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ABSTRACT Non-invasive cardiac imaging has explored enormous advances in the last few decades. In particular, hybrid
imaging represents the fusion of information from multiple imaging modalities, allowing to provide a more comprehensive data-
set compared to traditional imaging techniques in patients with cardiovascular diseases. The complementary anatomical, func-
tional and molecular information provided by hybrid systems are able to simplify the evaluation procedure of various patholo-
gies in a routine clinical setting. The diagnostic capability of hybrid imaging modalities can be further enhanced by introducing
novel and specific imaging biomarkers. The aim of this review is to cover the most recent advancements in radiotracers develop-
ment for SPECT/CT, PET/CT, and PET/MRI for cardiovascular diseases.

uring the last decades, the emergence of

new technologies able to integrate dual

imaging modalities into hybrid systems
and to combine the acquisition of different data sets
(e.g., positron emission tomography (PET)/com-
puted tomography (CT)) has dramatically im-
proved the management of oncologic patients com-
pared to stand-alone CT and PET images."! Moreover,
hybrid imaging techniques in cardiovascular field
combining either single-photon emission computed
tomography (SPECT) or PET with CT may simul-
taneously capture morphological abnormalities and
related pathophysiological processes.”” Therefore,
hybrid systems are able to provide a more compre-
hensive dataset compared to traditional imaging
techniques in patients with cardiovascular diseases.”*
Since 2010, when the first hybrid PET/magnetic res-
onance imaging (MRI) platform equipped with se-
quential and integrated scanners has been intro-
duced, hybrid imaging protocols have been increas-
ingly included in clinical practice.”” Complement-
ary information obtained from hybrid systems sim-
plifies the evaluation procedure of various patholo-
gies in a routine clinical setting. The diagnostic cap-
ability of hybrid imaging modalities can be further
enhanced by introducing novel and specific ima-
ging biomarkers.”!
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Conventional nuclear cardiology evaluates myo-
cardial perfusion, viability, function, and scar in or-
der to assess the severity of the disease after an ini-
tial injury."! The development of new molecular-
targeted imaging probes offers the potential to
deepen our understanding of the physiology and
the underlying molecular physiology of various car-
diovascular diseases, enabling imaging at an earlier
stage of the disease. This allows a timely interven-
tion, an improved patient risk stratification, thera-
peutic guidance, optimized diagnostic accuracy,
and ultimately improves prognosis.*” This paper
will review the most recent advancements in radio-
tracer development for SPECT/CT, PET/CT, and
PET/MRI to evaluate the main pathophysiological
processes of cardiomyopathies.

INFLAMMATION TRACERS

Inflammation plays a pivotal role in the physiop-
atogenesis of cardiovascular diseases. After an
ischemic damage, cardiomyocyte death determines
the release of inflammatory factors, which is gener-
ally followed by leukocyte infiltration and tissue re-
modeling.""”) Non-ischemic cardiac diseases are
characterized by diffuse myocardial inflammation
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too. The presence of inflammation in atherosclerosis
of coronary arteries is an important factor to pre-
dict future adverse cardiac events.!""! Molecular
imaging could enable a non-invasive tissue charac-
terisation and represent an added value in diagnosis,
prognosis and probably even in therapy because of
the emerging of precise molecular therapies which
binds to specific elements of inflammation.!"” For
these reasons, many radiotracers have been ex-
plored for the evaluation of cardiovascular inflam-
mation. Even if the majority of medical experience
relies on "*F-fluorodeoxyglucose (**F-FDG), novel
molecular radioligands have been developed to
study specific cellular components of the inflam-
matory response.””*"*l

8Ga-DOTA-ECL1i for Chemokine Receptor CCR2

*®*Ga-DOTA-ECL1i (1,4,7,10-tetraazacyclodo-
decane-1,4,7,10-tetraacetic acid)-(extracellular loop
1 inverso) is a peptide-based PET tracer able to bind
an allosteric position within the CCR2 (C-C
chemokine receptor type 2) protein which is typic-
ally expressed in activated monocytes and macro-
phages. Furthermore, ECL1i-CCR2 binding is se-
lectively increased in the presence of a CCR2 lig-
and."'* ®*Ga-DOTA-ECL1 has been recently shown
to track the recruitment, accumulation, and resolu-
tion of CCR2" monocytes and macrophages in the
injured myocardium in a mouse model, proving its
potential to imaging inflammation"® in to the in-
farct and peri-infarct area. In mouse models, ®*Ga-
DOTA-ECL1i also showed its predictive value in
monitoring left ventricular function and the extent
of infarction and its ability to recognize human
CCR2" monocytes and macrophages within tissue
specimens obtained from patients who either exper-
ienced a myocardial infarction (MI) or were dia-
gnosed with chronic ischemic cardiomyopathy. This
makes ®Ga-DOTA-ECLIi a promising candidate to
image the injured myocardium in humans.!"" The
short half-life and rapid clearance with low liver re-
tention are the main advantages of “*Ga-DOTA-
ECLIi. Furthermore, commercially available
*Ge/**Ga generators enable in-situ multiple-dose
preparations and serial imaging.""" When used in
combination with MRI or CT, ®*Ga-DOTAECL1i
PET could provide new insights into the patho-
physiology of inflammation in myocardial injuries
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and identify patients that would benefit from im-
munomodulatory therapy.'® One of the major
drawbacks associated with ®*Ga-DOTA-ECLLi lie in
its ability to recognize other immune cells that ex-
press CCR2 (e.g., cardiac dendritic cells), which
may compromise its diagnostic efficacy.””! Despite
its potential, further studies on the use of **Ga-
DOTA-ECL1i in humans are required for its clinical
translation.

ATHEROSCLEROSIS TRACERS

®8Ga-Pentixafor for Cytokine Receptor CXCR4

*Ga-pentixafor is a radiotracer for PET that ex-
hibits high affinity and selectivity for C-X-C
chemokine receptor type 4 (CXCR4), which is a pro-
tein involved in biological trafficking processes and
have an essential role in the signaling of inflammat-
ory cells."" Due to its overexpression on mem-
branes of cells involved in the inflammatory pro-
cess, such as macrophages, some groups hypothes-
ized that Ga-pentixafor might find a role in the de-
tection of inflammatory cells with PET, and so to
non-invasively evaluate atherosclerosis plaques.
Hyafil, et al.l"” revealed that CXCR4 expression
grade in atherosclerotic plaques could be evaluated
with ®*Ga-pentixafor-PET-MRI imaging in rabbits.
Subsequently, they used a small cohort of patients
to confirm ®*Ga-pentixafor uptake in human carotid
plaques. These results support a potential role of
*Ga-pentixafor-PET imaging for the visualization of
macrophages in atherosclerotic plaques exceeding
the well-known limitations of FDG.™ Li, et al.?%
evaluated CXCR4 expression in carotid atheroscler-
otic lesions through “*Ga-Pentixafor PET/MRI in
oncologic patients. The Authors demonstrated that
*Ga-Pentixafor uptake was abnormally increased in
eccentric carotid atherosclerosis showing its poten-
tial to non-invasively evaluate atherosclerotic le-
sions by combining morphological plaque charac-
terisation via MRI and quantifying the inflammat-
ory activity measuring CXCR4 expression via
PET.”™ For imaging atherosclerosis, compared to "F-
FDG, radiolabeled pentixafor binds exclusively to
CXCR4 expressed on the cell membrane, generat-
ing high signal intensity in atherosclerosis plaques
to be detectable with PET. Furthermore, consider-
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ing that CXCR4 is expressed only in the spleen, ad-
renal glands, and bone marrow, it generates a low
background signal adjacent to the arterial wall. It
does not require the patient to fast, as is the case for
F-FDG. Moreover, it can be easily radiolabeled
with the generator nuclide **Ga and does not re-
quire an on-site cyclotron.™” However, the value of
**Ga-pentixafor PET imaging for atherosclerosis
cannot be assessed yet because of the small number
of patients examined.

