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Abstract

Amyloidosis is a disease characterized by the deposition of amorphous protein material in the extracellular space
which leads to progressive dysfunction of the affected organ. The forms of amyloidosis that most frequently involve
the heart are transthyretin amyloidosis (ATTR) and immunoglobulin light chain amyloidosis (AL). Nuclear
medicine offers numerous imaging techniques for the evaluation of patients with cardiac amyloidosis, and in the
last decade osteophilic tracer scintigraphy has assumed a fundamental role in the diagnostic process of this
disease. New PET radiopharmaceuticals for the detection of amyloid deposits are proving very effective in
diagnosing the presence of AL amyloidosis and could soon allow a differential diagnosis without the need for
invasive and potentially risky techniques such as endomyocardial biopsy.

Keywords: Amyloidosis, SPECT, PET, ATTR, AL

INTRODUCTION

Amyloidosis is an infiltrative and restrictive disease due to interstitial deposition of misfolded proteins
which leads to organ damage and functional impairment. In most patients with cardiac amyloidosis, the
diagnosis is made only in advanced clinical stages when ventricular function is so compromised that most
of the therapeutic strategies are useless; a correct and prompt clinical diagnosis remains the only possibility
to improve the outcome of this pathology, which is not as rare as was believed in the past. Nuclear medicine
allows, in a non-invasive way, obtaining information on ventricular perfusion, function, and innervation;
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myocardial metabolism; and the presence of amyloid deposits. The diagnosis of cardiac amyloidosis
requires the evaluation of clinical and bio-humoral parameters a series of instrumental evaluations, and
often a bioptic confirmation, sometimes by endomyocardial biopsy.

For the diagnosis of transthyretin cardiac amyloidosis (ATTR), it is now possible to perform a scintigraphic
evaluation using bone-seeking radiopharmaceuticals labeled with metastable technetium 99 (99mTc-PYP,
99mTc-DPD, and 99mTc-HMDP); this approach, when a monoclonal disease is excluded, allows a
definitive diagnosis without the need for a histological examination.

When the scintigraphy with osteotropic radiopharmaceuticals is negative or in the presence of a
monoclonal disease, the definitive diagnosis of cardiac amyloidosis cannot be reached without performing
further instrumental investigations and eventually with a bioptic confirmation.

In the last 10 years, the development of new PET radiopharmaceuticals for the detection of amyloid deposits
has opened a new path for the differential diagnosis of cardiac amyloidosis.

VENTRICULAR PERFUSION

Patients with cardiac amyloidosis (CA) can have anginal symptoms in the absence of coronary artery
disease, as amyloid deposition leads to alterations of the endothelial function and microvascular dysfunction
before the onset of pseudo-hypertrophy. Cardiac scintigraphy with Thallium-201 (201Tl) and 99mTc-
labeled radiopharmaceuticals (Sestamibi and Tetrofosmin) is a very accurate diagnostic tool of wide clinical
use for the evaluation of myocardial perfusion and viability, but its use in CA has been limited to a few
observations”. Myocardial bone-seeking radiotracer uptake has been observed in a patient without any
scintigraphic evidence of myocardial ischemia and with impaired ejection-fraction", suggesting that
combined imaging may be useful in assessing the extent of organ damage. Kodama et al.'" evaluated 5
patients with CA and 12 control subjects by 201T1 cardiac scintigraphy, demonstrating that myocardial
regions affected by amyloid deposition are characterized by a mixture of viable and necrotic tissue; 210T1
washout was significantly increased in CA patients compared to control subjects, particularly in 4 patients
who died within a year. The less evidence for the use of perfusion scintigraphy in the evaluation of patients
with CA explains its limited clinical use in this kind of patients.

