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The development of new radiotracers for PET and SPECT is central to
addressing unmet diagnostic needs related to systemwide trends
toward molecular characterization and personalized therapies in car-
diovascular medicine. In the following 2-part review, we discuss select
emerging radiotracers that may help address important unmet diag-
nostic needs in central areas of cardiovascular medicine, such as heart
failure, arrhythmias, valvular disease, atherosclerosis, and thrombosis.
Part 1 examines key technical considerations pertaining to cardiovas-
cular radiotracer development and reviews emerging radiotracers for
perfusion and neuronal imaging. Highlights of this work include discus-
sions on the development of "8F-flurpiridaz, an emerging PET perfu-
sion tracer, and the development of '®F-based radiotracers for
cardiovascular neuronal imaging, such as '®F-flubrobenguane. Part 2
of this review covers emerging radiotracers for the imaging of inflam-
mation, fibrosis, thrombosis, calcification, and cardiac amyloidosis.
Key Words: cardiology (basic/technical); cardiology (clinical); molecu-
lar imaging; inflammation; myocardial perfusion imaging
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Despite considerable progress in patient care, cardiovascular
disease remains a major cause of morbidity and mortality. Improved
diagnostics, treatments, and risk factor management have altered the
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landscape of patient care and have likely contributed to the increas-
ing prevalence of chronic cardiovascular disease. For example, the
number of patients living with heart failure is expected to increase
from 5.8 million in 2012 to 8.5 million in 2030 (7). This evolution of
patient demographics and an improved understanding of cardiovas-
cular pathophysiology underpin many current diagnostic and risk
stratification gaps in cardiovascular medicine. Emerging molecular
imaging techniques have the potential to address many of these
unmet needs (Table 1).

Myocardial perfusion imaging, myocardial viability imaging, and
equilibrium radionuclide angiocardiography have traditionally consti-
tuted most nuclear cardiology procedures. However, use patterns in
nuclear cardiology laboratories have been changing because of advan-
ces in molecular imaging, the emergence of alternative diagnostic tech-
niques, and evolving evidence questioning established approaches to
diagnose and risk-stratify coronary artery disease. PET and SPECT
have several advantages for physiologic and precision molecular appli-
cations in cardiovascular imaging, including their sensitivity, versatility,
and quantitative nature. This is evident in the fact that PET- and
SPECT-based molecular imaging techniques are now routinely per-
formed clinically for the diagnosis of cardiac sarcoidosis and amyloid-
osis. Moreover, the feasibilities of neurohormonal and device infection
imaging have been demonstrated, although their specific roles in patient
management remain to be established. Many additional cardiovascular
applications of PET and SPECT are in earlier stages of preclinical and
clinical development, and their advancement to mainstream clinical use
is critically dependent on the physical, chemical, and biologic proper-
ties of their radiotracers.

In the following 2-part review, we discuss select emerging radio-
tracers that may help address key unmet clinical diagnostic needs in
cardiovascular medicine. For simplicity, these tracers are organized by
general pathobiologic processes rather than specific diseases. Part 1 of
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TABLE 1
Unmet Diagnostic Needs in Cardiovascular Medicine

Clinical field

Unmet need

Heart failure and cardiomyopathies

Heart failure with preserved ejection fraction: phenotypic characterization,

therapeutic development

Heart failure with reduced ejection fraction: prognostication, precision approaches to

therapy

Post-myocardial infarction remodeling: prognostication

Immunotherapy/chemotherapy-related cardiotoxicity: prediction, early recognition,
prognostication, and assessment of treatment response

Cardiac amyloidosis: single-scan diagnosis and typing (light-chain amyloidosis vs.
transthyretin amyloidosis)

Cardiac sarcoidosis: reduce dependence on dietary preparation, differentiate from
other types of myocarditis/nonspecific uptake

Genetic cardiomyopathies: risk stratification in asymptomatic or phenotype-negative
carriers and those carrying variants of unknown significance

Cardiac fibrosis: reproducible quantification, distinguish between active and stable

disease

Left ventricular assist devices: prediction of left ventricular myocardial recovery

New medical therapies (e.g., angiotensin receptor neprilysin inhibitors, sodium
glucose cotransporter 2 inhibitors): determination of mechanism of action, track
therapeutic response

Arrhythmias

Sudden cardiac death: risk stratification, prediction of implantable cardiac
defibrillator benefit

Genetic arrhythmia syndromes: risk stratification in asymptomatic or phenotype-
negative carriers and those carrying variants of unknown significance

Atrial fibrillation: patient selection for ablation/cardioversion/antiarrhythmic drugs

