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The Role of Nuclear Medicine in the
Diagnosis of Amyloidosis
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and Adriana Pereira Glavam

19.1 Introduction

Amyloidosis is a systemic infiltrative disease and when cardiac involvement is pres-
ent, the prognosis is always poorer. Cardiac Amyloidosis (CA) is characterized by
the extracellular deposition of misfolded proteins which aggregate as amyloid
fibrils. The most predominant types of CA are amyloid immunoglobulin light chain
(AL) and amyloid transthyretin (ATTR). The latter is further subtyped into heredi-
tary (ATTRv), which results from protein mutations, and wild type, in the past
known as senile type (ATTRw) [1].

The diagnosis of CA remains challenging. Endomyocardial biopsy is still consid-
ered the gold standard for diagnosing CA. Nevertheless, significant improvements in
noninvasive imaging methods have led to fewer cases where biopsies are required
[2—-6]. In this scenario, nuclear medicine has achieved a central role. Currently, myo-
cardial scintigraphy with bone-seeking tracers is the only noninvasive method
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capable of differentiating ATTR CA from AL CA which represents a paradigm shift
in diagnosis. It is important to highlight that although scintigraphy has become a
cornerstone of ATTR CA diagnosis, it must be evaluated in concomitance to mono-
clonal gammopathies test results [7]. Positron emission tomography associated with
computed tomography (PET/CT) has also emerged as a potential noninvasive
method to assess amyloid burden and response to treatment [8].

In this chapter, the authors propose a review of the current role of nuclear medi-
cine in the diagnosis and prognosis of ATTR CA alongside a discussion about future
directions in this promising field.

19.2 Imaging Targets in Cardiac Amyloidosis

Amyloid deposits in the myocardium interstice are the imaging direct targets to
diagnose, prognose, and type CA. It consists of insoluble b-pleated sheets of fibrils
formed from misfolded precursor proteins, as well as non-fibrillar components of
serum amyloid P (SAP), glycosaminoglycans, and calcium [4-9].

Nuclear medicine methods act on a molecular level and can directly (PET/CT) or
indirectly (scintigraphy and PET/CT) identify amyloid deposits, even before struc-
tural and functional changes can be observed on echocardiography or Cardiac
Magnetic Resonance (CMR). Early diagnosis impacts prognosis and nuclear medi-
cine can be a game-changer in this context [4-9].

Comprehending the pathophysiology encompassing CA is essential to explain-
ing imaging findings. Extracellular amyloid infiltration leads to remodeling of the
extracellular matrix and expansion of extracellular volume, rarefaction of capillary
density, edema, and changes in cardiomyocyte volume leading to thickening and
stiffness of ventricular walls. In the process of time, high ventricular filling pressure
causes ventricular dysfunction. Atrial wall infiltration may be present as well and
induces functional and electrical changes [10].

Typically, echocardiography and CMR can detect CA in the late stages of the
disease. Indirect targets for imaging findings are interstitial expansion (increased
ventricular and atrial wall thickness, late gadolinium enhancement, and abnormal
gadolinium kinetic), inflammation, and edema (increased T2 signal on CMR).
However, CMR can also direct imaging of amyloid fibrils using T1 maps. Moreover,
nuclear technics can image indirect targets as increased tissue calcium (scintigraphy
with bone-seeking tracers and 18F sodium fluoride PET) as well as the amyloid
fibrils themselves. Amyloid-binding PET tracers, such as C-11-PIB, F-18-
florbetapir, and F-18-florbetaben, are structurally like thioflavin-T and are supposed
to bind to the b-pleated sheet structure of the amyloid fibril [4, 9, 10].

19.3 Cardiac SPECT in the Diagnosis of Amyloidosis

The potential use of *™Tc-labeled bone-seeking tracers to diagnose CA has been
investigated for many years. Initial studies revealed high-diagnostic accuracy for
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CA. Even so, other authors described different results and the interest in this field of
work had diminished [11, 12]. Just recently, Perugini et al. demonstrated greater
binding avidity of 3.3-diphosphono-1,2-propanodicarboxylic acid (*"Tc-DPD) to
ATTR rather than AL which has renewed expectations regarding the noninvasive
diagnosis of ATTR CA [13].

Lately, ®™Tc-labeled myocardial bone-avid radiotracer has emerged as an essen-
tial tool for the diagnosis of ATTR CA. Technetium-99m pyrophosphate (*"Tc-
PYP), ®"Tc-DPD, and hydroxymethylene diphosphonate (*"Tc-HMPD) have all
shown high accuracy for imaging cardiac TTR amyloid [7].

The precise molecular mechanism behind differential uptake in ATTR and AL
CA is not well known, but has been postulated that it might be related to a higher
calcium content, i.e., microcalcifications in TTR amyloid fibrils. The phosphate
domains in those tracers are supposed to bind to calcium in transthyretin fibrils
[14-16]. It is important to point out that in the past years those tracers were primar-
ily used to detect myocardial necrosis. Animal models experiments have revealed
binding sites to bone-avid radiotracers such as microcalcifications, calcium depos-
its, and intracellular calcium PYP. Amyloid fibrils are mainly formed by the precur-
sor protein, heparan sulfate proteoglycan, and a calcium-dependent P-component
that holds fibrils together. Pepys et al. [14] suggest that the P-component could bind
to amyloid fibrils via a calcium-mediated mechanism elucidating the process under-
lying bone-seeking tracers uptake in CA as well. Afterward, Stats et al. [16] showed
microcalcifications in endomyocardial biopsies samples. ATTR fibrils usually have
a higher concentration of microcalcifications than AL, even so, in a few cases of AL
CA the amount of microcalcifications is comparable. This finding suggests a patho-
physiological basis to explain why patients with AL CA may have positive scans
and reassure the importance of always excluding plasma cell gammopathies.

