosis is
limited to the heart. But this gold standard is limited to
centres with cardiopathology facilities, is an invasive pro-
cedure, and harbours a non-negligible risk of perforation
and bleeding, and typing of amyloid is fraught with errors.
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images show comparable tracer uptake. Early heart-to-mediastinum
ratio (HMR) 1.8, late HMR 1.7, wash-out 7 %

a Shows normal tracer distribution, whereas b shows evident decrease
in tracer accumulation. Early HMR 2.4, late HMR 1.8, wash-out 25 %

Identification of the aetiology has important conse-
quences for the management of cardiac amyloidosis. To
date, the gold standard for characterization of the under-
lying subtype, especially the differentiation between ATTR
and AL, is laser microdissection and analytical power of
tandem mass spectrometry-based proteomic analysis
(LMD-MS) [43]. This differentiation is important, since in
case of incorrect diagnosis of AL-type amyloidosis, che-
motherapy may be given in error. Nuclear medicine
modalities have the potential to visualize functional con-
sequences of cardiac amyloid infiltration, are able to dis-
criminate between AL- and ATTR-type amyloidosis with
high diagnostic accuracy, and may also be able to monitor
response to treatment (Table 1). Furthermore, results of
these scans can have prognostic implications of the pro-
gression of heart failure.
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Table 1 Overview of the most frequently used tracers for imaging cardiac amyloidosis and their clinical aims

Clinical aim Diphosphonates PET tracers 123 MIBG
(*™Tc-DPD/MDP/ 99mT¢-pyrophosphate "®F_florbetapir  ''C-PiB
HDP)
Physiological mechanism Amyloid deposits in Amyloid deposits in B-amyloid -amyloid Cardiac sympathetic
the heart the heart deposits deposits innervation
Soft tissue infiltration + ? + + -
Myocardial infiltration +++ ++ ++ () ++ (?) -
Early myocardial +++ ? ? ? +
involvement
ATTR versus AL ++4+ ++ ++ () - -
Cardiac sympathetic - - - - ++
denervation
Quantification of ++ +O ? ? -
amyloidotic burden
Response to therapy + ? ? ? ?
Prognostic stratification ++ ? ? ? +

Legend: ? unknown, or not enough evidence; — not applicable; + moderately applicable; ++ good applicable; +++ very good applicable

Functional consequences of amyloid infiltration can be
divided in vascular problems, systolic and diastolic dys-
function, and conduction and rhythm disorders. Amyloi-
dotic infiltration in the coronary arteries is a known
complication of systemic amyloidosis [44]. Consequences
of this vascular infiltration are not fully elucidated. Patients
can present with atypical chest discomfort; however, this
was previously considered to be related to heart failure
instead of myocardial ischaemia [42, 44]. Conventional
myocardial perfusion scintigraphy can be negative in
patients with cardiac amyloidosis. However, a myocardial
perfusion—sympathetic mismatch pattern (normal perfu-
sion with a defect on ['**I-MIBG scintigraphy)—may
indicate microvascular dysfunction as a result of coronary
amyloid deposits. The presence of microvascular dys-
function in patients with cardiac amyloidosis was recently
further established [45]. Twenty-one patients with cardiac
amyloidosis but without epicardial coronary artery disease,
and ten disease-control patients underwent myocardial
perfusion PET. The amyloidosis patients showed lower
myocardial blood flow and lower flow reserve, which could
be explanations for symptoms of chest pain.

Diastolic dysfunction is the most important functional
consequence, since it is the hallmark of restrictive cardio-
myopathy. Echocardiography is the modality of choice to
assess transmitral inflow. Radionuclide ventriculography,
or multiple gated acquisition (MUGA), also has the
potential to quantify for example time-to-peak filling and
peak filling rate [46]. However, this requires a special
acquisition and an experienced reader for interpretation.
For determining systolic function, MUGA can still be

considered the gold standard. Echocardiography and MRI
generally show similar results.