Valvular disease

Valvular regurgitation/stenosis: determination of risk for progression, prediction of

optimal timing of interventions, selection for medical therapy, tracking of
therapeutic response

Endocarditis or device infections: detection

Vascular disease

Atheroma: risk stratification

Aortic aneurysm: risk stratification, prediction of endoleak

Thrombosis or embolization: whole-body detection, determination of chronicity

Perfusion: high-spatial-resolution imaging with absolute blood flow quantification,
hybrid perfusion/angiographic imaging

Peripheral artery disease: risk stratification, prediction of interventional benefit

the review examines key technical considerations pertaining to cardio-
vascular radiotracer development and reviews the development of
radiotracers for perfusion and neuronal imaging (Table 2). Part 2 cov-
ers emerging radiotracers for the imaging of inflammation, fibrosis,
thrombosis, calcification, and cardiac amyloidosis.

TECHNICAL CONSIDERATIONS FOR OPTIMAL NUCLEAR
CARDIOVASCULAR IMAGING

Multiple variables related to radiotracers, instrumentation, and
image analysis contribute to the generation of useful nuclear imag-
ing data. PET offers several distinct advantages over SPECT for
cardiovascular imaging, including greater spatial resolution and
more established quantification methods (2). However, SPECT is
usually less expensive and more widely available in clinical nuclear
cardiology laboratories. With recent improvements in SPECT tech-
nology such as cardiorespiratory gating and cadmium-zinc-telluride
(CZT) detectors (3—-5), differences between the 2 modalities may
be less significant. One potential advantage of SPECT over PET in
cardiovascular molecular imaging is its capability for simultaneous
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multitracer imaging (Fig. 1) (4,6-8). CZT SPECT cameras facili-
tate multitracer imaging by providing greater spatial and energy
resolution than traditional Anger cameras (5).

Cardiac imaging with PET and SPECT is facilitated by the large
size of the organ, although motion remains a challenge. Vascular
imaging presents additional challenges, including the small size of
vessels. This may be addressed by hybrid imaging with CT or
MRI, which provides anatomic definition and helps to correct par-
tial-volume effects. Cardiovascular molecular imaging applica-
tions would benefit from improved quantitation tools, as the
semiquantitative techniques developed for perfusion imaging to
assess relative radiotracer uptake are not suitable for hot-spot
imaging, which is common in molecular imaging applications.

Radiotracer kinetics govern acquisition protocols and greatly influ-
ence data quality. Fast blood pool clearance is desirable for most
non-blood pool cardiovascular applications because it improves tar-
get-to-background ratios. For perfusion imaging, it is desirable to have
high levels of target tissue extraction and retention, with lesser uptake
or greater washout in surrounding organs. For molecular imaging,
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considerations may be different from, for
example, imaging in patients with malig-
nancies. In PET imaging, radionuclide posi-
tron energy influences image resolution.
Lower-energy B-emitters such as '*F and
64Cu have shorter positron ranges in tissue
and thus tend to produce images with spatial
resolution superior to that of higher-energy
positron emitters such as ¥Rb and *Ga
(12). The benefits of high-resolution imag-
ing are the greatest in small targets that are
more susceptible to partial-volume effects,
such as vessel walls. With anticipated

FIGURE 1.