PmTc-PYP is the only agent approved by the Food and Drug Administration
(FDA) to be used in ATTR CA diagnosis in the USA and is the most used in Brazil
as well. Tc-DPD and *"Tc-HMPD are currently the most used in Europe and
other countries. On this basis, studies comparing the accuracy of those agents are
scant in literature, but it seems they perform equally on ATTR CA diagnosis. As
well, grading systems and imaging protocols may differ in different countries [17,
18]. Of note, ®™Tc methylene diphosphonate (*"Tc-MDP) is currently used for
bone scintigraphy, but not recommended for ATTR CA diagnosis because of its low
sensitivity [13].

19.4 Imaging Protocols

Nowadays, *"Tc-PYP and *Tc-DPD are the most widely used radiotracers for the
diagnosis and prognosis of ATTR CA. Still, data about technical aspects regarding
how to image and interpret scans are not consistent in the published literature and
consequently not in clinical practice as well. Lately, Practice Points and Consensus
have been published in order to guide good practice [18-21].
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19.5 *"Tc-DPD Imaging Protocol and Interpretation

The only formal contraindication to the test is pregnancy, which is very unlikely in
daily practice since amyloidosis is a disease of older patients and no specific test
preparation is required. These recommendations apply to all three radiotracers
(*"Tc-PYP, ®"Tc-DPD, and " Tc-HMPD).

An activity dose of 10-20 mCi (370-740 MBq) of *™Tc-DPD is administered
intravenously. After 2 or 3 h of injection, a whole-body scan in the anterior and
posterior views and chest anterior and lateral views are acquired followed by chest/
cardiac single photon emission computed tomography (SPECT) imaging. Whenever
possible, a hybrid acquisition using SPECT/CT is advisable.

A visual or semiquantitative analysis can be done at 3 h of planar imaging.
Radiotracer uptake into the bones (rib) is compared to heart uptake and scored as
previously described by Perugini et al. [13]: grade O (no heart uptake and normal rib
uptake), grade 1 (heart uptake is mild and less than rib uptake), grade 2 (heart uptake
is moderate and equal to rib uptake), and grade 3 (heart uptake is high and greater
than rib uptake with mild or absent rib uptake). Heart uptake must be confirmed in
SPECT or SPECT/CT images. Scans showing visual scores of greater than or equal
to 2,1.e., 2 or 3 on SPECT images, are classified as positive and suggestive of ATTR
CA. The final diagnosis encompasses the exclusion of monoclonal gammopathy.

As the visual analysis is hugely dependent on observer proficiency, it performed
poorly when estimating the degree of amyloid burden [22]. In order to increase the
diagnostic accuracy of the test, Rapezzi et al. [23] described a quantitative analysis
that is performed by calculating the ratio between radiotracer uptake in the heart and
radiotracer uptake in the body: heart/whole-body ratio (H/WB). This method has
the advantage of quantitation of radiotracer retention, but requires a long time, since
a late whole-body imaging must be performed, and its value is not well-established
with SPECT. Interestingly, different from *"Tc-PYP scintigraphy, *™Tc-DPD
might have a role in detecting extracardiac AL when no heart uptake is revealed [24].

19.6 *"Tc-PYP Imaging Protocol and Interpretation

2mTc-PYP has been used for different purposes in clinical practice: bone scintigra-
phy, blood pool imaging for gastrointestinal bleeding, and radionuclide ventriculog-
raphy, and in the past for identification of myocardial infarction.

An activity dose of 10-20 mCi (370-740 MBq) of **Tc-PYP is administered
intravenously. After 2-3 h of injection, anterior and lateral chest planar imaging are
acquired, followed by a Cardiac SPECT imaging. Whenever possible, a hybrid
acquisition using SPECT/CT is advisable.

A visual or semiquantitative analysis can be obtained using planar imaging.
Radiotracer uptake into the bones (rib) is compared to heart uptake and rated as
previously described by Perugini et al.: grade O (no heart uptake and normal rib
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uptake), grade 1 (heart uptake less than rib uptake), grade 2 (heart uptake equal to
rib uptake), and grade 3 (greater than rib uptake with mild/absent rib uptake). Heart
uptake must be confirmed in SPECT or SPECT/CT images. Scans showing visual
scores of greater than or equal to 2, i.e., 2 or 3 on planar and SPECT images, are
classified as positive and suggestive of ATTR CA, in case of excluding monoclonal
gammopathy.

PmTc-PYP also allows quantitative analysis. Bokhari et al. [25] defined a simpler
technique based on drawing a circular region of interest (ROI) over the heart on the
anterior chest planar imaging and mirroring this ROI over the contralateral chest to
adjust for background and ribs. Heart -to-contralateral lung uptake ratio (H/CL) is
calculated as a ratio-of-heart ROI mean counts to contralateral chest ROI mean
counts. H/CL >1.5 at 1 h-imaging and H/CL >1.3 at 3-h imaging is highly accurate
to diagnose ATTR CA. Hence, some caution is needed when drawing the ROI, such
as size adjustment to maximize coverage of the heart without including adjacent
lung and avoiding sternal, ribs, and right ventricle areas in order to obtain reliable
ratios. Even so, H/CL may be falsely low or high in situations like prior myocardial
infarction and pleural effusion.

Some technical and pathophysiological considerations regarding bone-seeking
scintigraphy must be highlighted.

Planar imaging alone is limited in spatial resolution when compared to SPECT
or SPECT/CT: myocardial uptake cannot be differentiated from blood pool uptake,
overlying rib uptake may add counts to the region of the heart, and attenuation cor-
rection is not feasible. SPECT overcomes these limitations and should always be
performed [26]. Indeed, Régis et al. [27] showed that visual analysis on SPECT
imaging has led to less scans interpreted as equivocal when compared to quantita-
tive analysis (H/CL).