*®Ga-DOTATATE SST2-binding for Imaging Ath-
erosclerotic Inflammation

%Ga-DOTATATE (1,4,7,10-tetraazacyclododecane-
N,N’,N”,N"”’-tetraacetic acid-D-Phel, Tyr3-octreotate)
is widely used for molecular imaging of neuroendo-
crine tumors where somatostatin receptor, mainly
somatostatin receptor-2 (SST2), are generally over-
expressed.”?? Tt also binds to SST2 expressed ex-
clusively by proinflammatory M1 macrophages in
atherosclerosis. Tarkin, et al.”*® validate *®Ga-
DOTATATE as a marker for atherosclerotic inflam-
mation. They showed it can differentiate culprit
from non-culprit lesions, both on coronary and ca-
rotid arteries, in groups of patients with previous
acute coronary syndrome and cerebrovascular acci-
dent, respectively. Although atherosclerosis plaque
inflammation and consequently the risk of plaque
rupture can be estimated using '"FDG, it does not
show a good cell specificity, and above all, coronary
imaging is not assessable because of the myocardial
background. It becomes clear that “Ga-DOTATATE
has superior coronary imaging, excellent macro-
phage specificity, and it is capable of discriminat-
ing high-risk versus low-risk plaques.”” However,
it produces many image artefacts due to cardiores-
piratory motion that are accentuated by the high
positron energy of “*Ga. To now, a very low num-
ber of patients have been imaged with *Ga- DOTATATE
for atherosclerosis inflammation, so further re-
searches are needed to explore the utility of “*Ga-
DOTATATE PET imaging in inflammatory cardi-
ovascular diseases.”!

18F-NaF

'®F-NaF has been used for long as bone tracer to
detect conditions associated with high bone turnover
and new bone formation.”**! Its uptake mechan-
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ism in bones is well known. '*F-NaF diffuses via the
capillary system into the bone extracellular liquid,
and then it exchanges with hydroxyl groups on ex-
posed regions of hydroxyapatite crystals on the
bone surface to form fluorapatite.” The intensity of
the PET signal depends mainly on the bone blood
flow and the surface area of exposed hydroxyapat-
ite.” More recently, the use of "*F-NaF has been ex-
plored for cardiovascular imaging applications. As
for bone tissue, ®F-NaF binds to calcified tissue
within the heart. Here, the blood flow is generally
constant, making the uptake of '*F-NaF dependent
only on the surface area of hydroxyapatite.**?*’!
Furthermore, "*F-NaF also demonstrates very low
uptake in the myocardium, which is a crucial fea-
ture to enable good visualization of regions of in-
creased '*F-NaF uptake in areas of active calcifica-
tion in the heart.”™ Dweck, et al.® were the first to
study the feasibility of using "*F-NaF PET-TC to as-
sess coronary artery plaque biology. Their study
showed how '""F-NaF uptake could discriminate
between patients with active and inactive coronary
calcification exploiting the spatial resolution of
PET/CT that allows localization of the *F-NaF sig-
nal to specific coronary territories and plaques, of-
fering the possibility of identifying vulnerable or
culprit plaque. This information is of critical relev-
ance, correlating with higher rates of anginal symp-
toms, prior major adverse cardiovascular events,
and cardiovascular risk factor scores observed in
active disease patients.” F-NaF PET in combina-
tion with either computed tomography or magnetic
resonance can also be used to evaluate calcification
and microcalcification activity to investigate a wide
range of cardiovascular diseases, both valvular con-
ditions such as aortic stenosis, mitral annular calci-
fication and bioprosthetic valve disease, as well as
vascular conditions, including abdominal aortic an-
eurysm disease, carotid atherosclerosis, peripheral
vascular disease, and erectile dysfunction.m] 18E.
NaF PET represents a marker of calcification activ-
ity across a range of cardiovascular diseases and could
be helpful in the prediction of disease progression
and clinical events. Anyway, further work is re-
quired to demonstrate this imaging technique's in-
cremental clinical utility and justify its relatively

http:/ /www jgc301.com; jgc@jgc301.com



REVIEW JOURNAL OF GERIATRIC CARDIOLOGY

high costs. '*F-NaF has also been investigated to
study cardiac amyloidosis, but this will be dis-
cussed in the following sections.

FIBROSIS TRACERS

Myocardial fibrosis represents the last stage of
cardiovascular diseases and exhibits cardiac fibro-
blast activation, which releases fibrillary collagen
and remodels the extracellular matrix. An ischemic
injury triggers reparative fibrosis, which initiates
scar formation to stabilize the infarcted area.""!
Many different inputs trigger fibrosis as myocyte
death, a mechanical stimulus such as pressure or
volume overload, or neurohormonal activation.”?
Also, the prolonged duration of the pathological
processes supports progressive fibrogenesis over
time.” Echocardiography and MRI are two primary
imaging modalities to non-invasively characterize
fibrosis by estimating ventricle stiffness and filling
and characterizing tissue differences.”*! Unfortu-
nately, they only target the late stages of the dis-
ease when the process is irreversible. Therefore,
new biomarkers of fibroblast activation at the early
stages of the disease are needed. Activated my-
ofibroblasts highly release fibroblast activation pro-
tein (FAP) in response to ischemic and non-ischem-
ic injury." Thanks to these features, FAP-targeted
cardiac imaging has gained increasing attention.

%8Ga-FAPI for Fibroblasts Activation

Radiolabeled FAP inhibitors (FAPIs) for non-in-
vasive imaging of FAP expression®®! recently led
to ®*Ga-FAPI development. FAPi binds to the FAP, a
serine protease expressed explicitly by activated
fibroblasts during wound healing.”™ A high level of
FAP in myofibroblasts has been reported in in-
farcted rat hearts and human hearts™ and more
generally in different fibrotic processes like liver cir-
rhosis and fibrosis.*” Varasteh, et al.*"! non-invas-
ively image activated fibroblasts using PET/CT and
PET/MRI with “Ga-FAPI to investigate ventricular
remodeling after MI in rats. The Authors also evalu-
ate the grade of fibroblast activation at different
time points from MI. Furthermore, while MRI late
gadolinium enhancement identifies just the pres-
ence of fibrous tissue at its final stage, through “*Ga-
FAPI, evaluating and monitoring fibroblast activa-
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tion and formation is possible. This is theoretically
feasible for all cardiological conditions associated
with fibroblast activation.*"**) Some authors stud-
ied cardiac FAPI uptake in cancer patients, trying to
assess localized and generalized myocardial injury
in oncologic patients. They imaged fibroblast activ-
ity via ®*Ga-FAPI PET, demonstrating that it is well
correlated with coronary atherosclerosis, MI, age,
and especially left ventricular ejection fraction, thus
highlighting the potential of this technique to better
understand cardiac remodeling.*” For the reasons
above, ®*Ga-FAPI is a promising radiotracer to
study and monitor tissue alterations such as fibrosis
formation and remodeling that generally led to
heart failure, the last stage of any cardiac physio-
pathological processes, including chemo-or radi-
ation therapy toxicity./*! Early detection of myocar-
dial remodeling and fibrosis may be critical to pre-
vent the development of heart failure and to guide
therapy. Compared to FDG, **Ga-FAPI presents a
more specific signal with a very low background in
organs adjacent to the heart, low nanomolar affin-
ity, an almost complete internalization and rapid
clearance.® However, these studies cannot demon-
strate that FAPI accumulation is specific for FAP ex-
pression or myofibroblast activation because there
is no histopathological validation. Further research
is needed to link myocardial “°Ga-FAPI uptake to
myocardial fibroblast activation and to risk-stratify
patients for progression of left ventricular remodel-
ing and heart failure.

INNERVATION TRACERS

The sympathetic nervous system is the main con-
trol system of heart rate and contractility. It has a
high sensitivity to ischemia which can determine
cardiac dysinnervation, generating a substrate of
ventricular arrhythmia and sudden cardiac arrest."*>*
Imaging of the cardiac sympathetic nervous system
has been pursued over the last decades, but with
poor impact on clinical routine. Newer radiotracers
with better labelling and kinetics and binding new
targets such as angiotensin II type 1 and cannabin-
oid type 1 receptors have been proposed.””*!