high levels of specific target binding relative to the background are
critical for achieving useful data. In this regard, radiotracer uptake
depends on delivery of the tracer as well as target expression and bind-
ing affinity, thus raising challenges for comparing uptake values, such
as in areas of myocardium with differing levels of perfusion. The
incorporation of regional perfusion data from kinetic modeling could
potentially improve the accuracy of molecular imaging techniques.
The chemical and physical properties of radionuclides also influ-
ence synthesis and acquisition protocols and affect data quality
(Table 3). Radionuclide chemical properties impact their incorpo-
ration into organic tracer molecules or, in the case of inorganic
radiotracers (e.g., 5Rb), their biologic uptake (9). Radionuclides
with shorter half-lives are ideally suited for applications with faster
pharmacokinetics and favorable count statistics. Shorter half-lives
reduce radiation exposure to both patients and staff and typically
permit greater imaging throughput. This advantage is especially
useful in perfusion imaging to minimize delays between stress and
rest scans. However, radionuclides with shorter half-lives are not
always practical. For example, radiolabeled antibodies have slower
pharmacokinetics than small molecules, and their binding to target
molecules with low levels of expression can require hours to pro-
duce high-quality signals. As such, molecular imaging with anti-
bodies often necessitates the use of radionuclides with a longer
half-life, such as ®*Cu (half-life, 12.7 h) or 3°Zr (half-life, 78.4 h).
Radionuclides with longer half-lives can also provide considerable
procedural flexibility. For example, radionuclides with a longer
half-life facilitate unit dose delivery in place of on-site generators
and cyclotrons, which may not be cost-effective in lower-volume
centers (10). Longer—half-life radionuclides also expand options
for chemical modifications to radiotracers before administration.
For myocardial perfusion imaging, longer—half-life radionuclides
permit exercise stress (/0) and may be favorable for nontraditional
applications such as image-guided interventions (/7). However,
greater radiation exposure associated with these longer—half-life
radionuclides and practical workflow considerations remain major
limiting factors for cardiovascular applications, where risk—benefit
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Dual-tracer SPECT imaging of postmyocardial infarction angiogenesis in a canine
model using """I-RP748, an «,B5 integrin-targeted agent. Shown are in vivo '''In-RP748 SPECT
images acquired at 20 and 45min after tracer administration (top 2 rows), ™ Tc-sestamibi images
(third row), and fused ®*™Tc-sestamibi (green) and 45-min 'In-RP748 (red) images (bottom row) in a
dog 3 wk after left anterior descending coronary artery occlusion. ®™Tc-sestamibi perfusion images
demonstrate anterior perfusion deficit (yellow arrows). '''In-RP748 images demonstrate corre-
sponding increased uptake in hypoperfused region (white arrows). Authors demonstrate that 4-fold
increase in '"In-RP748 uptake in infarct region corresponds to increased a3 expression and his-
tologic evidence of angiogenesis. LV = left ventricle; MIBI = sestamibi; RV = right ventricle; VLA =
vertical long axis; HLA = horizontal long axis. (Reprinted with permission of (8).)

improvements in resolution related to PET
camera technology and motion correction,
the effects of radionuclide positron range
will likely become increasingly significant.

The mode of decay of radionuclides also
affects their imaging properties. PET radionu-
clides such as ''C, 1*N, !0, and '®F are pure
B -emitters and do not directly produce -
or B -emissions (9,/2). Prompt ~y-emissions
from nonpure PET radionuclides such as %Ga,
82Rb, and '**[ have traditionally been consid-
ered unfavorable because they increase radiation exposure and create
spurious coincidences that degrade image quality (/2). However,
the presence of smaller levels of prompt y-emissions in radionuclides
with other favorable properties is not considered prohibitive, and image
quality can potentially be improved by instituting corrections (/2). More-
over, it has been proposed that radionuclides emitting prompt y-emis-
sions provide distinct emission signatures that could be hamessed for
multitracer PET imaging (12).

RADIOTRACERS FOR PERFUSION IMAGING

There has been longstanding interest in the development of '3F-
based perfusion tracers given the intrinsic advantages of PET imag-
ing and the limitations of current clinical perfusion tracers such as
99mTe sestamibi, * ™ Tc tetrofosmin, $2Rb, and '*N-NH; (/3). '°F is
advantageous because it has a shorter mean positron range (0.6 mm,
in water) than 82Rb (7.1 mm) and >N (1.8 mm) and thus provides
superior spatial resolution (/2). In addition, '3F has a longer half-
life (109 min) than ¥2Rb (76 s) and *N (10 min). Although this
characteristic can be unfavorable from a dosimetric standpoint and
may necessitate greater delays between rest and stress acquisitions,
it also provides several distinct advantages. Most importantly, the
longer half-life of '®F permits unit dose delivery. In addition, the
longer half-life of '8F permits both exercise and pharmacologic
stress protocols and makes repeat image acquisition possible in
cases of motion or extracardiac radiotracer uptake.

8F_flurpirdaz is a perfusion tracer that binds to mitochondrial
complex 1 and is currently undergoing evaluation in clinical trials
(10,13-17). In addition to the features listed above, '8F-flurpiridaz
has greater myocardial extraction at higher blood flow rates than
traditional PET and SPECT perfusion radiotracers; thus, its uptake
demonstrates a smaller deviation from linearity over the physio-
logic range of blood flow (Fig. 2) (18). This property potentially
improves its sensitivity for detection of ischemia and is advanta-
geous for quantification of absolute blood flow. In a recent phase
3 clinical evaluation, '8F-flurpiridaz PET demonstrated increased
sensitivity for the detection of obstructive coronary artery disease
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TABLE 3
Properties of SPECT and PET Radionuclides with Existing or Potential Applications in Cardiovascular Imaging (9,72, 70)

