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Abstract Cardiac sympathetic nervous activity can be
uniquely visualized by non-invasive radionuclide imaging
techniques due to the fast growing and widespread application
of nuclear cardiology in the last few years. The norepinephrine
analogue '**I-meta-iodobenzylguanidine ('**I-MIBG) is a
single photon emission computed tomography (SPECT) trac-
er for the clinical implementation of sympathetic nervous im-
aging for both diagnosis and prognosis of heart failure.
Meanwhile, positron emission tomography (PET) imaging
has become increasingly attractive because of its higher spatial
and temporal resolution compared to SPECT, which allows
regional functional and dynamic kinetic analysis.
Nevertheless, wider use of cardiac sympathetic nervous PET
imaging is still limited mainly due to the demand of costly on-
site cyclotrons, which are required for the production of con-
ventional ''C-labeled (radiological half-life, 20 min) PET
tracers. Most recently, more promising '*F-labeled (half-life,
110 min) PET radiopharmaceuticals targeting sympathetic
nervous system have been introduced. These tracers optimize
PET imaging and, by using delivery networks, cost less to
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produce. In this article, the latest advances of sympathetic
nervous imaging using '*F-labeled radiotracers along with
their possible applications are reviewed.
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Introduction

Understanding of the cardiac sympathetic nervous system has
been expanded in the last decade, particularly as a relevant
imaging target in patients with chronic heart failure (HF).
HF is characterized by a vicious cycle, in which reduced car-
diac output via myocardial injury results in sympathetic nerve
hyperactivation that in turn causes further myocardial damage
and reduction of cardiac performance [1]. Currently, improved
mortality rates of chronic HF patients using therapeutic sym-
pathetic nerve blockade has been confirmed [2—4]. Therefore,
non-invasive monitoring of the individual cardiac sympathetic
nervous status provides a powerful prognosis prediction tool,
as well as optimizes therapeutic algorithms in order to harvest
the greatest benefit of medical interventions. At present, nu-
clear medicine imaging techniques—including single-photon
emission computed tomography (SPECT) and positron emis-
sion tomography (PET)—involving the application of very
small amounts of radiopharmaceuticals/radiolabeled tracers
are the only ways to evaluate the function of the cardiac sym-
pathetic nervous system. In contrast to traditional imaging
techniques (e.g. computed tomography and magnetic reso-
nance imaging) that mainly present morphological informa-
tion, PET or SPECT provides unique and crucial details at a
subcellular to molecular level and thus has the potential to
determine early onset of cardiac disease [5].
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Norepinephrine analogue tracers, such as the SPECT tracer
'3 [_meta-iodobenzylguanidine ('**I-MIBG, Fig. 1), provide
integral information on myocardial sympathetic innervation
and the nerve status at diagnosis [6-9]. In the sympathetic
nervous system, the neurotransmitter norepinephrine (Fig. 1)
is synthesized and stored in vesicles in presynaptic cells and is
released into the synaptic cleft where it binds to postsynaptic
adrenoreceptors to achieve neurotransmission and to trigger
further downstream cascades. Norepinephrine in the synaptic
cleft is then carried into the cells again by the norepinephrine
transporters (NET) and stored in vesicles in the presynaptic
nerve terminal for either re-use (so-called uptake-1 mecha-
nism) or decomposition [9, 10]. In the same manner, but after
intravenous administration, synthesized norepinephrine ana-
logue tracers are taken up in nerve terminals actively via the
uptake-1 mechanism. Therefore, localization of the tracer ac-
cumulation represents primarily sympathetic innervation—a
key factor to assess the status of cardiac condition. The
possible mechanisms of decreased tracer uptake and/or in-
creased tracer washout include impaired NET function, sym-
pathetic hyperactivation, and impaired vesicular storage
function [6, 11, 12].