"'C-KR31173 for AT1R and "'C-OMAR for CB1-R
"'C-KR31173 is a selective AT;R antagonist ra-
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diolabeled with "'C for PET imaging to non-invas-
ively visualize AT1R upregulation in different car-
diac pathophysiological processes.*®! At the heart
level, renin-angiotensin system activation determ-
ines inflammation, fibrosis and apoptosis through
AT1R," and its disproportionate activation may
contribute to tissue remodeling.***” "C-OMAR is a
radioligand that selectively bind to CB-1R that is
already used for PET in patients with schizophrenia.”"
Fukushima, et al.’? explored the feasibility of ima-
ging cardiac AT1R, using PET/CT in combination
with using "'C-KR31173. They first experimented
the radiotracer on healthy farm pigs and after in-
duced MI. Then the group evaluate this biomarker
in four healthy men, both baseline and under AT1IR
blocking; their first-in-man application was safe and
showed detectable and specific myocardial "'C-
KR31173 retention.” Recent studies have demon-
strated the capability of "C-OMAR or "'C-KR31173
and PET/CT to image and quantify myocardial CB1-
R and/or AT1-R expression, respectively. As told
before, these receptors seem to play a role in influ-
encing ventricular remodeling process in heart fail-
ure.”” After MI, they could evaluate the grade of
upregulation and predict the risk for subsequent
heart failure. Imaging myocardial AT1R could be
convenient also in other condition as left ventricu-
lar hypertrophy and hypertension. And finally, mo-
lecular imaging could facilitate and improve tar-
geted therapy, adapting drug dosage on the basis of
myocardial CB1-R and/or AT1-R expressions as de-
termined with PET/CT.**** However, "CKR31173
uptake signal cannot differentiate between my-
ofibroblasts and cardiomyocytes, so the precise con-
tributions of these cell lines to signal formation in
the infarcted areas remain to be explored.**** "'C-
OMAR lipophilicity determines high background in
adjacent organ and could compromise myocardial
analysis. This limitation calls for the development
of less lipophilic CB1-R radiotracer ligand.” Fur-
ther evaluation of the feasibility and practicability
of this PET imaging approach in different forms of
heart failure development is warranted.

1C-meta-hydroxyephedrine

""C-meta-hydroxyephedrine is an ephedrine ana-
logue radiotracer that binds to sympathetic nerve
terminals with a similar metabolic profile to nore-
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pinephrine. It is transported to the pre-synapsis via
the uptake-1 mechanism and is resistant to MAO
and COMT metabolism. Its retention in the myocar-
dium mainly reflects a continuing release and reup-
take, which allows the quantification of retention
fraction in myocardial tissue.”® Harms, et al.””!
have explored the possibility of measuring myocar-
dial blood flow and myocardial innervation via
single PET scan using 150-water and ''C-meta-hy-
droxyephedrine to eventually assess myocardial
perfusion-innervation mismatches that represent
the substrate of ventricular arrhythmias and con-
sequently of sudden cardiac arrest.“” Furthermore,
Werner, et al.” used ""C-HED PET imaging to es-
timate the effects of ageing on cardiac innervation
in rats. They observed a dose-dependent reduction
of cardiac ""C-HED uptake at different ages points,
underlying potential correlation between age and
damage to sympathetic innervation.”® Another
group”® evaluated sympathetic abnormalities in
Brugada syndrome through "'C-HED PET, finding
out an increased presynaptic norepinephrine recyc-
ling with average adrenoceptor density, suggesting
the hypothesis of autonomic dysfunction in Brugada
syndrome. Through PET 1C-HED, Schafers, et al®”
observed that both myocardial catecholamine reup-
take and beta-adrenoceptor density were abnor-
mally reduced in idiopathic right ventricular out-
put tachyarrhythmia suggesting a new patho-
physiological process. Also, in long QT patients,
PET imaging studies have shown a heterogeneous
and decreased cardiac retention of ""C-HED at left
ventricular walls. They stated that the number of
heterogeneous sectors could play a role in stratify-
ing the severity of the disease./’! All these studies
represent a step toward understanding the patho-
physiology of these diseases. In this setting, ''C-
HED PET imaging could play a role in establishing
the diagnosis, risk stratification and therapeutic
strategies. However, because it needs an on-site
cyclotron and "'C has a very short half-life, the use
in clinical routine is challenging, and further stud-
ies are needed.

LMI1195

Heart failure represents the last stage of many
cardiac diseases, and it is associated with many mo-
lecular abnormalities, among which increased nore-
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pinephrine release and impaired cardiac neuronal
norepinephrine transporter (NET) function play a
fundamental role.'” False radiolabeled neurotrans-
mitters such as ""C-HED and '*’I-meta-iodobenzyl-
guanidine (MIBG) are substrates for the NET and
are currently used for cardiac imaging of the sym-
pathetic neuronal function.'” LMI1195 (N-[3-Bromo-
4-(3- [18F]fluoro-propoxy)-benzyl]-guanidine) is a
new radiolabeled tracer that was designed like '*’I-
MIBG as a benzylguanidine-based false neurotrans-
mitter for the NET but labelled with ®*F. Yu, et al.l*¥
studied LMI1195 as a novel "°F imaging agent for a
better evaluation of the cardiac sympathetic neur-
onal function by PET imaging in vitro and in vivo
in animals compared to MIBG and ""C-HED. They
found out that LMI1195 grants a better resolution
and good attenuation correction than '*I-MIBG.
Also, MIBG liver accumulation is high and can in-
terfere with cardiac visibility, while LMI1195 has an
optimal background activity. Many of these advant-
ages are also seen with the NET substrates labelled
with "'C, but a longer half-life of LMI1195 could
grant a wider clinical application.” Sinusas, et al.'*”!
designed the first study to evaluate the feasibility of
using LMI1195 for PET imaging in humans, estab-
lishing the normal quantitative regional myocardi-
al uptake of LMI1195. So, LMI1195 provides a po-
tentially quantitative approach for evaluating both
regional denervation and the heterogeneity of in-
nervation, features that could be predictive of sud-
den cardiac death. In this study, LMI1195 was well
tolerated by patients with a radiation dose compar-
able to that of other commonly used PET radio-
tracers.”” However, to define the true advantage of
LMI1195 imaging over currently used radiotracers,
additional comparison studies are required.

MITOCHONDRIAL MEMBRANE POTEN-
TIAL (AWM) TRACERS

Mitochondria are responsible for the production
of approximately 90% of cellular adenosine triphos-
phate (ATP) through oxidative phosphorylation.*’!
The electron transport chain (ETC) of the mitochon-
drion converts supplied nutrients into energy; in
this context, the mitochondrial membrane potential
(4¥m) is needed for the conversion of adenosine bi-
phosphate (ADP) to ATP. The 4¥m is typically
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about —140 mV and can vary among different cells
types.[”! In healthy conditions, the 4¥m is within
the physiological range and a small amount of re-
active oxygen species (ROS) is generated. In patho-
logical mitochondrial dysfunction, a change in the
A¥m results in the overproduction of ROS, which
lowers the amount of ATP produced, and patholo-
gical conditions.”™ Since mitochondria are the most
important source of energy and ROS for the cells,
mitochondrial dysfunctions are associated to several
diseases, including myopathies and cardiac ar-
rhythmias./®")

BE_TPP+ for Mithocondrial Membrane Potential

Alpert, et al” introduced a method to perform
in vivo imaging with PET/CT to measure and map
the total membrane potential (A¥7) of cells, whereby
AY¥r is defined as the sum of 4¥m and of cellular
(4¥¢) electric potential. A cationic lipophilic tracer,
TPP”, labeled with '*F was used to quantitatively
map myocardial A¥;. The Nernst equation was
used to calculate the transmembrane electric poten-
tial from the radiotracer concentration measured by
PET. This method was used for the quantitative
mapping of A%y of myocardial swine cells.”” In a
follow-up study, Pelletier-Galarneau, et al.””! im-
aged 13 healthy subjects using "*F-triphenylphos-
phonium (“*F-TPP+) on a PET/MR scanner and con-
firmed the ability of this methodology to measure
A¥7 in humans.”® Given the role of mitochondrial
dysfunction in numerous pathologies, this imaging
methodology has wide applicability. The possibil-
ity to quantify the membrane potential allows a dir-
ect comparison between subjects and is particularly
relevant for the study of several pathologies such as
diabetes and chemotherapy-induced cardiotoxicity,
which are typically associated with diffuse myocar-
dial involvement. Furthermore, measuring AYT
could inform the progress of clinical trials involving
the use of mitochondria-targeting therapeutics and
assess the response to therapy. The method can be
easily applied to image other organs and tissues
and could be used for tumor characterization.”