Radionuclide Production Half-life Decay (%) Egy max MeV)  Rgy mean (MM) E, (MeV)
y-emitters (SPECT)
99mTe Generator (**Mo) 6.0h IT (88), IC — — 0.141
2017 Cyclotron 731h EC — — 0.068-0.083*
123) Cyclotron 13.2 h EC (87), IC — — 0.1597
Pure positron emitters (PET)
50 Cyclotron 2 min B* (99.9) 1.732 3.0 -
BN Cyclotron 10.0 min B (99.8) 1.199 1.8 —
c Cyclotron 20.4 min B (99.8) 0.960 1.2 —
18 Cyclotron 110 min ~ B" (96.9) 0.634 0.6 —
Mixed emitters (PET)
%4Cu Cyclotron 127h  B* (17.5)/EC 0.653 0.7 -
B~ (38.5) — — —
897r Cyclotron 78.4 h B* (22.7)/EC 0.902 1.3 0.909*
82Rp Generator (32Sr) 1.3min B¢ (81.8) 3.378 71 —
B> (13.1)/EC 2.601 5.0 0.777
58Ga Generator (®Ge) 68 min  B4* (87.7) 1.899 3.5 —
B> (1.2)/EC 0.821 1.1 1.077
124 Cyclotron 1002 h B4 (11.7)/EC 1.535 2.8 0.602
B>" (10.7) 2.138 4.4 —
Bs* (0.3)/EC 0.812 1.1 0.723
EC — — 1.691

Ep+ max = maximum energy of positrons; R mean = Mean range of positrons in water; E,, = y emission energy; IT = isomeric

transition; IC = internal conversion; EC = electron capture.
*Nongaussian photopeak.

TEmits small proportions of high-energy y-photons (>0.400 MeV) in addition to its primary emission at 0.159 MeV.
*Does not behave as prompt y because of long half-life of metastable intermediate.

(as defined by >50% coronary stenosis by invasive angiography)
in comparison to ***Tc-SPECT (71.9% vs. 53.7%, P < 0.001) but
did not meet the predetermined noninferiority criterion pertaining
to specificity (76.2% vs 86.6%, P = not significant) (10). Overall,
on the basis of area under the receiver-operating-characteristic
curve, '8F-flurpiridaz PET demonstrated superior discrimination
of obstructive coronary disease in comparison to **™Tc-SPECT
myocardial perfusion imaging (0.78 vs. 0.72, P < 0.001). '®F-flur-
piridaz also exhibited better image quality than **™Tc-SPECT at
lower radiation doses (6.1 £ 0.4 vs. 13.4 = 3.2 mSv; P < 0.001)
(10). Of note, this comparison was based solely on retention scans
and did not incorporate 'SF-flurpiridaz myocardial blood flow
quantification (/9). It is also worth noting that this study did not
compare '3F-flurpiridaz with other PET perfusion tracers and that
at least some of the differences likely represent intrinsic differ-
ences between SPECT and PET techniques, including a lack of
attenuation correction for SPECT images. The effects of spatial
resolution in '8F-flurpiridaz PET were further illustrated in a sub-
sequent analysis of the trial data that compared diagnostic perfor-
mance in large and small ventricles. The diagnostic performance
of '8F-flurpiridaz PET for the detection of ischemia was similar in
large and small left ventricles (area under the curve, 0.79 vs. 0.77,
P = 0.49), but *™Tc-SPECT performance was reduced in smaller
left ventricles (area under the curve, 0.75 vs. 0.67, P = 0.03),

RADIOTRACERS IN CARDIOVASCULAR IMAGING  *

likely because of its lower spatial resolution (Fig. 3) (/7). Other
I8F_based PET perfusion tracers that are undergoing initial charac-
terization and evaluation in humans include '®8F-rhodamine 6G
(NCT04528758) (20) and '8F-fluorophenyltriphenylphosphonium
(NCT02252783) (21).

Several new SPECT perfusion agents are also in development, includ-
ing the 'ZLlabeled rotenone derivatives 'I-CMICE-013 (22) and
IZ1.ZIROT (23). These agents target mitochondrial complex 1 in a simi-
lar fashion to '8F-flurpiridaz and are intended to address the shortcom-
ings of existing SPECT perfusion agents by potentially combining
the benefits of greater myocardial extraction across the physiologic range
of blood flow, with favorable imaging characteristics and dosimetry.
Moreover, as these agents are labeled with I rather than *™Tc, they
could also address ongoing concerns about the stability of the ™ Tc sup-
ply. In initial preclinical studies on pigs, >*I-CMICE-013 demonstrated
greater myocardial uptake than the conventional SPECT tracers 2°'Tl,
PmTe tetrofosmin, and *™Tc-sestamibi at blood flows exceeding
1.5 mL/min/g (P < 0.05) (Fig. 4) (22). Similarly, '*I-ZIROT demon-
strated greater myocardial uptake than 2°'TI and *™Tc-sestamibi at blood
flows greater than 1.5 mL/min/g, with linear uptake extending to greater
flow values (23). '2I-CMICE-013 recently completed a phase 1 clinical
evaluation (NCT01558362). One potential technical issue with >*I-based
perfusion agents is that 12T emits small proportions of high-energy pho-
tons (>400 keV) in addition to its primary emission at 159 keV. These