VENTRICULAR FUNCTION

The first nuclear image of CA was obtained in 1968 by Wolfgang Hauser; the author performed a radio-
isotopic ventriculography [blood pool gating (BPG)] with 99mTc-labeled serum albumin in a patient with
autoptic diagnosis of CA. BPG was used for the identification of pericardial effusion, and the researcher
noticed that the patient showed an increased inter-ventricular septum thickness which was described as a
scintigraphic sign of infiltrative heart disease”. BPG can provide other parameters such as times and rates of
ventricular filling and emptying; these parameters have been used in the differential diagnostics between
cardiac and pericardial restrictive pathologies. Gerson et al.” observed that patients with pericardial
constriction showed higher peak filling rate values when compared to patients with restrictive heart disease.
Hongo et al.” used BPG to evaluate left ventricular diastolic function in 17 patients with familial
polyneuropathy, demonstrating a lower peak filling rate associated with a significant delay in ventricular
filling when compared to a control group. More recently, Clements et al.”) evaluated the differences in
ventricular filling rate among three groups of patients with pulmonary disease, cardiac amyloidosis, and
pericarditis and a control group, concluding that variations in ventricular filling rate can be used for
differential diagnosis. Nowadays, gated-SPECT with 99mTc-Tetrofosmin or 99mTc-Sestamibi is a widely
used technique to obtain perfusion and function parameters, and it also allows obtaining data on diastolic
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function, which is often compromised earlier than systolic function in patients with CA. However,
radiation-free morphological imaging, such as cardiac echocardiography and magnetic resonance, is to be
preferred in defining ventricular function of patient with known or suspected AC.

METABOLISM

The study of cellular metabolism with conventional nuclear medicine techniques using
radiopharmaceuticals such as 123I-B-methyl-iodophenyl-pentadecanoic acid (123I-BMIPP) and 99mTc-
pentavalent dimercaptosuccinic acid (99mTc-V-DMSA) has also been evaluated for the diagnosis of
CAP". Despite the promising results of these methods, the use of these radiopharmaceuticals in clinical
practice has not become common due to their limited availability and the non-optimal quality of the images
obtained.

In nuclear medicine, the predominant role in the study of cellular metabolism is certainly played by PET
with 18F-FluoroDeoxyGlucose (FDG); this radiopharmaceutical is widely used for PET studies in oncology,
as the degree of tissue uptake of the radiopharmaceutical is directly related to the cellular glycolytic activity
and, consequently, the degree of disease activity and its degree of de-differentiation.

Despite the widespread availability of PET/CT scanners and FDG, there is little evidence in the literature on
the usefulness of the study of glucose metabolism in CA, which is limited to case reports'"'?.

Since the vital myocardium physiologically metabolizes glucose as an energy substrate, PET studies for the
evaluation of CA should require a specific preparation by means of a low-carbohydrate and high-fat diet in
the 12 h preceding the examination to obtain a shift of the myocardial metabolism towards fatty acids: in
this way, areas of FDG uptake could be referred to pathologic processes related to the presence of amyloid

similarly to what is described for cardiac sarcoidosis"™.

In any case, the presence of FDG uptake areas would not be a direct sign of the presence of amyloid
substance but possibly an indirect sign linked to the presence of inflammation; due to its reduced specificity,
this technique has not found wide use in the diagnostic process of CA.

MYOCARDIAL INNERVATION

Patients with amyloidosis often develop degeneration of cardiac autonomic innervation, which leads to
cardiac rhythm alterations; this occurrence is frequent in patients with ATTR, particularly in hereditary
forms, and with AL.

123I-metaiodobenzylguanidine (123I-MIBG) is a chemically modified analog of noradrenaline which is
stored within the presynaptic vesicles of the sympathetic terminations which allows a non-invasive
assessment of myocardial innervation. Tanaka et al."” demonstrated that, in patients with a familial form of
amyloidosis, myocardial sympathetic denervation could occur even before the development of
pseudohypertrophy or left ventricular dysfunction. Patients suffering from AL amyloidosis with cardiac
involvement also have a reduction in cardiac uptake, but it is less than that of healthy controls or those of
transthyretin forms"*"”; however, since the degree of denervation presents an extensive overlap between AL
and ATTR forms, it is not possible to use 123-MIBG scintigraphy to formulate a differential diagnosis
between the two types of CA"”. However, the presence of impaired cardiac sympathetic innervation is a
worsening prognostic factor and 123I-MIBG scintigraphy can provide important information on patient’s
outcome; in fact, the reduction of the heart/mediastinal uptake ratio has been shown to be an independent
prognostic indicator with a 42% increased mortality in patients with H/R < 1.6""*. Despite these interesting
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results, 1231-MIBG scintigraphy is rarely used in the diagnostic work-up of CA.