Hutt et al. [28] have demonstrated that myocardial and bone uptake over time is
distinct. As the peak of myocardial counts on planar images occurs after 1 of injec-
tion of ™ Tc-DPD followed by a progressive decline over time, bone counts increase
gradually and peak after 2-3 h. Therefore, 1-hour imaging is more sensitive, and 3-h
imaging is more specific for ATTR CA diagnosis. Similar kinetics is observed with
the other radiotracers. It is important to highlight that a 1-h imaging protocol is
equivalent to 3-h protocol since SPECT/CT images are incorporated which impacts
positively on patient comfort and laboratory outthought [29, 30].

19.7 Critical Points Concerning *"Technetium-Labeled
Cardiac Scintigraphy for Suspected Amyloidosis

The initial description of a semiquantitative visual assessment of planar images
based on comparing uptake between the bone (rib) and myocardium was proposed
by Perugini et al. [13]. The results showed that a grade 2 or 3 was 100% sensitive at
detecting ATTR cardiac amyloidosis and 100% specificity at differentiating ATTR
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from AL or unaffected controls. The utility of such a method to distinguish AL and
ATTR is crucial in the workup of amyloidosis patients [31], but some critical aspects
need to be highlighted to avoid mistakes:

1. Cardiac uptake with bone tracers is not specific for ATTR-CA. In a large cohort
of patients with AL CA, 99mTc-DPD scintigraphy showed cardiac uptake in
40%, including grade 2-3 in 10% of all patients (25% of those with cardiac
99mTc-DPD uptake) [32].

2. The reason for cardiac DPD/PYP/HMDP preferentially in ATTR-CA is not
determined. Despite some suggestions relating cardiac microcalcifications as a
possible explanation [16], this does not explain why 18F-NaF PET have a rela-
tively low sensitivity with high specificity [33]. 18F-NaF PET/MRI may have a
better diagnostic performance when semiquantification is used [34].

3. To avoid falsely classifying patients with AL-CA as ATTR-CA, it is always
required evaluation for AL amyloidosis by serum FLCs, serum, and urine immu-
nofixation in all patients undergoing 99mTc-PYP/DPD/HMDP scans for cardiac
amyloidosis [18]. Incorrect diagnosis leads to inappropriate therapy and worse
patient outcomes. The imaging physician must clearly communicate the need to
correlate imaging and laboratory findings to achieve correct diagnosis.

4. A negative scan does not exclude ATTR-CA. False negative is early disease with
mild infiltration. Also important is that certain specific genetic variants such as
Phe64Leu and Val30Met are not positive in bone tracer scans [35, 36]. Even
patients with severe myocardial infiltration may demonstrate a false negative
Tc-PYP scans as recently showed by Emory University group in patients with
Val122Ile ATTR-CA [36]. This emphasizes the need for genetic testing and
endomyocardial biopsy when there are inconsistent results in the clinical and
laboratory evaluation.

5. Planar imaging and H/CL ratio alone are insufficient for diagnosis of ATTR car-
diac amyloidosis. SPECT imaging is necessary to demonstrate myocardial
uptake of 9mTc-PYP/DPD/HMDP [18]. False positive results are commonly
derived from blood pool uptake. Recently, expert consensus recommendations
for multimodality imaging in cardiac amyloidosis were revised and the recom-
mended time between injection of 9mTc-PYP and scan 2- or 3-h imaging with
1-h imaging being optional.

6. Another important revision is that SPECT imaging is required in all studies (irre-
spective of time between injection and scan) to directly visualize tracer uptake in
the myocardium [18, 37].

7. Recent data now suggest that the use of cadmium zinc telluride (CZT) SPECT
for 99mTc-PYP/DPD/HMDP imaging is an alternative for planar imaging. New
studies are needed to establish if better quantification can be achieved with CZT
SPECT [37, 38].

8. New methods to improve the amyloid burden quantification in the myocardial
are crucially needed. Since the introduction of approved therapies for transthyre-
tin cardiac amyloidosis, there is a need to evaluate the direct effect of these
agents in stopping or reversing the amyloid deposition. 9mTc-pyrophosphate
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cardiac imaging using a CZT SPECT/CT scanner generated indexes such as
SUVmax and SUVmean, which can provide absolute quantitation of 99mTc-
pyrophosphate uptake [39].

Illustrative Cases

Case 1: Male patient with 74 years presenting with severe right heart failure
demonstrating moderate ascites without portal hypertension. Transthoracic echo-
cardiogram showed significant left ventricular hypertrophy (15 mm) and preserved
ejection fraction. 99mTc-pyrophosphate planar imaging (right) demonstrated car-
diac uptake higher than observed in ribs (Periguni score 3+). SPECT demonstrating
diffuse uptake in myocardium. This case is a true positive of cardiac amyloidosis.
After the adequate exclusion of monoclonal gammopathy, a diagnosis of ATTR-
cardiac amyloidosis can be correctly made.
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Case 2: Female patient with 52 years presenting with dyspnea and fatigue.
Transthoracic echocardiogram showed borderline left ventricular hypertrophy
(12 mm) and preserved ejection fraction. 99mTc-pyrophosphate planar imaging
(left) demonstrated cardiac uptake like the observed in ribs (Periguni score 2+).
SPECT demonstrating blood pool uptake and no accumulation in the myocardium.
This case is a false positive for cardiac amyloidosis.

19.8 False-Positive and False-Negative Scenarios
in Bone-Seeking Scintigraphy [2—4, 31]

As mentioned before, bone-seeking scintigraphy is a highly accurate method to
diagnose ATTR CA. However, some peculiar scenarios should always be considered.

Listed below are the major causes of false-positive and false-negative results
observed on bone-seeking cardiac scintigraphy.