Stendahl et al. 653
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FIGURE 2. Schematic representation of myocardial uptake of various
PET and SPECT perfusion radiotracers in relation to coronary blood flow.
Background colors in figure show typical ranges of myocardial blood flow
during rest (peach), exercise stress (blue), and pharmacologic vasodilator
stress (green). '°0O-H,O displays nearly linear uptake over physiologic
range of blood flow but has limited clinical utility because of suboptimal
imaging characteristics. ®F-flurpiridaz maintains high levels of myocardial
extraction at stress-level blood flows, and its uptake-flow curve thus dem-
onstrates only minimal deviation from linearity. By contrast, %™ Tc-sesta-
mibi and %®MTc-tetrofosmin have more significant reductions in
myocardial extraction at moderate and high blood flow rates, and their
uptake-flow curves demonstrate significant deviations from linearity. 2°'Tl,
13N-NH3, and ®Rb have intermediate uptake-flow properties. (Reprinted
from (78).)

high-energy photons can degrade image quality and impair quantitative
analyses by penetrating septa on standard low-energy, high-resolution
collimators. Collimators with thicker septa may be used in '2I SPECT
imaging to decrease septal photon penetration, although thicker septa
tend to decrease spatial resolution (24).

Despite the trend toward greater use of PET for perfusion imag-
ing, improved SPECT radiotracers may still have a significant

clinical impact, as SPECT myocardial perfusion imaging is
expected to continue being the most common perfusion modality
for years to come because of advantages in cost and availability.
Moreover, with technologic advances such as attenuation correc-
tion (25) and CZT detectors (5), modern SPECT imaging systems
provide substantially better image quality at a more favorable
dosimetry than prior-generation instruments. The combination of
advances in instrumentation and the development of perfusion
tracers with better myocardial extraction characteristics also raises
the possibility of applying SPECT-based quantitative blood flow
assessments in clinical settings (26).

A potentially significant area for growth and possible application
for these new perfusion agents is skeletal muscle perfusion imag-
ing. Peripheral artery disease affects more than 200 million people
worldwide (27) and presents significant challenges for clinical
assessment and treatment. SPECT and PET perfusion imaging with
traditional radiotracers has been applied to help diagnose peripheral
artery disease, stratify risk, and evaluate responses to treatment
(28-31). Although not currently part of mainstream clinical periph-
eral artery disease management, radiotracer imaging techniques
may provide supplemental information to better assess risk for
acute limb ischemia and potential for wound healing, as well as to
direct optimal approaches for revascularization. The high spatial
resolution, quantitative potential, and ability to accommodate exer-
cise stress protocols are features of the new '8F-based tracers that
make them attractive for peripheral perfusion applications.

RADIOTRACERS FOR CARDIOVASCULAR
NEURONAL IMAGING

Neuronal signaling in the myocardium plays a critical role in
maintaining cardiac function and homeostasis by modulating elec-
tromechanical behavior, vasoreactivity, metabolism, and remodel-
ing (32). Neuronal signals are transmitted to the heart via the
sympathetic and parasympathetic branches of the autonomic ner-
vous system. Sympathetic activation of the heart has mainly stimu-
latory effects, including increased inotropy and chronotropy (32).
Preganglionic sympathetic neurons originate in the spinal cord and
transmit signals to postganglionic fibers that innervate the atria,
ventricles, and coronary arteries. On stimulation, the termini of
these postganglionic neurons release stored norepinephrine into the
synaptic cleft. Sympathetic effects are mediated by binding of