RADIOPHARMACEUTICALS FOR AMYLOID SUBSTANCE

All amyloid deposits contain a non-fibrillar glycoprotein called the “P component of the amyloid”. The P
component of serum amyloid labeled with 1231 (123I-SAP) is a scintigraphic radiopharmaceutical which
binds to all types of amyloidogenic fibrils and can be used to identify the presence and distribution of
amyloid deposits>*". Hazenberg et al.” evaluated the diagnostic accuracy of this method: the sensitivity
was 90%, 90%, and 48% in subjects with biopsy evidence of AA, AL, and ATTR amyloidosis, respectively,
with a specificity of 93%. Nevertheless, cardiac involvement was not identified in any patient. For this
reason, in addition to the poor quality of the images obtained, the cost of the radiopharmaceutical, and its
limited availability in many countries, 1231-SAP is not widely used for the assessment of CA.

A radiopharmaceutical that is more available, more easily labeled, and with a more favorable energy peak
and has been used in the past is 99mTc-aprotinin. Aprotinin is a protease inhibitor which accumulates in
the tissues affected by amyloid substance deposition and can allow visualizing CA®". Unfortunately, even
this radiopharmaceutical has not been shown to have a high binding specificity for amyloid deposits in the
heart; in fact, in patients with biopsy-proven CA, the identification rate of cardiac involvement was between
36% and 44% .

Positron-emitting radiopharmaceuticals with binding affinity for amyloid all originate as in vivo tracers of
cerebral beta-amyloid deposits for diagnostic confirmation of Alzheimer’s disease; some of these
radiopharmaceuticals have subsequently also shown binding affinity for myocardial amyloid, both in the
context of a systemic amyloidosis with cardiac involvement and in the case of isolated CA.

The first PET radiopharmaceutical for the study of amyloid deposits was patented in the early 2000s under
the name of Pittsburgh Compound B (PiB); this radiopharmaceutical is a derivative of Thioflavine T (a dye
for histological preparations that binds specifically to amyloid deposits) and is labeled with 11C*\. The first
prospective study performed on a small group of subjects to evaluate the usefulness of PiB in the diagnosis
of CA was published in 2013"". In this study, the authors described a significant early myocardial uptake of
the radiopharmaceutical (approximately 15-25 min after injection) in all 10 patients with amyloidosis and in
no control subjects (1 = 5), suggesting a possible use of this method for the diagnosis of cardiac involvement
in the case of systemic amyloidosis. Unfortunately, the short decay time of 11C allows the use of this
radiopharmaceutical only in centers equipped with a cyclotron.

Since 2009, some PET radiopharmaceuticals labeled with 18F with high affinity for beta-amyloid have been
developed. The first of these new radiopharmaceuticals is 18F-Florbetapir, a structural analog of stilbenic
dyes used in histology™; as for PiB, this radiopharmaceutical has also been developed for the in vivo
diagnosis of AD and studies performed in humans have demonstrated its usefulness in this sense, making it
the first available 18F-labeled PET tracer for brain amyloid***”. The first pilot study demonstrating the
affinity of 18F-Florbetapir for myocardial amyloid deposits was published in 2014""; the authors evaluated
14 subjects including 9 patients with cardiac amyloidosis and 5 control patients with non-infiltrative
hypertrophic cardiomyopathy. Patients with cardiac amyloidosis showed significantly greater myocardial
uptake of the radiopharmaceutical than controls both in SUV values and in target-to-background ratios;
image analysis did not allow a differential diagnosis between AL and ATTR, but the higher myocardial
retention index in the group of patients with AL suggested a higher avidity of AL than ATTR for
Florbetapir.
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Another 18F-labeled PET radiopharmaceutical for in vivo detection of amyloid deposits is 18F-
Flutemetamol. This radiopharmaceutical is a structural analog of PiB offering much wider accessibility for
both clinical and research use due to its longer physical half-life””. The first observation of myocardial
uptake of 18F-Flutemetamol in CA was published in 2014 and referred to a single case of AL compared with
2 healthy volunteers"; a pilot study performed in 2019 on nine patients with amyloidosis compared with 3
control subjects described a significantly greater myocardial accumulation of the radiopharmaceutical in
subjects with cardiac amyloidosis compared to controls’. More recently, Mockelind et al.”” evaluated the
use of 18F-Flutemetamol in a group of 21 selected patients affected by a hereditary form of ATTR with
negative osteophilic tracer scintigraphy compared with 6 control subjects. Patients with ATTR showed high
myocardial radiopharmaceutical uptake, and the method was able to identify patients with high accuracy
(sensitivity, 88%; specificity, 100%). Mockelind et al.”” concluded that this method could be useful for the
evaluation of patients with clinical suspicion of ATTR and negative 99mTc-DPD scintigraphy.