Possible False-Positives of Scintigraphy for Detecting ATTR CA:

1. AL CA is the most common and important cause of misdiagnosis. Most clini-
cians are not familiar with the fact that nearly 20% of scans can be positive in
patients with AL CA or the screening to rule out is not or incompletely performed.

2. Blood pool uptake in planar images. Despite being not recommended, some labs
still use solely planar images to diagnose CA and a blood pool can be interpreted
as a positive scan. Cardiac uptake on planar images must always be confirmed in
SPECT or SPECT/CT images.

3. Rib fractures, valvular, and annular calcifications. In this case, these structures
may overlay the heart, thereby affecting H/CL results. Currently, H/CL alone is
not recommended to diagnose CA.

4. Myocardial infarction (acute or subacute). Focal uptake can be present, and scin-
tigraphy should not be used to diagnose CA in this early phase (<4 months).

5. Hydroxychloroquine cardiotoxicity requires histological confirmation.

6. Rare forms of CA like hereditary apolipoprotein Al.

Possible False Negatives of Scintigraphy for Detecting ATTR CA:

1. Early-stage disease. The myocardial infiltration can be minimal and not
detectable.

2. Some pathogenic TTR mutations. Phe64Leu, Val30Met, Se77Tyr, Glu61Ala.
Echocardiogram or CMR may show typical findings, but scintigraphy is nega-
tive. Endomyocardial biopsy, genetic testing, and sometimes PET/CT scans can
be helpful.

3. Myocardial infarction (chronic phase). Amyloid deposition and thus radiotracer
uptake will be present only in viable tissue. In the context of an extensive cardiac
scar, the degree of radiotracer uptake on planar imaging may be mild. However,
this can be reconciled using SPECT imaging.

4. Delayed or premature acquisition protocol. Labs should always perform scans
according to guidelines.
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19.9 Role of Cardiac SPECT in the Context
of Multimodality Imaging for Cardiac
Amyloidosis Diagnosis

Currently, the most applied noninvasive methods to diagnostic and prognostic pur-
poses in CA are echocardiography, CMR, and scintigraphy with bone-seeking trac-
ers[1,9, 10, 18].

Echocardiography is the first-line method used to assess CA because it is widely
available and of low cost. Typical echocardiographic findings in CA include biven-
tricular wall thickening, increased ventricular mass, normal to small ventricular
size, bi-atrial enlargement, diastolic biventricular dysfunction, and preserved ejec-
tion fraction (EF). In CA, left ventricular (LV) EF (LVEF) is preserved until late to
end-stage disease, but longitudinal LV contraction is impaired early in the disease
[40]. A regional pattern of strain with severe impairment at the mid and basal seg-
ments and relative apical sparing of longitudinal strain is sensitive (93%) and spe-
cific (82%) to differentiate CA from other causes of LV hypertrophy [41] and
abnormal global longitudinal strain is an independent predictor of poor survival in
both forms of CA [40, 42, 43]. Right ventricular (RV) involvement is most com-
monly observed in ATTR CA [9]. Unexplained RV thickening and impaired longi-
tudinal strain can be a red flag for initial disease and worse prognosis [44, 45]. RV
dilatation in end-stage disease also portends a worse prognosis [46].

CMR provides better spatial resolution than echocardiography, allowing
improved morphological and functional analysis. Besides, it is exceptional in tissue
characterization. Subendocardial or transmural late gadolinium enhancement (LGE)
is the most typical pattern [47, 48]. Sensitivity and specificity are 86% and 92%,
respectively [49]. LGE is highly prevalent (100% RV and 96% LV) and more exten-
sive in ATTR, but does not distinguish between CA forms. Nonetheless, it is a strong
predictor of mortality in both forms of CA [50]. A limitation of LGE is that it is not
simply quantifiable, which makes it inaccurate for tracking changes over time and
monitoring treatment. The newer quantitative technique of T1 mapping can over-
come this limitation and potentially detect amyloid infiltration earlier in the disease
process than LGE and follow changes over time as well monitoring treatment
response [50-53].

The only imaging modality that can accurately diagnose ATTR CA without the
need for invasive endomyocardial biopsy is nuclear scintigraphy using bone-seeking
radiotracers [7, 17].

Perugini et al. [13] have first described that ™ Tc-DPD scintigraphy is well accu-
rate for diagnosis and differentiates ATTR from AL in patients with documented
CA (LV thickness >12 mm identified in echocardiography). The presently known as
Perugini visual score was used to identify patients with ATTR CA. Some years later,
Hutt et al. [54] confirmed Perugini’s findings and also demonstrated that stratifica-
tion by Perugini grade of positivity had no prognostic value. Later on, other authors
have confirmed scintigraphy as an accurate diagnostic method even when other
types of bone-seeking tracers were used [25, 55].
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Rapezzi et al. [23] validated *™Tc-DPD scintigraphy as an early diagnostic
method, even before the appearance of echocardiography abnormalities and estab-
lished #Tc-DPD myocardial uptake (H/WB) as a prognostic determinant of cardiac
outcomes either alone or in combination with LV wall thickness.

In a multicentric study, Castano et al. [56] pointed out that semiquantitative data
obtained from *Tc-PYP scintigraphy were associated with worse survival and
consequently poor prognosis among patients with ATTR CA; and, that the test could
be reproducibly performed at multiple sites with high accuracy. Sperry et al. [57]
showed a pattern similar to apical sparing in scintigraphy too and also associated
with prognosis. Furthermore, absolute quantification using SPECT/CT might be
valuable for improving the diagnosis and prognosis of ATTR CA [58].

Quite a few studies have confirmed scintigraphy as an excellent method for early
diagnosis [23, 59]. However, the scintigraphy role in following up is still uncertain
[60]. In this context, data from CMR studies are very promising [61].