A SPECT B

PET
00D
00 0 0 O O_
.I\.H.l\_[)‘i\_i\.
NAnNnnNNnnn

[ - -
S [ 1o

FIGURE 3. Representative rest-stress **™Tc-SPECT and 18F-flurpiridaz PET images in patient with small heart. Images were acquired in 66-y-old
woman with left ventricular end diastolic volume of 82 mL. Reversible anterior perfusion defect is more evident in '®F-flurpiridaz PET images (B) than
99mT¢-SPECT images (A) and is consistent with 82% stenosis of left anterior descending coronary artery that was found on invasive coronary angiogra-
phy. Greater sensitivity of '®F-flurpiridaz PET for detection of myocardial ischemia partially relates to its greater spatial resolution and more linear uptake

over physiologic range of blood flow. (Reprinted from (77).)
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value. In the ADMIRE-HF trial (AdreView
Myocardial Imaging for Risk Evaluation in
Heart Failure) of patients with heart failure
with reduced ejection fraction, a 'Z*I-MIBG
heart-to-mediastinum ratio of at least 1.6 was
predictive of decreased adverse outcomes
such as heart failure progression (hazard ratio,
0.49; P = 0.002), serious arrhythmic events
(hazard ratio, 0.37; P = 0.020), and cardiac
death (hazard ratio, 0.14; P = 0.006) as com-
pared with a heart-to-mediastinum ratio of
less than 1.6 (35). Although '*I-MIBG has
been criticized because assessments are often
global and semiquantitative (45), improved
SPECT technology such as cardiorespiratory
gating and CZT detectors have renewed inter-

FIGURE 4. Representative '2°-CMICE-013 SPECT perfusion images in a porcine model with left
anterior descending coronary artery occlusion during dipyridamole stress. Images were acquired
15 min after injection and provide clear definition of occluded region. (Reprinted from (22).)

norepinephrine to postsynaptic a- and [3-adrenergic receptors in the
cardiac tissue. In contrast, parasympathetic activation tends to be
inhibitory, with negative chronotropic and, to a lesser extent, nega-
tive inotropic effects (32). Parasympathetic signals are transmitted
from the medulla oblongata to the heart by way of the vagus nerve.
The termini of postganglionic vagal efferents are concentrated in
the atria and conduction nodes and release acetylcholine when
stimulated. Signal transmission is completed by binding of acetyl-
choline to muscarinic and nicotinic receptors. Muscarinic acetyl-
choline receptors are present in cardiomyocytes and intracardiac
ganglia, and their stimulation decreases both inotropy and chrono-
tropy (33). Nicotinic acetylcholine receptors are present in the myo-
cardium and vasculature, although their roles are less well defined
(33). In addition to efferent sympathetic and parasympathetic inner-
vation of the heart, there are numerous afferent sympathetic and
vagal nerve fibers that travel from the heart for sensory purposes
and to mediate cardiac reflexes.

Alterations to cardiac neuronal activity play important roles in the
pathophysiology of arrythmias, myocardial infarction, and heart fail-
ure related to various types of cardiomyopathy (34—42). In the case of
heart failure, it is postulated that chronically elevated sympathetic
activity drives desensitization or downregulation of both presynaptic
norepinephrine reuptake transporters and postsynaptic [3-adrenergic
receptors, which leads to progressive dysfunction and remodeling and
creates substrates for arrhythmias (43). The development of radio-
tracers for targeted noninvasive imaging of various aspects of cardiac
innervation has improved our understanding of complex cardiovascu-
lar diseases and has helped to guide treatments. Recent efforts in the
field have focused on developing new tracers and improving image
acquisition and analysis techniques to expand diagnostic capabilities
and provide more accurate and reproduceable assessments (44).

Presynaptic Sympathetic Imaging

12[_metaiodobenzylguanidine ('**I-MIBG) targets the norepineph-
rine transporter and was the first neuronal radiotracer to be extensively
studied in hearts and Food and Drug Administration—approved for car-
diac applications. Myocardial '>*I-MIBG uptake can be imaged by
both planar scintigraphy and SPECT/CT, although quantification has
traditionally been performed with heart-to-mediastinum ratios in planar
images. Reduced myocardial uptake of '>*I-MIBG has been associated
with various cardiac diseases and has demonstrated clinical predictive
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est by improving spatial resolution and sensi-
tivity. Recent examples of new applications
generated by these technical improvements
include the localization of left atrial gangli-
onic plexi, which could aid in the development of more effective cath-
eter ablation procedures for treating atrial fibrillation (39), and detailed
assessments of innervation—perfusion mismatch in patients with ische-
mic heart disease, which could provide valuable insight into patient
risk for developing potentially lethal ventricular arrhythmias (38).

Despite the proven utility of '2’I-MIBG SPECT imaging, PET
neuronal imaging has gained popularity because of greater tracer
variety, superior sensitivity and spatiotemporal resolution, and
more developed means of quantification (46,47). PET offers
several radiotracers that target predominantly the norepinephrine
transporter to image presynaptic sympathetic activity. The earli-
est norepinephrine transporter—targeted PET radiotracers were
"C-labeled agents, including '!'C-hydroxyephedrine (''C-HED),
UC_epinephrine, and !!'C-phenylephrine (48). Alterations in the
presynaptic uptake of these radiotracers have been demonstrated
in numerous cardiac diseases, including heart failure, ischemic
heart disease, and arrhythmias (37,48-50).