Advances in sympathetic nervous imaging

'[_.MIBG has been the most widely used clinical tracer for
sympathetic nervous imaging for more than 30 years [13]. The
potential application of MIBG as a prognostic parameter of
HF was first described by Merlet et al. [14] in 1992 followed
by several trials [12, 15, 16]. The subsequent landmark
ADMIRE-HF (AdreView Myocardial Imaging for Risk
Evaluation in Heart Failure) study has established the prog-
nostic significance of '**I-MIBG in HF patients and has con-
firmed that a lower H/M ratio from planar '**I-MIBG imaging
is strongly associated with a higher incidence of cardiac events
[17]. Most recently, Nakajima et al. created risk charts for
short-term (2 years) and long-term (5 years) prediction of car-
diac risk using '**I-MIBG H/M ratio based on the database of
1322 HF patients. The risk prediction models with '*I-MIBG

Fig. 1 Chemical structures of a
radiolabeled neurotransmitter and
neurotransmitter analogues
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showed incremental prognostic value when compared with
the model using only B-type natriuretic peptide (BNP) levels
[18].

In addition, based on a study involving 106 patients,
MIBG washout rate is independently associated with sudden
cardiac death (SCD) [19]. Although it is proven that implant-
able cardioverter defibrillators (ICD) reduce the risk of overall
mortality and SCD in patients with congestive HF, the average
annual rate of appropriate ICD shocks was only 5.1% [20].
Further studies proved the significance of including '**I—
MIBG scoring in the decision making of treating HF patients
with ICD instead of only relying on LVEF [21, 22]. The clin-
ical phase IIIb trial (ADMIRE-ICD), a multi-centre random-
ized clinical study, is currently in progress to demonstrate the
clinical value of '*I-MIBG imaging in appropriate decision-
making of potential implantation in HF patients [23].

Parallel to SPECT tracers, several ''C-labeled norepineph-
rine analogue tracers are also available. They show different
uptake-1 affinity, stability on vesicular storage, and suscepti-
bility to enzymatic degradation [24]. The studies using a com-
bination of ''C—epinephrine (EPI), ''C—phenylephrine
(PHEN), and "' C-hydroxyephedrine (HED) revealed charac-
teristic distributions and retentions of these tracers in myocar-
dium of porcine and human subjects, reflecting presynaptic
cardiac conditions in different ways [25, 26].

""C—HED is so far the most routinely used PET tracer for
sympathetic nervous imaging and has made a contribution to
more profound understanding of pathogenesis and progres-
sion of HF [24, 27]. One of the recent studies suggested that
""C—HED parameter can identify the beneficial impact of con-
tinuous positive airway pressure (CPAP) therapy in patients
with obstructive sleep apnea (OSA, one of the common com-
plications of heart disease) and HF with reduced ejection frac-
tion (HFrEF) [28]. Subjects receiving short-term (6-8 weeks)
CPAP therapy had increased myocardial ''C—HED retention,
while other cardiac parameters did not change.

Regional sympathetic denervation indicated by reduced
myocardial ''C-HED uptake was the strongest predictor of
sudden cardiac arrest in a prospective study including 204
ischemic cardiomyopathy subjects. The subject group with
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Fig. 2 '®F-labeled PET tracers
for sympathetic nervous imaging
has promising characteristics for
clinical practice with inherent
high performance PET
technology and potential of tracer
cost reduction by using delivery
system

the largest extent of reduced ''C-HED uptake had a rate of
sudden cardiac arrest of 6.7%/year, while the subject groups
with intermediate and the smallest extent showed rates of
2.2%/year and 1.2%/year, respectively [29]. A study reported
last year has also confirmed the direct correlation between low
""C—HED retention and poor survival rate [30].

Introduction of novel '®*F-labeled sympathetic
neuronal PET tracers

Despite many advantages, broader clinical application of
conventional ''C-labeled PET tracers, such as ''C-HED,
are quite limited mainly due to the short radiological
half-life of only 20 min; thus, expensive and inflexible
on-site cyclotrons for tracer production are mandatory
(Fig. 2). This increases the financial burden for patients,
as well as for small hospitals including both equipment
and maintenance costs. In addition, this short half-life
also strongly limits the novel tracer design for
radiopharmacists. In contrast, 18F_Jabeled tracers have a
longer half-life (110 min), which allows the dispatch
from central cyclotron facilities. This mode has already
been established for '*F—fluorodeoxyglucose (FDG) and
has been proven to be cost-effective [31]. 'F allows
higher flexibility in designing and synthesizing novel
PET tracers with more complex structures but more
promising efficacy. Moreover, by introducing fluoride
into tracers, it is possible to maintain the in vivo activ-
ity and selectivity towards specific targets, as well as to
improve the stability against metabolism at sensitive po-
sition. Therefore, new perspectives include the develop-
ment and application of '®F-labeled radioligands that
can use the full potential of PET technology. Recently,
"F_LMI1195 and '®*F-4F-MHPG (Fig. 1) have been
introduced and presented favorable properties for cardi-
ac sympathetic nerve imaging. Preclinical development
status of '®F-labeled tracers is summarized in Table 1.