Gillmore et al. [7] have revolutionized clinical practice by proposing that ATTR
CA could be noninvasively diagnosed using bone-seeking scintigraphy. In this mul-
ticenter study involving 1217 patients with suspected CA, any myocardial radio-
tracer uptake (grade 1, 2 or 3) was >99% sensitive and 86% specific for detecting
ATTR CA, with false-positive cases being attributed to AL CA. Indeed, 30% of
patients with CA AL may have positive scans. Grades 2 or 3 of myocardial radio-
tracer uptake and the absence of monoclonal gammopathies in serum or urine had a
specificity and positive predictive value of 100% to detect ATTR CA. Of note, these
results were obtained in a population of patients with a high pretest probability of
CA: symptoms of heart failure and echocardiogram or CMR consistent with
CA. More studies are needed to confirm if these findings can be used in the general
population without all these characteristics of this population.

19.10 Myocardial Innervation Evaluation in CA

Cardiac dysautonomia is common in both types of CA (ATTR and AL types) [62].
This is due to amyloid infiltration into the myocardial and conduction tissue, result-
ing in conduction and rhythm disorders. Amyloid deposits impair the function of
sympathetic nerve endings. Disturbance of myocardial sympathetic innervations
may play an important role in the remodeling process. Imaging of myocardial inner-
vation in patients with amyloidosis has been mainly focused on visualizing the
effects of amyloidosis on the sympathetic nerve system [62, 63].

Conventional nuclear imaging by means of 123-Iodine-metaiodobenzylguanidine
("I-mIBG) is the most widely used modality for this indication [62]. It is a chemi-
cal modified analogue of norepinephrine that can detect myocardial innervation
changes [64]. '*I-mIBG cardiac scintigraphy is well-established in patients with
heart failure [65] and plays an important role in evaluation of sympathetic innerva-
tion in CA [18, 62].
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2[-mIBG is stored in vesicles in the sympathetic nerve terminals and is not
catabolized like norepinephrine [64]. Cardiac '®I-mIBG uptake can be evaluated
using both planar and tomographic imaging, thereby providing insight into global
and regional sympathetic innervation. Standardly assessed imaging parameters are
the heart-to-mediastinum ratio (HMR) and washout rate (WR), usually derived
from planar images. Decreased HMR 3-4 h after '»I-mIBG injection (late HMR)
and increased WR indicate cardiac sympathetic denervation and are associated with
poor prognosis [62, 64]. SPECT provides additional information and has advan-
tages for evaluating abnormalities in regional distribution in the myocardium [65].
12]-mIBG is mainly useful in patients with ATTRv CA and ATTRw CA, not in AA
and AL amyloidosis [62]. The potential role of PET for cardiac sympathetic inner-
vation in amyloidosis has not yet been identified [62, 66].

In a review paper that included 16 studies on this subject [62], the results were
summarized and divided into three main topics: the imaging of cardiac innervation
itself, the implications of this imaging method, and the relation with other nuclear
medicine imaging techniques in CA. In relation to the imaging of cardiac innerva-
tion, ATTRv type amyloidosis patients are studied most extensively, showing the
most pronounced reduced late HMR. Also, AL type amyloidosis patients tend to
have decreased late HMR compared to healthy control subjects; however, to a lesser
extent compared to both ATTRv CA and ATTRw CA type patients [62, 67-69]. In
a study with 61 CA patients (39 AL, 11 AA, 11 ATTR), late '*I-mIBG HMR was
lower and WR was higher in patients with echocardiographic signs of amyloidosis.
In ATTR CA patients without echocardiographic signs of amyloidosis, HMR was
lower than in patients with the other CA types (2.0 £ 0.59 vs. 2.9 + 0.50, p = 0.007).
Then, '*I-mIBG scintigraphy could detect cardiac denervation in ATTR CA patients
before signs of amyloidosis are evident on echocardiography [69]. However, due to
the large overlap of late HMR ranges in ATTR and AL type amyloidosis patients,
12T-mIBG scintigraphy is not capable of discriminating between these amyloidosis
subtypes [69].

Mean late HMR differs substantially between the different publications [62].
This variability is mainly due to non-homogeneity in'*I-mIBG imaging acquisition.
HMR varies between different gamma camera systems (venders), but more impor-
tantly between the application of low energy and medium energy collimators [62,
64]. Generally, HMR is higher on images acquired with medium energy collimators
compared to images acquired with low energy collimator [70]. Based on these dif-
ferences in HMR, cutoff values for the different collimators are proposed, as well as
conversion algorithms. Additional SPECT scanning may be of value in the evalua-
tion of regional cardiac sympathetic innervation abnormalities. Most patients (both
AL and ATTR type amyloidosis) with low HMR show reduced tracer accumulation
in the infero-postero-lateral segments [69]. Unfortunately, this may not be consid-
ered as a characteristic finding in amyloidosis patients, since a defect in '*I-mIBG
accumulation in the inferior myocardial wall is also reported in healthy control sub-
jects [71]. This is considered because of physiological '»I-mIBG accumulation in
the liver overprotecting the infero-posterior myocardial wall [18, 62, 64, 71].
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Concerning the clinical implications of this imaging technique, in patients with
heart failure, the ADMIRE-HF demonstrated that reduced late HMR is associated
with an increased risk of developing ventricular arrhythmia and is associated with
poor survival [72]. In fact, reduced late HMR is a stronger prognostic factor than
LVEEF for developing severe adverse cardiac events in patients with ischemic heart
disease [65]. In amyloidosis patients with impaired cardiac sympathetic innerva-
tion, decreased survival rates are also established [73]. Late HMR was identified as
an independent prognostic factor for 5-year all-cause mortality, with a 42% mortal-
ity rate for those patients with late HMR <1.60, compared to only 7% in patients
with late HMR >1.60 (hazard ratio 7.2, P < 0.001) [73].