AMYLOIDOSIS TRACERS

Amyloidosis is a group of protein-folding dis-
orders that cause organs infiltration by deposits res-
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ulting from misfolded precursor protein, with char-
acteristic histopathological features of apple-green
birefringence with polarized light on Congo red
staining, that lead to organ damage.””! Cardiac
amyloidosis is most commonly secondary to the ac-
cumulation of amyloid fibrils derived from immun-
oglobulin light chains (AL) which is often associ-
ated with extra-cardiac manifestations and multi-
organ involvement. More recently, transthyretin
amyloidosis (ATTR) has been identified as an im-
portant cause of cardiac amyloidosis subdivided in-
to senile cardiac amyloidosis, due to amyloid fibrils
composed of wild-type non-mutant transthyretin
(ATTRwt), and hereditary forms caused by gene
mutations in the transthyretin.”" The gold stand-
ard for diagnosis of cardiac amyloidosis is en-
domyocardial biopsy but cardiac imaging tech-
niques can non-invasively detect amyloid with high
sensibility. Thioflavin-analogue based tracers such
as'°F-florbetapir, '*F-florbetaben, "*F-flutemetamol,
and "'C-labeled Pittsburg Compound-B (PiB) could
enhance amyloid deposition in the heart targeting
the beta-pleated motif of the amyloid fibril due to
their similarity to the thioflavin structure.””

1C-labeled Pittsburg Compound-B (PiB)

"'C-PiB is a widely studied brain radiotracer that
was designed by modifying the amyloid-binding
site, thioflavin-T."®! Antoni, et al.” first found out
that there was high ''C-PiB uptake values in the
heart of amyloidosis patients, but no uptake was
present in their control group. This finding was suc-
cessively confirmed by another group in a study on
patients with monoclonal gammopathy and suspec-
ted cardiac amyloidosis where "'C-PiB PET/CT up-
take was highlightable in the majority of the pa-
tients with positive biopsy, while it was absent in
the negative ones.’™ Furthermore, Pilebro, et al.®"!
stated that "'C-PiB is a sensitive method for detect-
ing ATTR amyloid through its greater binding af-
finity with fibril type B. Considering that ATTR
amyloidosis generally has a late onset, it could rep-
resent a sensitive biomarker for its early diagnosis.’®"
However, "'C-PiB has some disadvantages: it needs
an on-site cyclotron and, as told in previous section
"'C has a very short half-life, making challenging it
use in clinical practice.”” These data suggests that
"'C-PiB may be a sensitive tracer for diagnosis CA
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but further studies are needed for its application in
clinical routine.

¥F-Florbetapir

*F-florbetapir has a different structure from "'C-
PiB, since it is composed by a styrylpyridine ra-
diolabeled with *F."*?) Some authors studied the
feasibility of '*F-florbetapir for imaging in CA and
tried to understand if its myocardial uptake could
differentiate AL from ATTR CA but without reach-
ing any clear conclusion.”®” The same group also
analyzed endomyocardial biopsy specimens with
autopsy-positive AL and ATTR using "*F-florbetapir
and digital autoradiography, demonstrating high
affinity of the tracer to myocardial amyloid fibers,
particularly in those with AL amyloid, suggesting a
difference in concentration of available binding sites
AL and ATTR.®¥ Since there are no modalities to
identify multi-organ involvement in AL amyloidosis
accurately, recent researches suggest that '°F-
florbetapir could be useful to evaluate fibril depos-
ition in systemic AL amyloidosis, even in patients
where there is no clinical appearance of organ in-
volvement. It may also be helpful to monitor organ
response to therapies.[85]

18FE_Florbetaben

Florbetaben is a stilbene derivative that shares
similar structural features to PiB but radiolabeled
with F. In cardiac amyloidosis, Law, et al® were
the first to evaluate Florbetaben in cardiac amyl-
oidosis and to understand that it does not differen-
tiate between AL and ATTR. However they show a
correlation between radiotracer retention and con-
tractile function via an inverse curve relationship,
suggesting it may play a role in monitoring the severity
of disease and response to therapies.”® More re-
cently, another study!®! evaluated "*F-florbetaben
via PET/CT highlighting different retention pat-
terns for any amyloid subtypes. At this point, data
are controversial and so further studies are needed
to understand if '*F-florbetaben could be helpful in
differentiating among CA subtypes and for estab-
lish severity of disease. Thus, PET amyloid radio-
tracers are promising; however, more data is
needed to define their accuracy and added value in
quantification and therapy monitoring in patients
with cardiac amyloidosis.
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18F-NaF

As stated above,'*F-NaF has been traditionally
employed as a bone tracer and it is currently under
investigation for cardiovascular diseases. In the
context of amyloidosis, it has been postulated that
ATTR fibrils have high calcium content and can in-
teract with calcium-sensitive probes such as '*F-
NaF. The use of *F-NaF allows the detection of car-
diac amyloidosis and treatment monitoring; fur-
thermore, '*F-NaF is more readily available than
other F-labeled tracers. However, the ability of this
tracer to discriminate between mutant ATTR and
AL is still unclear, as highlighted by two European
case reports.”™®! More recently, the use of "*F-NaF
in patients with AL and ATTR CA was evaluated
by using qualitative and quantitative analysis with
average left ventricular standardized uptake value
(SUV) and target to background ratio (TBR). The
authors found that the TBR was significantly higher
in patients with ATTR compared with AL patients
and healthy controls.”” However, more studies are
necessary to benchmark "*F-NaF against “mTc-PYP,
which is bone tracer currently used in the clinical
practice.

CONCLUSIONS

The recent advancements in radiotracers develop-
ment for specific targets in cardiovascular imaging
confirm that the way forward for a personalized
medicine is just at beginning of the race.

DISCLOSURES

None.

ACKNOWLEDGEMENTS

None.

REFERENCES

[1] Gerke O, Ehlers K, Motschall E, et al. PET/CT-based
response evaluation in cancer —a systematic review of
design issues. Mol Imaging Biol 2020; 22: 33—46.

[2] Mansour A, Sun ZH. A head-to-head comparison of
the coronary calcium score by computed tomography
with myocardial perfusion imaging in predicting coro-
nary artery disease. ] Geriatr Cardiol 2013; 9: 349-354.

[3] Al Moudi M, Sun ZH. Diagnostic value of (18)F-FDG
PET in the assessment of myocardial viability in coron-

: http:/ /www .jgc301.com; jgc@jgc301.com

(4]

5]

%]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

ary artery disease: A comparative study with (99m)Tc
SPECT and echocardiography. J Geriatr Cardiol 2014;
11: 229-236.

Flotats A, Knuuti ], Gutberlet M, et al. Hybrid cardiac
imaging: SPECT/CT and PET/CT. A joint position
statement by the European Association of Nuclear
Medicine (EANM), the European Society of Cardiac
Radiology (ESCR) and the European Council of Nuclear
Cardiology (ECNC). Eur J Nucl Med Mol Imaging 2011;
38: 201-212.

Nappi C, Altiero M, Imbriaco M, et al. First experience
of simultaneous PET/MRI for the early detection of
cardiac involvement in patients with Anderson-Fabry
disease. Eur | Nucl Med Mol Imaging 2015; 42: 1025—
31.