Bp_L.MI1195

"F_LMI1195 is so far the only tracer that has entered a phase
I clinical trial, and the tracer profile is evaluated in most detail.
Similar to '*I-MIBG, '*F-LMI1195 has a benzylguanidine-
based structure and is not a substrate for metabolic degrada-
tion by cytosolic monoamine oxidase (MAO). Radiosynthesis
of "SF-LMI1195 can be achieved with a single-step '°F re-
placement reaction. This timesaving, simplified radiolabeling
procedure will be an advantage for commercialization in the
near future.

Initial in vitro studies confirmed that '*F-LMI1195 is av-
idly taken up via uptake-1 mechanism similar to endogenous
norepinephrine [32]. Additionally, high specificity to uptake-1
mechanism was indicated by in vitro pharmacologic blocking
studies using desipramine (around 90%)—a selective uptake-
1 mechanism inhibitor [33]. This uptake-1 specific mecha-
nism was verified in a subsequent study using isolated rabbit
hearts. In this system, first-pass '*F-LMI1195 extraction de-
creased flow-dependently, which suggests that'SF-LMI1195
initial uptake partially depends on the tracer quantity in the
extracellular spaces that is limited by blood flow [34].
However, '®F-LMI1195 appears to be more dependent on
sympathetic innervation status than blood flow. In a denervat-
ed rabbit model, '*F-LMI1195 was initially taken up in both
normal and denervated areas in the first 2 min and afterwards
rapidly washed out. This indicates higher rate constant for
washout from extracellular space back to plasma (k2) than
the rate constant for NET transportation (k3) [33].

After being taken up into presynaptic cells, 'SF-LMI1195
is thought to be stored predominantly in synaptic vesicles
instead of a cytosol-dependent storage. As has been proved
in isolated rabbit heart, the washout rate of 'SF-LMI1195
increased nearly three times when vesicular release from nerve
terminals was enhanced by electrical field stimulation [34].
Although 'I-MIBG, '"C-HED, and "*F-LMI1195 are all
norepinephrine analogues and designed to mimic physiologic
norepinephrine behavior, these tracers demonstrated distinct
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Table 1  Preclinical development status of '*F-labeled PET tracers targeting sympathetic nervous system
In vitro study Biodistribution Pharmacologic PET imaging Metabolite analysis Human study
study blocking study
E_IMI1195 Human cell line Rat[32,35,36] Human cell line [33] Rat [32, 35, 37] Human [39] Phase I [39]

[32, 33] Rabbit [32, 35] Isolated rabbit heart
Isolated rabbit [34]
heart [34] Rat [35, 37]
Rabbit [32, 35, 38]
Cynomolgus monkey
[32]
BF_4F-MHPG Isolated rat heart ~Rat [40, 41] Rhesus Macaque
(uptake-2 monkey [40, 41]
blocked) [40,
41]
8F_3F-PHPG Isolated rat heart
(uptake-2
blocked) [43]
"SE_FPOIBG  Human cell line  Mouse [44] Human cell line [44]
[44] Mice [44]
6-'"*F-FMR Rat [45-48] Rat [45, 47, 48] Dog
Dog [47, 48] [45]
4-18F.FMR Isolated rat heart ~Rat [45, 46, 50, Rat [45, 51]
[50] 51] Dog [45]

Rabbit [32-35, 38]
Cynomolgus monkey
[32, 35]

Rhesus macaque Rhesus macaque monkey Exploratory IND
monkey [40, 41] [41], human [42] Study [42]
Rhesus macaque Rhesus macaque monkey Exploratory IND
monkey [43] [43], human [42] Study [42]

Dog [45, 47] Rat, Dog, Pig, Baboon [49]