In the AL type population, very little is known about the consequences of reduced
late HMR. Follow-up of the available studies in this population is too limited to
identify arrhythmogenic consequences of impaired cardiac sympathetic innervation
[62, 69]. Data on the contribution of reduced late HMR to cardiovascular outcome
measurements in patients with ATTR CA amyloidosis seem to be incomplete.
Moreover, the actual incidence of ventricular arrhythmia, sudden cardiac death, or
appropriate implantable cardioverter-defibrillator (ICD) shocks in amyloidosis
patients with impaired cardiac sympathetic innervation is not fully elucidated.
Therefore, the question whether amyloidosis patients will benefit from prophylactic
ICD remains unanswered [62].

In comparison to other nuclear medicine imaging techniques, cardiac '*I-mIBG
scintigraphy cannot discriminate between ATTR CA and AL CA as bone tracer
scintigraphy does. Moreover, since both ATTRw and ATTRv patients show
decreased late HMR, this exam alone could not differentiate between autonomic
neuropathy and cardiomyopathy. Bone tracer accumulation predominantly occurs
in ATTRw CA patients, probably as a result of the underlying cardiomyopathy. On
the contrary, patients with ATTRv type amyloidosis without cardiomyopathy tend
to show no myocardial bone tracer accumulation and normal biomarkers (N-terminus
pro-brain natriuretic peptide, and troponin-T) [62]. Within these patients, late HMR
is generally lower in the subgroup of patients with other symptoms of polyneuropa-
thy [74]. Future studies should focus on the possible additive value of bone scintig-
raphy in relation to '*I-mIBG scintigraphy in getting a better understanding of the
complementary contribution of neuropathy and cardiomyopathy to each other in
ATTR type amyloidosis patients [62].

19.11 Diagnostic Algorithms of Cardiac Amyloidosis

Guidelines and consensus support a non-biopsy diagnosis of ATTR CA using *™Tc-
PYP/DPD/HMDP scintigraphy. Gillmore et al. [7] showed that scintigraphy is
highly sensitive, but not so specific for ATTR CA diagnosis and most false-positive
scans were attributed to AL CA. Ruling out monoclonal gammopathies is essential.
There is no consensus if laboratory tests to exclude AL should be done before or
after scintigraphy is performed. It is important to point out that up to 40% of patients
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with ATTR CA can have a monoclonal gammopathy of unknown significance
(MGUS) and an endomyocardial biopsy is necessary to confirm ATTR CA [75].
After ATTR CA is confirmed, TTR gene sequencing and genetic counseling for
relatives are advised.

Some diagnostic algorithms of CA have been proposed [3, 6, 18]. Indeed, they
are quite similar. The most important difference is regarding when tests to exclude
gammopathies should be done, i.e., before scintigraphy or after.

19.12 Quantitative Studies to Assess Disease Activity
and Response to Therapy

PmTc-labeled bone-seeking tracers cardiac scintigraphy to diagnose and prognosis
ATTR CA is not an absolute quantitative method since visual and semiquantitative
analysis compare cardiac radiotracer uptake to other tissues.

Perugini et al. [13] demonstrated that visual analyses accurately discriminate
patients with ATTR CA from those with AL CA and controls. However, the Perugini
score was not a predictor of prognosis [54]. Of note, ATTR is a systemic disease and
abnormal protein deposits can be present in extracardiac sites. The main criterion
used to differentiate grade 2 from grade 3 of the Perugini score is the reduction in
bone uptake. So, in some cases, grade 3 might be related to extracardiac uptake
rather than true greater cardiac uptake. This hypothesis might explain why the visual
score has not been proven to be useful in risk stratification [58].

In order to improve the measurement of cardiac uptake of *"Tc-labeled bone-
seeking tracers, semiquantitative ratios, namely, H/CL and H/WB, have been pro-
posed. Yet, this technique still relies on extracardiac sites as comparators. Castano
et al. [56] described that H/CL has prognostic significance, but the cutoff value for
diagnosis and worse prognosis is narrow. Also, the role of H/WB is still uncertain
[76]. Accordingly, semiquantitative assessment did improve diagnosis but not
prognosis.

As postulated, the exact mechanism behind bone-seeking tracer uptake in ATTR
CA is not recognized, but it’s reasonable to assume that a greater cardiac amyloid
deposition may be associated with more scan uptake and consequently worse prog-
nosis and that changes in amyloid burden could be assessed by changes in radio-
tracer uptake. Planar imaging carries important limitations and SPECT is strongly
recommended to improve the diagnostic performance of scintigraphy. Recently, a
lot of effort has been made to develop SPECT-based quantitative techniques to eval-
uate burden amyloid as well as response to novel therapies [58].

At the present time, absolute quantitation of myocardial uptake can be assessed
by SPECT. Quantitative SPECT images can be reconstructed using proper commer-
cially available software, CT-based attenuation correction, scatter correction, and
iterative reconstruction technique. Comparable with PET, the images represent
parametric maps of radiopharmaceutical distribution with units of kBg/mL



206 C. T. Mesquita et al.

standardized to the time of injection and can be corrected for injected dose and
volume of distribution to give standard uptake value (SUV). Cardiac metabolic
activity (CMA) and cardiac metabolic volume (CMV) also can be used to assess
amyloid burden [50].

Ramsay et al. [77] demonstrated that quantitative HDP SPECT/CT can discrimi-
nate between individuals with cardiac ATTR from the population without this dis-
ease (p = 0,002). The SUV maximum (SUVmax) was sufficiently similar between
individuals without cardiac ATTR that a 99% reference interval for HDP uptake
could be calculated, providing an upper limit cut point of SUVmax 1.2. Individuals
with cardiac ATTR had SUVmax well above. Still, its role in disease management
warrants further assessment.