'1C.HED, a nonmetabolized analog of norepinephrine, is the
most extensively studied radiotracer among the group of ''C-
labeled norepinephrine transporter—targeted radiotracers. Reduced
retention of '!C-HED corresponding to myocardial denervation
has been demonstrated in the settings of acute myocardial infarc-
tion (42), ischemic (34,37,49,51) and nonischemic cardiomyopa-
thies (51,52), hypertrophic cardiomyopathy (36), and heart failure
with preserved ejection fraction (53). In the PAREPET trial
(Prediction of Arrhythmic Events with PET) of individuals with
ischemic cardiomyopathy, patients who experienced sudden car-
diac arrest had greater volumes of denervated myocardium by !C-
HED PET than did those without cardiac arrest (33% = 10% vs.
26% = 11% of the left ventricle; P = 0.001) (34). Interestingly,
patients with sudden cardiac arrest did not have statistically greater
infarct volumes (22% £ 7% vs. 19% = 9% of the left ventricle;
P = 0.18) or lower left ventricular ejection fractions (24% =
8% vs. 28% £ 9% of the left ventricle; P = 0.053). In addition,
work with 'C-HED PET in patients with heart failure with
a preserved ejection fraction demonstrated that a lower global
retention index of 'C-HED was independently associated with
the presence of advanced diastolic dysfunction (grades 2 and 3)
in a multivariate logistic regression analysis (odds ratio, 0.66 per
0.01 min~!, P = 0.044) (53). Despite the established clinical rele-
vance of ''C-based radiotracers, their popularity has been limited
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structural isomer 3-!8F-fluoro-para-hydroxy-
phenethylguanidine are phenethylguanidines
that were designed for slow neuronal uptake
and irreversible presynaptic retention, fea-
tures thought to be favorable for accurate
detection and quantification of cardiac sym-
pathetic denervation (58). First-in-humans
studies with these radiotracers demonstrated
high-quality images with reproducible meas-
urements of regional cardiac sympathetic
nerve density (NCT02669563) (58).

Postsynaptic Sympathetic Imaging
HC-CcGP-12177 (4-(3-tert-butylamino-2-

b

Imaging interval (min after injection)

Ll

hydroxypropoxy)-2H-benzimidazol-2-!'C-

FIGURE 5. Presynaptic sympathetic imaging with '®F-FBBG PET. Figure shows representative
sequence of whole-body '®F-FBBG coronal PET images in healthy volunteer. Myocardial signal per-

sists after clearance from liver and surrounding organs. (Reprinted from (55).)

by a relatively short half-life (20 min) that necessitates on-site
cyclotron production.

As a result of the intrinsic limitations of ''C-based radiotracers, '®F-
based radiotracers targeting the norepinephrine transporter have gener-
ated significant interest. '®F-flubrobenguane (‘*F-FBBG, also known
as 'BF-LMI1195) is a benzylguanidine that is similar in structure to
1231 MIBG (54,55). First-in-humans studies of '*F-FBBG demonstrated
favorable characteristics for imaging, including rapid blood pool clear-
ance, moderate rates of liver and lung clearance, and stable myocardial
uptake, with a myocardium-to-liver ratio of more than 2 at 4 h (Fig. 5)
(55). Preliminary results of subsequent clinical evaluations demonstrated
that '®F-FBBG yields estimates of myocardial sympathetic innervation
similar to those of ''C-HED but has more favorable kinetics (54). Given
the advantages of 'SF-FBBG for quantifying regional myocardial inner-
vation, it was selected for evaluation in the PAREPET II trial to deter-
mine the risk of sudden cardiac death in patients with ischemic
cardiomyopathy (NCT03493516). In addition to 'F-FBBG, there are
several other '®F-labeled norepinephrine transporter—targeted radiotracers
that are currently in development. '3F-meta-fluorobenzylguanidine (‘8F-
MFBG) is another benzylguanidine with potential for use in cardiac
applications; it has demonstrated rapid and sustained myocardial uptake
with fast blood pool clearance in initial clinical evaluations (56,57)
(NCT02348749). 4-'8F-fluoro-meta-hydroxyphenethylguanidine and its