Dog [45] Rat [45, 50, 51]

responses to pharmacologic blocking by desipramine.
Recently, our research group directly compared the uptake
kinetics of these tracers in rabbit hearts [38]. As expected,
desipramine pre-treatment significantly inhibited heart uptake
of '*I-MIBG, "'C-HED, and '*F-LMI1195 in the same
manner. However, when desipramine treatment was undertak-
en 10 min after tracer injection (namely desipramine chase),
the retention kinetics of '**I-MIBG and '*F-LMI1195 did not
change, whereas ''C—-HED washout increased significantly
(Fig. 3). These findings can be attributed to the different mech-
anism of accumulation of these tracers: It can be hypothesized
that '*I-MIBG and '*F-LMI1195 are stored stably in synap-
tic vesicles. Thus, after entering synaptic vesicles, they will
not be affected by the uptake-1 mechanism inhibitors any-
more. Nevertheless, it can be presumed that "C_HED main-
tains a dynamic equilibrium through repeated release from and
reabsorption into nerve terminals (Fig. 3).

In vivo studies in rats, rabbits, and cynomolgus monkeys
demonstrated high and sustained cardiac uptake of '*F—
LMI1195 continuously over 120 min after injection. The spec-
ificity of "F-LMI1195 for uptake-1 mechanism was con-
firmed also in rabbits and cynomolgus monkeys [32].
Furthermore, in comparison with 123IfMIBG, SF_LMI1195
is washed out more rapidly from non-target organs such as
blood, lung, and liver, resulting in significantly higher heart-
to-background ratios with clear cardiac images [32]. In cyno-
molgus monkeys, heart-to-liver uptake ratios of "*F—LMI1195
were more than three times higher than '*I-MIBG (3.5 versus
1.1) at 30 min after injection. Of note, the transport system
involved in '"*F-LMI1195 uptake is not identical in different
species. In addition to uptake-1 mechanism, there is a second

way to take up endogenous neurotransmitter or radiotracer
into non-neuronal tissue, namely uptake-2 mechanism.
Unlike in rabbits and nonhuman primate hearts, a similar
blocking effect by desipramine has not been observed in rat
hearts. Our research group revealed that phenoxybenzamine, a
nonselective blocker of both uptake-1 and uptake-2

Fig. 3 (A) Distinct blocking effect of desipramine on rabbit cardiac
uptake of '"C-HED and "®F-LMI1195. (B) A conceptual model of the
accumulation of "C-HED, '*)I-MIBG, and '"®F-LMI1195 after trans-
portation into nerve terminal via uptake-1. Modified from Werner et al.
(35) © by the Society of Nuclear Medicine and Molecular Imaging, Inc.
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mechanisms, evidently inhibits '*F-LMI1195 uptake in rat
hearts, whereas desipramine failed [37]. A subsequent study
by Yu et al. supports this conclusion by demonstrating remark-
able inhibition of "®F-LMI1195 uptake with high selectivity
in rabbits and cynomolgus monkey hearts instead of rat hearts
when pretreated with desipramine [35]. It should be noted
that, despite these, "C_HED uptake in the rat heart can be
successfully inhibited by desipramine [52, 53]. The reason for
this discrepancy between ''C-HED and '*F-LMI1195 has
not been fully clarified yet.

'F_LMI1195 showed potential for regional assessment in
some sympathetic denervation models. '*F-LMI1195 PET
clearly showed the regional phenol-denervated area in a rabbit
model, whereas the myocardial perfusion assessed by '*F—
flurpiridaz PET was normal [33]. A later report by the same
group also demonstrated decreased cardiac 'SF-LMI1195 up-
take in 6-hydroxydoparmine (6-OHDA) denervated rabbit
model [35].

A phase 1 clinical trial confirmed that "SF-LMI1195
is well tolerated and exhibits a favorable biodistribution
for cardiac imaging with acceptable radiation doses
[39]. Twelve healthy subjects were administered 150-
250 MBq of "F-LMI1195, and no safety concerns were
observed during the study. A rapid clearance from the
blood could be observed along with delineated clear
cardiac uptake distributing evenly throughout the heart
(Fig. 4). Furthermore, as derived from dynamic PET
images, heart-to-lung and heart-to-liver ratios remained
high over 5 h after injection. Although the largest peak
uptakes were observed in the urinary bladder and the
liver, it was concluded that accumulated radioactivity
in the liver does not seem to affect the assessment of
myocardial conditions in most cases. The mean effective
dose of '"SF-LMI1195 was similar to that previously
reported for '**I-MIBG. Noteworthy, in healthy sub-
jects, the metabolism of '"®F-LMI1195 in blood is rapid
with ratios of 36.5%, 12.5%, and 7.2% of the parent
compound in plasma samples at 15, 30, and 120 min
after injection, respectively [39].