In a single-center, retrospective analysis of *™"Tc-DPD scans, Scully et al. [78]
showed that SPECT/CT quantification is possible and outperforms planar quantifi-
cation techniques. Moreover, SUV retention index differentiates Perugini grade 2 or
3 and may be an important tool to monitor response to therapy.

Miller et al. [79] assessed the diagnostic accuracy and clinical significance of
PmTc-PYP quantitation. Radiotracer activity in the myocardium was calculated
using cardiac pyrophosphate activity (CPA) and volume of involvement (VOI)
activity. CPA had the highest diagnostic accuracy (AUC 0.996, 95% CI 0.987-1.00)
and was significantly higher compared to the Perugini score (AUC 0.952, P=0.016).
Quantitative assessment of myocardial radiotracer activity with CPA or VOI has
high diagnostic accuracy for ATTR-CM. Both measures are potential noninvasive
markers to follow the progression of disease or response to therapy.

Dorbala et al. [39] were pioneers in demonstrating that absolute quantification is
possible to be done using *"Tc-PYP-Cadmium-Zinc-Telluride-Based SPECT/CT.

19.13 Myocardial Blood Flow Evaluation in CA

Coronary microvascular dysfunction (CMD) can result from structural and func-
tional abnormalities at the intramural and small coronary vessel level affecting cor-
onary blood flow autoregulation and consequently leading to impaired coronary
flow reserve (CFR) [80]. Endothelial and CMD often coexist with epicardial coro-
nary artery disease (CAD), but are also commonly seen in patients with various
forms of heart disease, including CA [18, 80-82].

Interstitial and perivascular amyloid deposits may compress coronary microves-
sels, thereby increasing coronary microvascular resistance. Increased LV mass may
reduce capillary density and decrease diastolic perfusion from high LV filling pres-
sures. Autonomic dysfunction may also result in vasomotor dysfunction [80].
Angina without epicardial CAD has been well-described in patients with amyloido-
sis [83]. Myocardial perfusion abnormalities can be detected in patients with AL
and ATTR CA and may precede the clinical diagnosis of CA [83].
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Dorbala et al. [81] studied 31 patients, including 21 with definite CA without
epicardial CAD and 10 patients with hypertensive left ventricular hypertrophy
(LVH). All of them underwent rest and vasodilator stress N-13 ammonia PET and
2D echocardiography. Global LV myocardial blood flow (MBF) was quantified at
rest and during peak hyperaemia, and CFR was computed (peak stress MBF / rest
MBF) adjusting for rest rate pressure product. Compared to the LVH group, the
amyloid group showed lower rest MBF (0.59 + 0.15 vs. 0.88 + 0.23 mL/g/min,
P =0.004), stress MBF (0.85 £0.29 vs. 1.85 + 0.45 vs. mL/min/g, P <0.0001), CFR
(1.19 = 0.38 vs. 2.23 + 0.88, P < 0.0001), and higher minimal coronary vascular
resistance (111 £ 40 vs. 70 = 19 mm Hg/mL/g/min, P = 0.004). Additionally, more
than 95% of all amyloid subjects presented significantly reduced peak stress MBF
(<1.3 mL/g/min). In multivariable linear regression analyses, a diagnosis of amyloi-
dosis and increased LV mass and age were the only independent predictors of
impaired coronary vasodilator function. Absolute MBF and CFR were substantially
reduced in patients with CA, despite absence of epicardial CAD [81].

CMD from amyloid deposits may potentially explain a greater vulnerability of
these individuals to ischemia and subclinical impairment of LV systolic function
[80]. Myocardial ischemia from CMD may predispose some of these patients to
sudden cardiac death. More studies are required to understand whether CMD
improves after successful anti-amyloid therapy.

19.14 PET Tracers for Amyloid Detection and to Evaluate
Disease Progression

PET is another nuclear technique that can be used to evaluate CA. Literature data
about the role of this technique to assess CA are scant when compared to scintigraphy
with bone-seeking tracers, but still very promising. PET imaging offers the advantage
of higher spatial resolution and allows absolute quantification of amyloid burden and,
therefore, changes after treatment. Two classes of PET radiotracers may be used: 18F
Sodium Fluoride ('®F-NaF) and amyloid-binding radioactive tracers [9, 17].

19.14.1 '8F-Sodium Fluoride

8F-Sodium Fluoride (*®F-NaF) was used in the past for prostate cancer screening
and has been studied more recently in CAD as a novel method to predict cardiac
events. Like bone-seeking tracers used in scintigraphy,'®F-NaF also binds to micro-
calcifications, so it is reasonable to assume that it could be used to detect CA and
differentiate ATTR from AL CA. Also, Castano et al. [60] demonstrated that



208 C. T. Mesquita et al.

bone-seeking tracer scintigraphy is not currently useful to monitor response to treat-
ment and '8F-NaF could be useful in this scenario.

Morgenstern et al. [84] showed that '8F-NaF is an effective PET radiotracer to
image ATTR CA. Qualitative and quantitative analysis demonstrated higher uptake
in ATTR CA when compared to AL CA patients and controls.

Martineau et al. [85] examined the sensitivity of '8F-NaF PET to detect ATTR
CA. Although the degree of myocardial uptake was significantly greater in ATTR
patients compared to AL and control subjects, it was low and inferior to the blood
pool leading to a modest sensitivity when qualitative and quantitative methods were
used, 57% and 75% respectively. These findings were quite different from those
obtained with scintigraphy [7]. Zhang et al. [86] were pioneers in comparing the
sensitivity of '®F-NaF PET in detecting CA to that of **Tc-PYP. Both qualitative
and quantitative analyses showed that PET sensitivity was significantly inferior to
that of ®"Tc-PYP. So, currently, data do not support the use of ®F-NaF PET to
diagnose ATTR CA.