Imbriaco M, Nappi C, Ponsiglione A, et al. Hybrid pos-
itron emission tomography-magnetic resonance ima-
ging for assessing different stages of cardiac impairment
in patients with Anderson -Fabry disease: AFFINITY
study group. Eur Hear ] - Cardiovasc Imaging 2019; 20:
1004-1011.

Nensa F, Bamberg F, Rischpler C, et al. Hybrid cardiac
imaging using PET/MRI: a joint position statement by
the European Society of Cardiovascular Radiology (ES-
CR) and the European Association of Nuclear Medicine
(EANM). Eur Radiol 2018; 28: 4086—4101.

Sogbein OO, Pelletier-Galarneau M, Schindler TH, et al.
New SPECT and PET radiopharmaceuticals for ima-
ging cardiovascular disease. Biomed Res Int 2014; 2014:
942960.

Glasenapp A, Hess A, Thackeray JT. Molecular ima-
ging in nuclear cardiology: Pathways to individual pre-
cision medicine. J Nucl Cardiol 2020; 27: 2195-2201.
Barron H V, Harr SD, Radford MJ, et al. The association
between white blood cell count and acute myocardial
infarction mortality in patients > 65 years of age: find-
ings from the cooperative cardiovascular project. ] Am
Coll Cardiol 2001; 38: 1654—1661.

Figueroa AL, Takx RAP, MacNabb MH, et al. Relation-
ship between measures of adiposity, arterial inflammation,
and subsequent cardiovascular events. Circ Cardiovasc
Imaging 2016; 9: e004043.

Hess A, Thackeray JT, Wollert KC, Bengel FM. Radio-
nuclide image-guided repair of the heart. JACC Cardiovasc
Imaging 2020; 13: 2415-2429.

Borchert T, Beitar L, Langer LBN, et al. Dissecting the
target leukocyte subpopulations of clinically relevant
inflammation radiopharmaceuticals. | Nucl Cardiol.
Published online first: October 28, 2019. DOI: 10.1007/
512350-019-01929-z.

Thackeray JT, Bengel FM. Molecular imaging of myoc-
ardial inflammation with positron emission tomogra-
phy post-ischemia: a determinant of subsequent remod-
eling or recovery. JACC Cardiovasc Imaging 2018; 11:
1340-1355.

Liu Y, Li W, Luehmann HP, et al. Noninvasive ima-
ging of CCR2(+) cells in ischemia-reperfusion injury
after lung transplantation. Am ] Transplant 2016; 16:
3016-3023.

Heo GS, Kopecky B, Sultan D, et al. Molecular imaging
visualizes recruitment of inflammatory monocytes and

755


https://doi.org/10.1007/s11307-019-01351-4
https://doi.org/10.3724/SP.J.1263.2012.06291
https://doi.org/10.1007/s00259-010-1586-y
https://doi.org/10.1007/s00259-015-3036-3
https://doi.org/10.1093/ehjci/jez039
https://doi.org/10.1007/s00330-017-5008-4
https://doi.org/10.1007/s12350-020-02319-6
https://doi.org/10.1016/S0735-1097(01)01613-8
https://doi.org/10.1016/S0735-1097(01)01613-8
https://doi.org/10.1016/j.jcmg.2019.11.007
https://doi.org/10.1016/j.jcmg.2019.11.007
http://dx.doi.org/10.1007/s12350-019-01929-z
http://dx.doi.org/10.1007/s12350-019-01929-z
https://doi.org/10.1016/j.jcmg.2018.05.026
https://doi.org/10.1111/ajt.13907
https://doi.org/10.1007/s11307-019-01351-4
https://doi.org/10.3724/SP.J.1263.2012.06291
https://doi.org/10.1007/s00259-010-1586-y
https://doi.org/10.1007/s00259-015-3036-3
https://doi.org/10.1093/ehjci/jez039
https://doi.org/10.1007/s00330-017-5008-4
https://doi.org/10.1007/s12350-020-02319-6
https://doi.org/10.1016/S0735-1097(01)01613-8
https://doi.org/10.1016/S0735-1097(01)01613-8
https://doi.org/10.1016/j.jcmg.2019.11.007
https://doi.org/10.1016/j.jcmg.2019.11.007
http://dx.doi.org/10.1007/s12350-019-01929-z
http://dx.doi.org/10.1007/s12350-019-01929-z
https://doi.org/10.1016/j.jcmg.2018.05.026
https://doi.org/10.1111/ajt.13907

JOURNAL OF GERIATRIC CARDIOLOGY REVIEW

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

756

macrophages to the injured heart. Circ Res 2019; 124:
881-890.

Clemente-Casares X, Hosseinzadeh S, Barbu I, et al. A
CD103+ conventional dendritic cell surveillance sys-
tem prevents development of overt heart failure dur-
ing subclinical viral myocarditis. Immunity 2017; 47:
974-989.€8.

Déring Y, Pawig L, Weber C, Noels H. The CXCL12/
CXCR4 chemokine ligand/receptor axis in cardiovas-
cular disease. Front Physiol 2014; 5: 212.

Hyafil F, Pelisek ], Laitinen I, et al. Imaging the cy-
tokine receptor CXCR4 in atherosclerotic plaques with
the radiotracer 68Ga-Pentixafor for PET. J Nucl Med
2017; 58: 499-506.

Li X, Yu W, Wollenweber T, et al. [68Ga]Pentixafor PET/
MR imaging of chemokine receptor 4 expression in the
human carotid artery. Eur | Nucl Med Mol Imaging
2019; 46: 1616-1625.

Reubi ], Waser B, Schaer JC, Laissue JA. Somatostatin
receptor sstl-sst5 expression in normal and neoplastic
human tissues using receptor autoradiography with
subtype-selective ligands. Eur ] Nucl Med 2001; 28: 836—
846.

Poeppel TD, Binse I, Petersenn S, et al. 68Ga-DOT-
ATOC versus 68Ga-DOTATATE PET/CT in functional
imaging of neuroendocrine tumors. | Nucl Med 2011;
52:1864-1870.

Tarkin JM, Joshi FR, Evans NR, et al. Detection of ath-
erosclerotic inflammation by 68Ga-DOTATATE PET
Compared to [18F]FDG PET imaging. ] Am Coll Cardiol
2017; 69: 1774-1791.

Blau M, Ganatra R, Bender MA. 18 F-fluoride for bone
imaging. Semin Nucl Med 1972; 2: 31-37.

Czernin J, Satyamurthy N, Schiepers C. Molecular mech-
anisms of bone 18F-NaF deposition. | Nucl Med 2010;
51:1826-1829.

Creager MD, Hohl T, Hutcheson JD, et al. (18)F-fluor-
ide signal amplification identifies microcalcifications
associated with atherosclerotic plaque instability in pos-
itron emission tomography/computed tomography Im-
ages. Circ Cardiovasc Imaging 2019; 12: e007835.

Blau M, Nagler W, Bender MA. Fluorine-18: a new iso-
tope for bone scanning. | Nucl Med 1962; 3: 332-334.
Doris MK, Meah MN, Moss AJ, et al. Coronary 18 F-
fluoride uptake and progression of coronary artery cal-
cification. Circ Cardiovasc Imaging 2020; 13: 1-11.
Dweck MR, Chow MWL, Joshi NV, et al. Coronary ar-
terial 18F-sodium fluoride uptake: A novel marker of
plaque biology. ] Am Coll Cardiol 2012; 59: 1539-1548.
Tzolos E, Dweck MR. 18 F-Sodium Fluoride (18 F-NaF)
for imaging microcalcification activity in the cardiovas-
cular system. Arterioscler Thromb Vasc Biol 2020; 40:
1620-1626.

Hara H, Takeda N, Komuro I. Pathophysiology and
therapeutic potential of cardiac fibrosis. Inflamm Regen
2017; 37: 13.

Wynn TA, Ramalingam TR. Mechanisms of fibrosis: ther-
apeutic translation for fibrotic disease. Nat Med 2012;
18: 1028-1040.