Fig. 4 Biodistribution of 'SF-LMI1195 in a healthy rat and a healthy
subject. Modified from Sinusas et al. (40) and original data. © by the
Society of Nuclear Medicine and Molecular Imaging, Inc.

Bp_4F-MHPG

The '®F-labeled PET tracer 4-'*F-fluoro-3-hydroxy-
phenethylguanidine ('*F-4F-MHPG) was designed to provide
properties of slow cardiac uptake and long retention, intending
to reflect mild differences of sympathetic nervous status while
excluding the blood flow effect [54]. Raffel and co-workers
pointed out if a tracer shows rapid uptake into neuronal tissues
by uptake-1 mechanism after its initial extraction from plas-
ma, such as ""C_HED and 123Ifl\/IIBG, the neuronal uptake
should largely depend upon blood flow. In that case, the rate
constant for NET transportation (k3, the transportation from
extracellular space to neuron compartment) should be much
higher than the rate constant for washout (k2, the clearance
from extracellular space back to plasma), which leads to a
problem in using kinetic analysis techniques for the measure-
ment of the regional nerve density. To overcome this problem,
they set out to find the compound with slow neuronal uptake
and long neuronal retention. As a result, "C_Jlabeled com-
pounds with a phenethylguanidine-like structure were
screened and ''C-4F-MHPG was found to fulfill the criteria
[54]. Encouraged by the result achieved from ''C-4F-MHPG,
a corresponding '*F-labeled 4F-MHPG was subsequently de-
veloped and evaluated [40]. Recently, its isomer 3-'*F-fluoro-
4-hydroxyphenethylguanidine (‘**F—3F-PHPG) has also been
introduced. According to the latest article, radiosynthesis of
these '®F-labeled tracers can be prepared by '°F fluorination
and deprotection steps, using automated radiolabeling sys-
tems. The total synthesis time is 90 min, and decay-
corrected yields of '*F—4F-MHPG and '*F-3F-PHPG are
7.0% and 8.0%, respectively [43].

"8F_4F-MHPG and '*F-3F-PHPG were taken up slower
than ''C-labeled MIBG and ''C-HED in isolated rat hearts,
in which uptake-2 mechanism was pharmacologically
blocked. The neuronal uptake rates of 18F4F—MHPG, 18p_
3F-PHPG, ''C-MIBG, and ''C-HED are 0.77, 0.79, 3.65,
and 2.35 mL/min/g, respectively [43]. Furthermore, 'SF—4F-
MHPG and '®*F-3F-PHPG demonstrated much longer reten-
tion than ''C-MIBG and "'C-HED in isolated heart [41, 43],
which suggests '*F-4F-MHPG and '*F-3F-PHPG are stably
stored in storage vesicles in neuronal terminals.

In vivo biodistribution studies of '*F-4F-MHPG in rats
exhibited favorable uptake in the heart and low uptake in the
lungs and liver [40]. From the biodistribution data, the effec-
tive dose of '*F—4F-MHPG for humans was estimated and
considered as being acceptable for human use.

PET imaging with '®F—4F-MHPG and '*F-3F-PHPG in a
rhesus macaque monkey demonstrated clear and sustained
myocardial uptake throughout 90 min. It should be noted that
the clearance of '®F-4F-MHPG from the liver was faster, pro-
viding a higher heart-to-liver ratio at 85 min after injection,
compared to '*F-3F-PHPG (2.5 vs. 2.2) [41, 43]. '8F—4F-
MHPG showed high specificity to uptake-1 mechanism in



pharmacologic blocking study using rhesus macaque
monkey. Additionally, “net uptake rate” constant for
each compound could be calculated by either com-
partmental modeling or Patlak graphical analysis.
Moreover, desipramine pre-treatment decreased “net
uptake rate” constant for '*F—4F-MHPG in a dose-
dependent manner. These results suggest that either
compound has optimal kinetics, which can be applied
to the kinetic analysis approaches, and provide quan-
titative values that are sensitive to mild or regional
denervation [41, 43]. In vivo metabolite analysis in
monkey revealed that 'SF—4F-MHPG is metabolized
more rapidly than 'SF-3F-PHPG: The time needed
for 50% metabolism were 2.3 min for '*F-4F-MHPG
and 6.7 min for '*F-3F-PHPG. Metabolic processes of
these tracers do not seem to be identical because only
'""F-4F-MHPG is metabolized while incubated with
monkey liver cytosol fractions [41, 43].