19.14.2 Amyloid PET Tracers

Amyloid-binding radioactive tracers were originally developed to image brain beta-
amyloid deposits in patients with Alzheimer’s disease, but recently, some studies
have demonstrated its capacity to bind to cardiac amyloid deposits and opened a
new field of investigation. These tracers are structurally like thioflavin-T and bind to
the beta-pleated motif of amyloid fibril irrespective of the precursor amyloid protein
[9] '"C-Pittsburgh Compound-B (''C-PIB) and '8F-labelled agents such as
8F-florbetapir and '8F-florbetaben have been successfully used to assess Alzheimer’s
disease and more recently as a new technique to diagnose CA [87].

Antoni et al. [88] demonstrated that !'C-PiB can accurately differentiate controls
from patients with confirmed CA. However, it was not capable of differentiating
ATTR from AL CA. Later on, Rosengren et al. [89] showed that 'C-PiB could also
accurately distinguish AL from ATTR CA patients since quantitative methods have
shown that radiotracer uptake was significantly higher in AL CA. However, the need
for an onsite cyclotron for production, due to its short half-life, limits its availability
and clinical use.

18F-labeled amyloid imaging tracers have a longer half-life, thus, allowing their
use in laboratories without a cyclotron. Initial studies using '®F-Florbetapir [90, 91]
have demonstrated a significant radiotracer uptake in patients with CA and no
uptake in controls. Although uptake was higher in AL than in ATTR CA, it was not
sufficient to discriminate AL from ATTR CA. Studies using '8F-Florbetaben have
demonstrated similar findings [92]. More recently, Genovesi et al. [93] demon-
strated in a prospective study that '®F-Florbetaben uptake over time was signifi-
cantly higher in patients with AL CA than in ATTR CA allowing type differentiation.
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Importantly, only amyloid-binding PET tracers can adequately image AL CA and
identify systemic amyloid deposits.

Regarding the response to therapy, initial data are promising, but more studies
are needed to warrant its clinical use [9].

In conclusion, further large multicenter studies would be necessary to substanti-
ate the diagnostic accuracy of PET for the detection of CA [94].

19.15 Future Perspectives

Certainly, we have learned much about CA over the past few years. Great achieve-
ments in multimodality imaging methods have led to the noninvasive diagnosis of
ATTR CA in a substantial number of patients. Meanwhile, improvements in clinical
treatment, with novel drugs, brought the opportunity for better outcomes. Even so,
some uncertain issues demand further investigation.

Bone-seeking tracers scintigraphy has proved to be highly accurate in the diag-
nosis of ATTR CA, but these data were obtained from a population with a high
likelihood of disease. May we extrapolate to a less selected one? Is the method
accurate for screening in patients with aortic stenosis or bilateral carpal tunnel syn-
drome, currently known as red flags of disease? Its utility remains unproven and
ongoing studies will provide insight into this matter. In this respect, the implementa-
tion of appropriate screening programs for ATTR CA is also mandatory to increase
awareness of the disease.

A better understanding of amyloidogenesis pathophysiology and differences
between the phosphate-derived radiotracers with respect to diagnosis, subtyping,
and prognostication of ATTR is crucial. Also, technical refinements on scan acquisi-
tion and standardization of radioisotope dose, incubation time, and analytic ROI
methods are needed.

SPECT and PET/CT are promising tools for quantification and assessment of
response to therapy, but more robust data are needed to define their accuracy and
additive value to the care of patients with cardiac amyloidosis.

Clinical Case

A 70-year-old-male with a history of hypertension, diabetes, and dyslipidemia pre-
sented with progressive exertional dyspnea that had persisted for the previous
month. Bilateral Carpal Tunnel Syndrome Operation in 2013. Patient was admitted
to the cardiac care unit for acute heart failure (HF) in the New York Heart Association
(NYHA) class IV. Transthoracic echocardiogram revealed bi-atrial enlargement.
Normal ventricle size. Severe concentric left ventricular hypertrophy (19 mm), pre-
served overall systolic biventricular function (Fig. 19.1). Impaired relaxation and
elevated filling pressures with restrictive mitral inflow pattern were consistent with
diastolic dysfunction grade III. Mild mitral and tricuspid regurgitation were also
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noticed. A pattern of apical sparing on the longitudinal strain was observed too
(Fig. 19.2). A Cardiac MRI was pursued and depicted heterogeneous subendocar-
dium late gadolinium enhancement encompassing atrium, interatrial septum, inter-
ventricular septum, and right and left ventricles consistent with infiltrative disease
(Figs.19.3 and 19.4). Cardiac amyloidosis was suspected and 99mTc-PYP scintig-
raphy was performed. Planar images showed abnormally increased radiotracer
activity in the heart (Perugini grade 3) with a calculated heart-to-contralateral ratio
(H/CL) of 1.7. (Fig. 19.5) SPECT/CT images confirmed uptake throughout the
myocardium and right ventricle (Figs. 19.6 and 19.7). Gamophathies were excluded.
Genetic testing showed the mutation Val142Ile confirming ATTR CA.

Fig. 19.1 Echocardiogram
4-chamber view (Author’s
personal archive)

Fig. 19.2 Bull’s eye strain
showing preservation of GS=6.1%
apical deformity. (Author’s
personal archive)
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Fig. 19.3 Diffuse
subendocardial LGE in
4-chamber CMR (Author’s
personal archive)

Fig. 19.4 Diffuse
subendocardial LGE in
short axis CMR (Author’s
personal archive)

Fig. 19.5 99m-Tc-PYP
anterior planar Image
showing cardiac uptake
greater than ribs (Perugini
grade 3) and H/CL = 1.7
(Author’s personal archive)
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Fig. 19.6 SPECT imaging showing diffuse uptake throughout the myocardium and right ventricle
(Author’s personal archive)

Fig. 19.7 Fused SPECT/CT imaging (Author’s personal archive)
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