Segura AM, Frazier OH, Buja LM. Fibrosis and heart
failure. Heart Fail Rev 2014; 19: 173-185.

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Moreo A, Ambrosio G, De Chiara B, et al. Influence of
myocardial fibrosis on left ventricular diastolic func-
tion: noninvasive assessment by cardiac magnetic res-
onance and echo. Circ Cardiovasc Imaging 2009; 2: 437—
443.

de Boer RA, De Keulenaer G, Bauersachs J, et al. To-
wards better definition, quantification and treatment of
fibrosis in heart failure. A scientific roadmap by the
Committee of Translational Research of the Heart Fail-
ure Association (HFA) of the European Society of Car-
diology. Eur J Heart Fail 2019; 21: 272—-285.

Lindner T, Loktev A, Altmann A, et al. Development of
quinoline-based theranostic ligands for the targeting of
fibroblast activation protein. ] Nucl Med 2018; 59: 1415—
1422.

Loktev A, Lindner T, Mier W, et al. A tumor-imaging
method targeting cancer-associated fibroblasts. | Nucl
Med 2018; 59: 1423—-1429.

Garin-Chesa P, Old L], Rettig W]. Cell surface glycop-
rotein of reactive stromal fibroblasts as a potential anti-
body target in human epithelial cancers. Proc Natl Acad
5¢ci 1990; 87: 7235-7239.

Tillmanns J, Hoffmann D, Habbaba Y, et al. Fibroblast
activation protein alpha expression identifies activated
fibroblasts after myocardial infarction. ] Mol Cell Cardiol
2015; 87: 194-203.

Levy MT, McCaughan GW, Abbott CA, et al. Fibro-
blast activation protein: A cell surface dipeptidyl pepti-
dase and gelatinase expressed by stellate cells at the tissue
remodelling interface in human cirrhosis. Hepatology
1999; 29: 1768-1778.

Varasteh Z, Mohanta S, Robu S, et al. Molecular ima-
ging of fibroblast activity after myocardial infarction
using a 68 Ga-labeled fibroblast activation protein inhib-
itor, FAPI-04. ] Nucl Med 2019; 60: 1743—1749.
Creemers EE, Pinto YM. Molecular mechanisms that
control interstitial fibrosis in the pressure-overloaded
heart. Cardiovasc Res 2011; 89: 265-272.

Siebermair J, Kohler MI, Kupusovic ], et al. Cardiac
fibroblast activation detected by Ga-68 FAPI PET ima-
ging as a potential novel biomarker of cardiac injury/
remodeling. ] Nucl Cardiol 2021; 28: 812—821.
Haslbauer JD, Lindner S, Valbuena-Lopez S, et al. CMR
imaging biosignature of cardiac involvement due to
cancer-related treatment by T1 and T2 mapping. Int |
Cardiol 2019; 275: 179-186.

Sasano T, Abraham MR, Chang KC, et al. Abnormal
sympathetic innervation of viable myocardium and the
substrate of ventricular tachycardia after myocardial
infarction. ] Am Coll Cardiol 2008; 51: 2266—2275.
Fallavollita JA, Heavey BM, Luisi AJ], et al. Regional
myocardial sympathetic denervation predicts the risk
of sudden cardiac arrest in ischemic cardiomyopathy. J
Am Coll Cardiol 2014; 63: 141-1409.

Higuchi T, Yousefi BH, Reder S, et al. Myocardial Kin-
etics of a Novel [(18)F]-Labeled Sympathetic Nerve PET
Tracer LMI1195 in the Isolated Perfused Rabbit Heart.
JACC Cardiovasc Imaging 2015; 8: 1229-1231.
Fukushima K, Bravo PE, Higuchi T, et al. Molecular hy-
brid positron emission tomography/computed tomo-
graphy imaging of cardiac angiotensin II type 1 recept-

http:/ /www jgc301.com; jgc@jgc301.com gat


https://doi.org/10.1161/CIRCRESAHA.118.314030
https://doi.org/10.1016/j.immuni.2017.10.011
https://doi.org/10.2967/jnumed.116.179663
https://doi.org/10.1007/s00259-019-04322-7
https://doi.org/10.1007/s002590100541
https://doi.org/10.2967/jnumed.111.091165
https://doi.org/10.1016/S0001-2998(72)80005-9
https://doi.org/10.2967/jnumed.110.077933
https://doi.org/10.1007/s12410-019-9522-4
https://doi.org/10.1016/j.jacc.2011.12.037
https://doi.org/10.1161/ATVBAHA.120.313785
https://doi.org/10.1186/s41232-017-0046-5
https://doi.org/10.1038/nm.2807
https://doi.org/10.1007/s10741-012-9365-4
https://doi.org/10.2967/jnumed.118.210443
https://doi.org/10.2967/jnumed.118.210435
https://doi.org/10.2967/jnumed.118.210435
https://doi.org/10.1073/pnas.87.18.7235
https://doi.org/10.1073/pnas.87.18.7235
https://doi.org/10.1016/j.yjmcc.2015.08.016
https://doi.org/10.1002/hep.510290631
https://doi.org/10.2967/jnumed.119.226993
https://doi.org/10.1093/cvr/cvq308
https://doi.org/10.1007/s12350-020-02307-w
https://doi.org/10.1016/j.ijcard.2018.10.023
https://doi.org/10.1016/j.ijcard.2018.10.023
https://doi.org/10.1016/j.jacc.2008.02.062
https://doi.org/10.1016/j.jacc.2013.07.096
https://doi.org/10.1016/j.jacc.2013.07.096
https://doi.org/10.1161/CIRCRESAHA.118.314030
https://doi.org/10.1016/j.immuni.2017.10.011
https://doi.org/10.2967/jnumed.116.179663
https://doi.org/10.1007/s00259-019-04322-7
https://doi.org/10.1007/s002590100541
https://doi.org/10.2967/jnumed.111.091165
https://doi.org/10.1016/S0001-2998(72)80005-9
https://doi.org/10.2967/jnumed.110.077933
https://doi.org/10.1007/s12410-019-9522-4
https://doi.org/10.1016/j.jacc.2011.12.037
https://doi.org/10.1161/ATVBAHA.120.313785
https://doi.org/10.1186/s41232-017-0046-5
https://doi.org/10.1038/nm.2807
https://doi.org/10.1007/s10741-012-9365-4
https://doi.org/10.2967/jnumed.118.210443
https://doi.org/10.2967/jnumed.118.210435
https://doi.org/10.2967/jnumed.118.210435
https://doi.org/10.1073/pnas.87.18.7235
https://doi.org/10.1073/pnas.87.18.7235
https://doi.org/10.1016/j.yjmcc.2015.08.016
https://doi.org/10.1002/hep.510290631
https://doi.org/10.2967/jnumed.119.226993
https://doi.org/10.1093/cvr/cvq308
https://doi.org/10.1007/s12350-020-02307-w
https://doi.org/10.1016/j.ijcard.2018.10.023
https://doi.org/10.1016/j.ijcard.2018.10.023
https://doi.org/10.1016/j.jacc.2008.02.062
https://doi.org/10.1016/j.jacc.2013.07.096
https://doi.org/10.1016/j.jacc.2013.07.096

REVIEW JOURNAL OF GERIATRIC CARDIOLOGY

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

ors. | Am Coll Cardiol 2012; 60: 2527-2534.

Mehta PK, Griendling KK. Angiotensin II cell signal-
ing: physiological and pathological effects in the cardi-
ovascular system. Am J Physiol Cell Physiol 2007; 292:
82-97.

Sun Y. Intracardiac renin-angiotensin system and myo-
cardial repair/remodeling following infarction. J Mol
Cell Cardiol 2010; 48: 483—489.

Wong DF, Kuwabara H, Horti AG, et al. Quantifica-
tion of cerebral cannabinoid receptors subtype 1 (CB1)
in healthy subjects and schizophrenia by the novel PET
radioligand [11CJOMAR. Neuroimage 2010; 52: 1505—
1513.