one) (37,49) and ''C-CGP-12388 ((S)-4-
(3-(2'-'!C-isopropylamino)-2-hydroxypro-
poxy)-2H-benzimidazol-2-one) (59,60) are
nonselective [(-receptor antagonists that
have been used for postsynaptic adrenergic
imaging. ''C-CGP-12177 has been paired with presynaptic sym-
pathetic tracers such as *I-MIBG (61) and 'C-HED (36,37,49)
to help elucidate the complex relationships between pre- and
postsynaptic sympathetic function (Fig. 6). The studies show sig-
nificant alterations in both pre- and postsynaptic sympathetic
function in patients with various types of cardiomyopathies.
Chronically increased sympathetic tone in the setting of heart fail-
ure is reflected in the decreased uptake or increased washout of
presynaptic catecholamines and leads to the observed downregu-
lation of postsynaptic B-adrenergic receptors (61). Although
a-adrenergic signaling is less intensively investigated, it also
plays a fundamental role in cardiovascular physiology (62) and
is an intriguing target for therapeutics and molecular imaging.
1C-labeled N-[6-[(4-amino-6,7-dimethoxyquinazolin-2-yl)-methyl-
aminoJhexyl]-N-methylfuran-2-carboxamide;hydrochloride ~ (*!C-
GB67) is a prazosin analog and «;-adrenergic antagonist that has
demonstrated myocardial uptake in preclinical and initial human
studies, although its clinical role has yet to be established (63,64).

Parasympathetic Imaging
Techniques for radioligand imaging of cardiac parasympathetic activ-
ity remain far less developed than those for sympathetic imaging despite
the central role that parasympathetic innervation plays in cardiovascular
physiology. !'C-donepezil is a reversible, non-
competitive antagonist of acetylcholinesterase

"C-mHED

"C-CGP 12177

that has been investigated in humans as a
potential surrogate marker of cardiac parasym-
pathetic innervation (65), although its utility is
hindered by donepezil’s significant affinity for
oj-receptors, which are also plentiful in the
heart (66). ''C-methylquinuclidinyl benzilate is
a specific hydrophobic antagonist of muscarinic
acetylcholine receptors that has demonstrated
significantly greater uptake in patients with
dilated cardiomyopathy than in healthy controls
(345 = 89 vs. 250 = 7.7 pmol/mL, P <
0.005) (40). In addition, 2-deoxy-2-'8F-fluoro-
D-glucose-A85380 is a selective agonist of the

FIGURE 6. Pre- and postsynaptic sympathetic imaging with "C-HED and "'C-CGP 12177 PET.
Short axis ''C-HED and ''C-CGP 12177 PET images of patient with congestive heart failure. Signifi-
cant pre- and postsynaptic mismatch are noted by arrows. (Reprinted from (49).)
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o3, nicotinic receptor that was developed for
central nervous system imaging and has dem-
onstrated feasibility in humans for imaging



nicotinic receptors in the heart (67) and vasculature (68). More recently,
the vesicular acetylcholine transporter has been investigated as a
potential target for radioligand imaging of cardiovascular cholinergic
activity. '8F-fluoroethoxybenzovesamicol is a noncompetitive inhibitor of
the vesicular acetylcholine transporter that, in contrast to ''C-donepezil,
has low affinity for o -receptors (69). '8F-fluoroethoxybenzovesamicol
has been extensively studied in the central nervous system and recently
demonstrated favorable properties for quantitative cardiac imaging (69).

Overall, neuronal radiotracers have thus far not gained wide-
spread use in cardiovascular medicine despite some intriguing pre-
clinical and clinical findings. Multiple technical, clinical, and
economic factors likely contribute to the slow advancement of neu-
ronal imaging techniques, including incomplete definitions of their
clinical roles and potential added value over established imaging
techniques. Given the advantages of PET over SPECT, the field of
cardiovascular neuronal imaging will likely continue to shift toward
quantitative PET techniques, likely with '8F-labeled tracers. This
will require further development of '3F-based radiotracers and
related quantitative analysis techniques.

CONCLUSION

Cardiovascular imaging is evolving in response to systemwide
trends toward molecular characterization and personalized thera-
pies. The development of new radiotracers for PET and SPECT
imaging is central to addressing the numerous unmet diagnostic
needs that relate to these changes. Overall, there is a trend toward
greater use of PET in cardiovascular medicine given its beneficial
imaging properties and established methods for quantification,
although SPECT remains highly used because of its favorable cost
and availability and the numerous benefits of recent technical
improvements. The development of radiotracers for improved
characterization of cardiovascular neuronal activity as well as per-
fusion in both the myocardium and periphery has been discussed
in part 1 of this review. Part 2 will present a detailed overview of
emerging radiotracers for the imaging of cardiovascular inflamma-
tion, fibrosis, thrombosis, calcification, and cardiac amyloidosis.
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