The last radiopharmaceutical labeled with 18F for in vivo detection of amyloid deposits is 18F-
Florbetaben"”. This radiopharmaceutical has also been shown to have affinity for cardiac amyloid deposits,
and, in 2016, the first study in this area was published”". In this pilot study, the authors compared a
heterogeneous group of patients with CA (5 AL and 5 ATTR) with a control group consisting of patients
with hypertensive heart disease; they concluded that this radiopharmaceutical may represent a promising
tool for the diagnosis of cardiac amyloidosis, without any evidence of its ability to differentiate between AL
and ATTR.

More recently, Kircher et al.” evaluated the diagnostic performance of 18F-Florbetaben in a group of 14
patients with CA (5 ATTR, 8 AL, and 1 AA) and 8 patients with cardiomyopathy. In 4 patients, they were
also able to evaluate the PET/CT data during the follow-up. The results indicate that PET/CT with 18F-
Florbetaben can discriminate between CA and non-infiltrative cardiomyopathy and that the myocardial
retention index of the radiopharmaceutical is higher in AL than ATTR. Furthermore, the results derived
from the evaluation of the small group of patients with re-evaluation after therapy seem to suggest a
potential role of this radiopharmaceutical for the evaluation of the response to therapy™.

All studies described thus far have taken into consideration data obtained in very early stages of the tissue
distribution of the radiopharmaceutical.

A recently published work evaluates the diagnostic performance of 18F-Florbetaben PET/CT in a group of
40 patients with CA (20 AL and 20 ATTR) compared with a control group of 20 patients with non-
infiltrative hypertrophic cardiomyopathy. The authors evaluated quantitative parameters derived from
dynamic acquisitions lasting 60 min and four static reconstructions lasting 10 min obtained, respectively, 5,
30, 50, and 110 min after the injection of the radiopharmaceutical. All quantitative parameters were
significantly greater in patients with AL than in those with ATTR and controls. Moreover, the washout rate
of the radiopharmaceutical between 5 and 60 min after injection was significantly higher in the ATTR group
and the controls compared to the AL group, suggesting a greater affinity of the radiopharmaceutical for the
amyloid substance derived from immunoglobulin light chains. The authors concluded that a late evaluation
of the myocardial uptake of this radiopharmaceutical obtained at least 30 min after injection allows
identifying the AL forms, differentiating them from ATTR and mimicking conditions.

OSTEOPHILIC RADIOPHARMACEUTICALS

Some radiopharmaceuticals originally developed to study bone metabolism and labeled with 99mTc have
been successfully used for the demonstration of amyloid cardiac involvement. These radiopharmaceuticals
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are 99mTc-3,3-diphosphono-1,2propanodicarboxylic acid (99mTc-DPD), 99mTc-hydroxymethylene
diphosphonate (99mTc-HMDP), and 99mTc-pyrophosphate (99mTc-PYP). The first observation of
99mTc-DPD cardiac uptake in patients with AC was reported in 1977 by Kula ef al.”’”. In the following
decades, the number of observations supporting the usefulness of these radiopharmaceuticals for the
diagnosis of CA has progressively increased. In 2005, Perugini et al.”” demonstrated the high accuracy of
cardiac retention of 99mTc-DPD in identifying patients with ATTR: cardiac uptake of the
radiopharmaceutical was absent in controls and patients with AL, therefore 99mTc-DPD scintigraphy
identified 100% of ATTR. In the same paper, a score of myocardial uptakes known as the “Perugini score”
was proposed; this score is now widely used in clinical practice and provides a four-point scale, from o to 3,
as described in Figure 1. In a later study performed in a larger population, Rapezzi et al.” semi-
quantitatively evaluated myocardial uptake of 99mTc-DPD [heart/total body retention ratio (H/WB)]; with
this approach, the accuracy resulted lower than previously reported as one third of patients with AL
amyloidosis showed mild cardiac uptake of the radiopharmaceutical. By using a semiquantitative cut-off of
moderate to high uptake (Scores 2-3), 99mTc-DPD scintigraphy showed 100% and 88% sensitivity and
specificity, respectively. Cardiac retention of 99mTc-DPD has been shown to correlate with inter-
ventricular septum thickening and the severity of the contractile function impairment*’; moreover, a
marked cardiac retention of the radiopharmaceutical has been associated with a high risk of future cardiac
events and poor prognosis'*'’.