Fukushima K, Bravo PE, Higuchi T, et al. Molecular
PET/CT imaging of cardiac angiotensin II type 1 re-
ceptors. ] Am Coll Cardiol 2013; 60: 2527-34.

Valenta I, Pacher P, Dilsizian V, Schindler TH. Novel
myocardial PET/CT receptor imaging and potential
therapeutic targets. Curr Cardiol Rep 2019; 21: 55.
Higuchi T, Fukushima K, Xia J, et al. Radionuclide ima-
ging of angiotensin II type 1 receptor upregulation
after myocardial ischemia-reperfusion injury. J Nucl
Med 2010; 51: 1956-1961.

Fish KM, Hajjar RJ. Myocardial cannabinoid receptor
imaging in obesity. JACC Cardiovasc Imaging 2018; 11:
333-335.

Chen X, Werner RA, Javadi MS, et al. Radionuclide imag-
ing of neurohormonal system of the heart. Theranostics
2015; 5: 545-558.

Harms HJ, Lubberink M, De Haan S, et al. Use of a
single 11C-meta-hydroxyephedrine scan for assessing
flow-innervation mismatches in patients with ischemic
cardiomyopathy. J Nucl Med 2015; 56: 1706—1711.
Werner RA, Chen X, Maya Y, et al. The impact of age-
ing on 11C-hydroxyephedrine uptake in the rat heart.
Sci Rep 2018; 8: 11120.

Kies P, Wichter T, Schéfers M, et al. Abnormal myocar-
dial presynaptic norepinephrine recycling in patients
with Brugada syndrome. Circulation 2004; 110: 3017—
3022.

Schifers M, Lerch H, Wichter T, et al Cardiac sym-
pathetic innervation in patients with idiopathic right
ventricular outflow tract tachycardia. ] Am Coll Cardiol
1998; 32: 181-186.

Mazzadi AN, André-Fouét X, Duisit J, et al. Cardiac re-
tention of [11 CJHED in genotyped long QT patients: a
potential amplifier role for severity of the disease. Am J
Physiol Circ Physiol 2003; 285: H1286—H1293.

Bohm M, La Rosée K, Schwinger RH, Erdmann E.
Evidence for reduction of norepinephrine uptake sites
in the failing human heart. ] Am Coll Cardiol 1995; 25:
146-153.

Travin MI. Cardiac neuronal imaging at the edge of
clinical application. Cardiol Clin 2009; 27: 311-327.

Yu M, Bozek ], Lamoy M, et al. Evaluation of LMI1195,
a novel 18 F-labeled cardiac neuronal PET Imaging agent,
in cells and animal models. Circ Cardiovasc Imaging
2011; 4: 435-443.

Sinusas AJ, Lazewatsky J, Brunetti ], et al. Biodistribu-
tion and radiation dosimetry of LMI1195: first-in-human
study of a novel 18F-labeled tracer for imaging myocar-

| e/ /www jgc301.com; jge@ijgeB01.com

[66]
[67]

[68]

[69]
[70]
[71]

[72]

[73]

[74]

[75]

[76]
[77]

[78]

[79]

[80]

[81]

(82]

[83]

[84]

[85]

dial innervation. J Nucl Med 2014; 55: 1445-1451.

Rich P. Chemiosmotic coupling: the cost of living.
Nature 2003; 421: 583—583.

Alberts B, Johnson A, Lewis ], et al. Molecular biology
of the cell. Ann Bot2003; 91: 401.

Hiittemann M, Lee I, Pecinova A, et al. Regulation of
oxidative phosphorylation, the mitochondrial membrane
potential, and their role in human disease. | Bioenerg
Biomembr 2008; 40: 445.

Pfeffer G, Chinnery PF. Diagnosis and treatment of mi-
tochondrial myopathies. Ann Med 2013; 45: 4-16.
Nunnari J, Suomalainen A. Mitochondria: in sickness
and in health. Cell 2012; 148: 1145-1159.

Rutledge C, Dudley S. Mitochondria and arrhythmias.
Expert Rev Cardiovasc Ther 2013; 11: 799-801.

Alpert NM, Guehl N, Ptaszek L, et al. Quantitative in
vivo mapping of myocardial mitochondrial membrane
potential. PLoS One 2018; 13: e0190968.
Pelletier-Galarneau M, Petibon Y, Ma C, et al. In vivo
quantitative mapping of human mitochondrial cardiac
membrane potential: a feasibility study. Eur J Nucl
Med Mol Imaging 2021; 48: 414—420.

Madar I, Huang Y, Ravert H, et al. Detection and quan-
tification of the evolution dynamics of apoptosis using
the PET voltage sensor 18F-fluorobenzyl triphenyl pho-
sphonium. ] Nucl Med 2009; 50: 774-780.

Falk RH, Alexander KM, Liao R, Dorbala S. AL (Light-
Chain) cardiac amyloidosis: a review of diagnosis and
therapy. ] Am Coll Cardiol 2016; 68: 1323—1341.

Dungu JN. Cardiac amyloid —an update. Eur Cardiol
Rev 2015; 10: 113.

Gallegos C, Miller EJ. Advances in PET-based cardiac
amyloid radiotracers. Curr Cardiol Rep 2020; 22: 40.
Benadiba M, Luurtsema G, Wichert-Ana L, Buchpigel
CA, Filho GB. New molecular targets for PET and
SPECT imaging in neurodegenerative diseases. Rev
Bras Psiquiatr 2012; 34: 125-148.

Antoni G, Lubberink M, Estrada S, et al. In vivo visual-
ization of amyloid deposits in the heart with 11C-PIB
and PET. J Nucl Med 2013; 54: 213-20.

Lee SP, Lee ES, Choi H, et al. 11C-Pittsburgh B PET ima-
ging in cardiac amyloidosis. JACC Cardiovasc Imaging
2015; 8: 50-59.

Pilebro B, Arvidsson S, Lindqvist P, et al. Positron
emission tomography (PET) utilizing Pittsburgh com-
pound B (PIB) for detection of amyloid heart deposits
in hereditary transthyretin amyloidosis (ATTR). J Nucl
Cardiol 2018; 25: 240—-248.

Yao T, Li Z. Facile synthesis of TEG-substituted 4-(N-
methyl-N-Boc-amino) styrylpyridine and PET imaging
agentflorbetapir (AV-45). Synth Commun 2018; 48: 422—
427.

Dorbala S, Vangala D, Semer ], et al. Imaging cardiac
amyloidosis: a pilot study using 18F-florbetapir posi-
tron emission tomography. Eur ] Nucl Med Mol Imaging
2014; 41: 1652-1662.

Mi-Ae P, F. PR, Anthony B, et al. 18F-Florbetapir binds
specifically to myocardial light chain and transthyretin
amyloid deposits. Circ Cardiovasc Imaging 2015; 8:
€002954.