Recently, first-in-human studies have been performed fo-
cusing on basic biodistribution in human and myocardial ki-
netic analysis [42]. It has been revealed that, in normal human
subjects, both tracers successfully yielded clear cardiac im-
ages and quantitative measures of regional nerve density along
with negligible lung uptake and reasonably low liver uptake.
Consistent with animal PET imaging, '*F-4F-MHPG was
cleared from the liver more rapidly to generate a better
heart-to-liver ratio. On the other hand, 18F_3F-PHPG showed
higher cardiac uptake and slow metabolism. More information
regarding these two tracers might open the window for future
clinical application together with new ideas for better tracer
design.

Advantages of the novel '*F-labeld tracers
over conventional tracers

The novel '®F-labeled PET tracers reviewed here have a po-
tential to provide more detailed information of sympathetic
nervous status including regional and absolute assessment in
routine clinical practice.

Compared to 1231 MIBG, all of these '®F-labeled
tracers yielded much better cardiac images due to higher
resolution of PET techniques. Furthermore, optimized
kinetics of these tracers could provide high heart-to-
lung and heart-to-liver ratios, minimizing background
uptake. Promising imaging quality of '®F-labeled tracers
emphasizes its potency of performing regional sympa-
thetic nerve assessment, while the significance of which
has been shown using '"C-HED as mentioned above.
Unlike ''C-labeled tracers, '®F-labeled tracers have a
potential to be used widely, at relatively low cost, by
using established commercial network of PET tracers.
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All of the three '®F-labeled tracers have unique kinetics.
However, the accumulated information of conventional sym-
pathetic nervous imaging might be easily applied to '*F—
LMI1195 imaging because it has relatively similar kinetics
as MIBG than other two compounds. Optimization of quanti-
tative parameter would be the subject of future investigations.
On the other hand, '*F-4F-MHPG and '3F-3F-PHPG seem to
have the favorable properties for absolute quantification, al-
though the establishment of quantification methods would be
needed.

Conclusion

Novel '®F-labeled PET tracers, which have been devel-
oped after the successful clinical implementation of the
radiotracers '**I-MIBG and ''C-HED, may largely
change the future of myocardial sympathetic nervous
imaging. The potentials of '*F-labeled tracers are based
on the long-term contributions of '**I-MIBG and ''C—
HED imaging to establish the significance of radionu-
clide sympathetic nervous imaging. '®F-labeled tracers
can not only expand the availability of myocardial sym-
pathetic nervous imaging, but also improve the flexibil-
ity of scan protocols and mitigate the financial burden
of hospitals. Especially 'SF-LMI1195 and 'SF—4F-
MHPG have already been proven to possess favorable
properties for cardiac imaging in humans.

Certainly, novel insights about '*F-labeled tracers in hu-
man subjects are essential for clinical use. In the meantime,
further investigations of the detailed mechanism of '*F-la-
beled tracer uptake are also necessary to design novel clinical
imaging protocols and help in interpreting imaging results
more properly.

So far, there has been no direct comparison of the mecha-
nism or the performance of these tracers. Therefore, it is dif-
ficult to conclude which tracer has the best property for clin-
ical application, especially with regard to regional assessment
or quantification of sympathetic nervous activity. Further
characterization of these tracers would be of utmost
importance.

123IfMIBG, 123Ifmeta-iodobenzylguanidine; SPECT, sin-
gle photon emission computed tomography; PET, positron
emission tomography; HF, heart failure; NET, norepinephrine
transporters; ADMIRE-HF, AdreView Myocardial Imaging
for Risk Evaluation in Heart Failure; LVEF, left ventricular
ejection fractio; H/M, heart-to-mediastinum; BNP, B-type na-
triuretic peptide; SCD, sudden cardiac death; EPI, epineph-
rine; PHEN, phenylephrine; HED, hydroxyephedrine; MAO,
monoamine oxidase; CPAP, continuous positive airway pres-
sure; HFrEF, HF with reduced ejection fraction; FDG,
fluorodeoxyglucose; 6-OHDA, 6-hydroxydoparmine
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