99mTc-PYP is another commonly used radiopharmaceutical for bone imaging which has been shown to be
useful for diagnosing CA. In 1983, Falk et al."”) evaluated 20 patients with CA and 10 control subjects using
99mTc-PYP, reporting a high cardiac uptake of the radiopharmaceutical in 9 of 11 patients with
echocardiograms suggestive of amyloidosis and in only 2 patients without pseudohypertrophy. None of the
10 control subjects showed cardiac pyrophosphate uptake, suggesting that 99mTc-PYP scintigraphy could
represent a non-invasive imaging of CA™. In a study on a larger sample of patients with a biopsy-proven
CA (12 AL, 16 ATTR wild-type, and 17 ATTR familial), both the evaluation through a visual score and a
semiquantitative measure of myocardial uptake (heart/contralateral chest activity ratio) correlated with
ventricular wall thicknesses and myocardial mass and were higher in subjects with ATTR. The sensitivity
and specificity of the method were 97% and 100%, respectively'**.

Recently, Cappelli et al.* evaluated the diagnostic performance of 99mTc-HMDP in a population of 65
patients with histological diagnosis of cardiac amyloidosis (39 ATTR and 26 AL) and in 20 subjects with
non-amyloidotic ventricular hypertrophy. The visual score imaging evaluation provided a diagnostic
sensitivity of 100% and a specificity of 96%. None of the subjects with non-amyloidotic left ventricular
hypertrophy had significant uptake of the radiopharmaceutical. Using a semiquantitative approach
(heart/total body activity ratio) and a threshold of > 3.3, a diagnostic accuracy of 100% was obtained in the
diagnosis of ATTR. The authors concluded that 99mTc-HMDP scintigraphy can be used in the differential
diagnosis of AC with levels of accuracy comparable to those of other osteophilic radiopharmaceuticals
previously evaluated.

The real milestone study for this method was conducted by Gillmore et al”, who analyzed the
scintigraphic results obtained with the three available 99mTc-labeled radiopharmaceuticals in more than
1000 patients with suspected AC. Bone scan had a diagnostic sensitivity greater than 99% and a specificity of
86% in identifying cardiac involvement from ATTR, with false positives mostly due to mild uptake patterns
in patients with AL amyloidosis. When considering moderate to high scintigraphic uptake patterns with the
absence of serum and urinary monoclonal protein, a diagnostic specificity and a positive predictive value for
ATTR of 100% were obtained. Therefore, the authors suggested that a positive scintigraphic imaging in
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Figure 1. Scintigraphic visual score of the radiopharmaceutical uptake as originally proposed by Perugini et al.*®": (A) Score 0, no cardiac
uptake; (B) Score 1, mild cardiac uptake lower than bone; (C) Score 2, moderate cardiac uptake equal to bone; and (D) Score 3, intense
cardiac uptake higher than bone.

patients with symptoms of heart failure with preserved ejection fraction, myocardial pseudohypertrophy,
and absence of serum and urinary monoclonal component may allow the diagnosis of ATTR without the
need for confirmation by biopsy. These results have recently led to a clinical consensus which reserves
particular importance to scintigraphy in the non-invasive diagnostic pathway of CA"’. When plasma cell
dyscrasia is present and bone scan is positive, histological diagnosis remains necessary since up to 20% of
patients with AL may have significant cardiac uptake of the osteophilic radiopharmaceutical*.