Ehman EC, El-Sady MS, Kijewski MF, et al. Early detec-

757


https://doi.org/10.1016/j.jacc.2012.09.023
https://doi.org/10.1016/j.yjmcc.2009.08.002
https://doi.org/10.1016/j.yjmcc.2009.08.002
https://doi.org/10.1016/j.neuroimage.2010.04.034
https://doi.org/10.1007/s11886-019-1148-2
https://doi.org/10.2967/jnumed.110.079855
https://doi.org/10.2967/jnumed.110.079855
https://doi.org/10.1016/j.jcmg.2017.12.001
https://doi.org/10.7150/thno.10900
https://doi.org/10.2967/jnumed.115.154377
https://doi.org/10.1038/s41598-018-29509-0
https://doi.org/10.1161/01.CIR.0000146920.35020.44
https://doi.org/10.1016/S0735-1097(98)00213-7
https://doi.org/10.1152/ajpheart.00276.2003
https://doi.org/10.1152/ajpheart.00276.2003
https://doi.org/10.1016/0735-1097(94)00353-R
https://doi.org/10.1016/j.ccl.2008.12.007
https://doi.org/10.1161/CIRCIMAGING.110.962126
https://doi.org/10.2967/jnumed.114.140137
https://doi.org/10.1038/421583a
https://doi.org/10.1093/aob/mcg023
https://doi.org/10.1007/s10863-008-9169-3
https://doi.org/10.1007/s10863-008-9169-3
https://doi.org/10.3109/07853890.2011.605389
https://doi.org/10.1016/j.cell.2012.02.035
https://doi.org/10.1586/14779072.2013.811969
https://doi.org/10.1371/journal.pone.0190968
https://doi.org/10.1007/s00259-020-04878-9
https://doi.org/10.1007/s00259-020-04878-9
https://doi.org/10.2967/jnumed.108.061283
https://doi.org/10.1016/j.jacc.2016.06.053
https://doi.org/10.15420/ecr.2015.10.2.113
https://doi.org/10.15420/ecr.2015.10.2.113
https://doi.org/10.1007/s11886-020-01284-3
https://doi.org/10.2967/jnumed.111.102053
https://doi.org/10.1016/j.jcmg.2014.09.018
https://doi.org/10.1007/s12350-016-0638-5
https://doi.org/10.1007/s12350-016-0638-5
https://doi.org/10.1080/00397911.2017.1404107
https://doi.org/10.1007/s00259-014-2787-6
https://doi.org/10.1016/j.jacc.2012.09.023
https://doi.org/10.1016/j.yjmcc.2009.08.002
https://doi.org/10.1016/j.yjmcc.2009.08.002
https://doi.org/10.1016/j.neuroimage.2010.04.034
https://doi.org/10.1007/s11886-019-1148-2
https://doi.org/10.2967/jnumed.110.079855
https://doi.org/10.2967/jnumed.110.079855
https://doi.org/10.1016/j.jcmg.2017.12.001
https://doi.org/10.7150/thno.10900
https://doi.org/10.2967/jnumed.115.154377
https://doi.org/10.1038/s41598-018-29509-0
https://doi.org/10.1161/01.CIR.0000146920.35020.44
https://doi.org/10.1016/S0735-1097(98)00213-7
https://doi.org/10.1152/ajpheart.00276.2003
https://doi.org/10.1152/ajpheart.00276.2003
https://doi.org/10.1016/0735-1097(94)00353-R
https://doi.org/10.1016/j.ccl.2008.12.007
https://doi.org/10.1161/CIRCIMAGING.110.962126
https://doi.org/10.2967/jnumed.114.140137
https://doi.org/10.1038/421583a
https://doi.org/10.1093/aob/mcg023
https://doi.org/10.1007/s10863-008-9169-3
https://doi.org/10.1007/s10863-008-9169-3
https://doi.org/10.3109/07853890.2011.605389
https://doi.org/10.1016/j.cell.2012.02.035
https://doi.org/10.1586/14779072.2013.811969
https://doi.org/10.1371/journal.pone.0190968
https://doi.org/10.1007/s00259-020-04878-9
https://doi.org/10.1007/s00259-020-04878-9
https://doi.org/10.2967/jnumed.108.061283
https://doi.org/10.1016/j.jacc.2016.06.053
https://doi.org/10.15420/ecr.2015.10.2.113
https://doi.org/10.15420/ecr.2015.10.2.113
https://doi.org/10.1007/s11886-020-01284-3
https://doi.org/10.2967/jnumed.111.102053
https://doi.org/10.1016/j.jcmg.2014.09.018
https://doi.org/10.1007/s12350-016-0638-5
https://doi.org/10.1007/s12350-016-0638-5
https://doi.org/10.1080/00397911.2017.1404107
https://doi.org/10.1007/s00259-014-2787-6

JOURNAL OF GERIATRIC CARDIOLOGY REVIEW

tion of multiorgan light-chain amyloidosis by whole- [88] Van Der Gucht A, Galat A, Rosso ], et al. [18F]-NaF
body 18 F-florbetapir PET/CT. J Nucl Med 2019; 60: PET/CT imaging in cardiac amyloidosis. ] Nucl Cardiol
1234-1239. 2016; 23: 846-849.

[86] L.aw. WP'. Wang WYS, Moore PT, et al. Ca1.‘diac amyl- [89] Gagliardi C, Tabacchi E, Bonfiglioli R, et al. Does the
oid imaging with 18F-florbetaben PET: a pilot study. J

Nucl Med 2016; 57: 1733-1739.
[87] Kircher M, Thne S, Brumberg J, et al. Detection of cardi-

etiology of cardiac amyloidosis determine the myocar-
dial uptake of [18F]-NaF PET/CT? J Nucl Cardiol 2017,

ac amyloidosis with 18F-Florbetaben-PET/CT in com- 24: 7‘%67749' ) ) o
parison to echocardiography, cardiac MRI and DPD- [90] Martineau P, Finnerty V, Giraldeau G, et al. Examining
scintigraphy. Eur J Nucl Med Mol Imaging 2019; 46: the sensitivity of 18F-NaF PET for the imaging of cardi-
1407-1416. ac amyloidosis. J Nucl Cardiol 2021; 28: 209-218.

Please cite this article as: Ponsiglione A, Ascione R, Nappi C, Imbriaco I, Klain M, Cuocolo R, Cuocolo A, Petretta M. Cardiac hybrid
imaging: novel tracers for novel targets. | Geriatr Cardiol 2021; 18(9): 748-758. DOI: 10.11909/j.issn.1671-5411.2021.09.006

758 http:/ /www.jgc301.com; jgc@jgc301.com


https://doi.org/10.2967/jnumed.118.221770
https://doi.org/10.2967/jnumed.115.169870
https://doi.org/10.2967/jnumed.115.169870
https://doi.org/10.1007/s00259-019-04290-y
https://doi.org/10.1007/s12350-015-0287-0
https://doi.org/10.1007/s12350-016-0457-8
https://doi.org/10.1007/s12350-019-01675-2
https://doi.org/10.2967/jnumed.118.221770
https://doi.org/10.2967/jnumed.115.169870
https://doi.org/10.2967/jnumed.115.169870
https://doi.org/10.1007/s00259-019-04290-y
https://doi.org/10.1007/s12350-015-0287-0
https://doi.org/10.1007/s12350-016-0457-8
https://doi.org/10.1007/s12350-019-01675-2
https://doi.org/10.2967/jnumed.118.221770
https://doi.org/10.2967/jnumed.115.169870
https://doi.org/10.2967/jnumed.115.169870
https://doi.org/10.1007/s00259-019-04290-y
https://doi.org/10.2967/jnumed.118.221770
https://doi.org/10.2967/jnumed.115.169870
https://doi.org/10.2967/jnumed.115.169870
https://doi.org/10.1007/s00259-019-04290-y
https://doi.org/10.1007/s12350-015-0287-0
https://doi.org/10.1007/s12350-016-0457-8
https://doi.org/10.1007/s12350-019-01675-2
https://doi.org/10.1007/s12350-015-0287-0
https://doi.org/10.1007/s12350-016-0457-8
https://doi.org/10.1007/s12350-019-01675-2

	INFLAMMATION TRACERS
	68Ga-DOTA-ECL1i for Chemokine Receptor CCR2

	ATHEROSCLEROSIS TRACERS
	68Ga-Pentixafor for Cytokine Receptor CXCR4
	68Ga-DOTATATE SST2-binding for Imaging Atherosclerotic Inflammation
	18F-NaF

	FIBROSIS TRACERS
	68Ga-FAPI for Fibroblasts Activation

	INNERVATION TRACERS
	11C-KR31173 for AT1R and 11C-OMAR for CB1-R
	11C-meta-hydroxyephedrine
	LMI1195

	MITOCHONDRIAL MEMBRANE POTENTIAL (ΔΨM) TRACERS
	18F-TPP+ for Mithocondrial Membrane Potential

	AMYLOIDOSIS TRACERS
	11C-labeled Pittsburg Compound-B (PiB)
	18F-Florbetapir
	18F-Florbetaben
	18F-NaF

	CONCLUSIONS
	DISCLOSURES
	ACKNOWLEDGEMENTS