Syncope can be considered as a clinical presentation of
different types of conduction problems and arrhythmia.
First, it may be a consequence of bradycardia due to
amyloid infiltration in the conduction system. Secondly,
syncope can be a result of sustained ventricular tachycar-
dia. Third, it may be caused by hypotension due to auto-
nomic neuropathy or forward failure, sometimes
aggravated by overuse of diuretic drugs. Finally, it may be
the onset of sudden cardiac death due to electromechanical
dissociation rather than ventricular arrhythmia [47].
Nuclear medicine modalities are not able to visualize the
actual amyloid deposits in the conduction system. How-
ever, sympathetic innervation abnormalities assessed by
['**1]-MIBG scintigraphy can be considered as a conse-
quence of amyloid infiltration in the sympathetic nerve
system [27]. Furthermore, the aforementioned perfusion—
innervation mismatch can be considered as a risk factor for
developing ventricular arrhythmia.

Quantification of amyloidotic burden is an interesting
development in nuclear medicine. Up to recently, only
semi-quantitative assessment was possible for bone scin-
tigraphy and ['**I]-MIBG scintigraphy. In bone scintigra-
phy, heart-to-whole body ratios can be determined using
the total image counts corrected for kidney and bladder
uptake and residual activity at the injection site considering
as the whole-body uptake [8, 9, 16, 48]. Heart-to-skull ratio
was also proposed, with potential advantages over heart-to-
whole body ratios in those patients with other active
osteoblastic diseases (Fig. 3) [16]. Both semi-quantitative

@ Springer



152

Heart Fail Rev (2015) 20:145-154

methods correlate with echocardiographic parameters for
cardiac amyloidosis, and may even detect cardiac
involvement before echocardiography does [16]. These
semi-quantitative measurements may also be used to
compare the uptake in the heart in time. As a consequence,
it might be possible to monitor the results of therapy or
give an indication when to start therapy as the uptake is
increasing in time.

As stated before, HMR assessed by ['**1)-MIBG scin-
tigraphy may also show cardiac involvement before echo-
cardiographic parameters are positive [7]. Furthermore,
low HMR has shown to have prognostic consequences in
terms of 5-year survival [41]. Absolute quantification of
cardiac amyloidotic burden is now possible with the first

Fig. 3 Comparison of [**™Tc]-hydroxy-methylene diphosphonate
distribution in elderly patients with AL (a, no cardiac uptake) and
ATTR amyloidosis (b, intense cardiac accumulation). Both images
furthermore show uptake in degenerative changes and physiological
excretion through the urinary tract
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application of PET tracers [6, 23]. However, the prognostic
value of retention indices has to be determined in larger
clinical trials.

Future developments

There is an increasing need for (consensus-based) guide-
lines for image acquisition and image-based clinical deci-
sion making in patients with cardiac amyloidosis,
especially in those patients with negative results on echo-
cardiography. Furthermore, it is important to further
explore the diagnostic value of serial bone scintigraphy in
quantification, and to determine its role in disease pro-
gression and response to treatment in ATTR patients.

The introduction of hybrid camera systems makes
superposition of physiological and anatomical information
possible. The simultaneous acquisition of PET and MRI is
the most recent development in medical imaging. Evalua-
tion of cardiac amyloidosis has the potential to become a
unique application for PET/MRI, in which either modality
provides complementary information, especially since the
introduction of novel MRI sequences as non-contrast T1
mapping [49]. PET tracer retention at the location of sub-
endocardial delayed gadolinium enhancement or non-con-
trast T1 mapping may increase the positive predictive value
of the presence of cardiac amyloidosis on either PET or
MRI.

Finally, the combination of nuclear medicine modalities
with proteomics may be a field worthwhile for exploration.
In the subtypes of amyloidosis, different proteins are both
upregulated and downregulated. The background of this
alteration is yet not entirely clear and could either be
reactive due to the disease or related to amyloid deposits in
the microenvironment of the extracellular space. Proteo-
mics may teach us about the specific composition of
amyloid and surrounding tissue in order to develop new
tracers that specifically target cardiac amyloid [50, 51].
Realizing unambiguous imaging of cardiac amyloid may
fill two great clinical needs: early disease detection and
reliable monitoring of a treatment effect. Targeting these
proteins and visualizing their distribution in the body may
lead to new insights within amyloidosis in general.

Conclusion

Nuclear medicine modalities are well established in the
work-up of patients with cardiac amyloidosis and are of
value in the non-invasive assessment of early diagnosis,
underlying subtype, prognostic consequences and—in the
future—probably also for therapy evaluation.
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