The accuracy of the scintigraphy performed with osteophilic radiopharmaceutical may be reduced in some
cases; in particular, the possibility of obtaining false negative results in patients with ATTRv and pheé4leu

,48],

or val3omet mutations with evident cardiac involvement has been described***; possible false positives

49,50]

have also been described in specific cases of non-infiltrative hypertrophic cardiomyopathies*>*..

In any case, it is important to remember that osteophilic radiopharmaceuticals are not amyloid-specific and
that chemical binding of these radiopharmaceuticals to amyloid deposits remains partially unexplained,
although a calcium mediated mechanism has been hypothesized”"..

18F-Sodium Fluoride (18F-NaF) is an excellent PET radiopharmaceutical for bone imaging. Similar to what
happens for radiopharmaceuticals used in conventional nuclear medicine, its extraction from the bone is
proportional to blood flow and osteoblastic activity, but it is about twice as high as for Tc-99m-based
radiotracers'™.

In 2016, Trivieri et al.*” evaluated seven patients with CA (4 ATTR and 3 AL) and 7 control subjects with a
hybrid PET/MR performed using 18F-NaF. They evaluated left-ventricle late gadolinium enhancement
(LGE), T1 mapping, and 18F-NaF uptake. All patients with ATTR showed a myocardial uptake of the
radiopharmaceutical higher than blood-pool activity, while none of the AL and control subjects showed it.
Furthermore, the authors described a correlation between the burden of ATTR on native T1 mapping and
"*F-sNaF PET uptake which resulted increased in areas of ATTR colocalizing to regions of LGE®. Similar
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Table 1. Main characteristics and differences among the most commonly used radiopharmaceuticals for CA

Time between injection and

Radiopharmaceutical Activity acquisition Image type Contraindications
99mTc-PYP 370-740 1h (3 hif needed) Planar and SPECT (or  Pregnancy or breast-feeding
MBq SPECT-CT)
99mTc-DPD 370-740 2-3h Planar and SPECT (or ~ Pregnancy or breast-feeding
MBq SPECT-CT)
99mTc-HMDP 370-740 2-3h Planar and SPECT (or  Pregnancy or breast-feeding
MBq SPECT-CT)
18F-Florbetaben 1M-185MBq 1-2h Static PET-CT Pregnancy, breast-feeding, severe renal

and/or liver failure

9%9mTc.HMDP

-Florbetaben PET-CT

ATTR

Figure 2. Cardiac uptake of PET amyloid tracer compared with the outcome of osteophilic tracer scintigraphy in patients with ATTR and
AL.

results were obtained in 2018 by Morgenstern et al.**, who evaluated 7 patients with CA (5 ATTR and 2
AL) and 5 control subjects.

However, some publications on the comparison between 18F-NaF and 99mTc-labeled osteophilic
radiopharmaceuticals have shown a lower sensitivity of PET compared to scintigraphy®>**. Although this
method is more advantageous than osteophilic radiopharmaceutical scintigraphy in dosimetric terms, the
significantly higher cost of 18F-NaF and its lower accuracy in identifying ATTR have limited its use to the
research field only.

CONCLUSIONS

Nuclear medicine offers various research and clinical investigative possibilities in patients with suspected or
confirmed AC [Table 1]. The availability of various molecular targets labeled with radioisotopes allows
studying the organic alterations caused by the infiltration of amyloidogenic proteins that are reflected in the
phenotypic spectrum of the disease. Among all, scintigraphy with osteophilic radiopharmaceuticals has
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given a substantial contribution to the differential diagnosis of this pathology; unfortunately, scintigraphy
with osteophilic radiopharmaceuticals is not able by itself to identify all forms of CA and does not allow
excluding an AL form in the case of concomitant monoclonal gammopathy. In this sense, PET/CT with
specific radiopharmaceuticals for the amyloid substance could represent an additional non-invasive
diagnostic tool, helping to reduce the time required for diagnosis and avoiding the need to use invasive tests
with potential serious complications such as endomyocardial biopsy [Figure 2].
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