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Abstract

Purpose of Review—The purpose of this review was to summarize current advances in positron
emission tomography (PET) cardiac autonomic nervous system (ANS) imaging, with a specific
focus on clinical applications of novel and established tracers.

Recent Findings—[!1C]-Meta-hydroxyephedrine (HED) has provided useful information in
evaluation of normal and pathological cardiovascular function. Recently, [11C]-HED PET imaging
was able to predict lethal arrhythmias, sudden cardiac death (SCD), and all-cause mortality in
heart failure patients with reduced ejection fraction (HFrEF). In addition, initial [11C]-HED PET
imaging studies have shown the potential of this agent in elucidating the relationship between
impaired cardiac sympathetic nervous system (SNS) innervation and the severity of diastolic
dysfunction in HF patients with preserved ejection fraction (HFpEF) and in predicting the
response to cardiac resynchronization therapy (CRT) in HFrEF patients. Longer half-life 18F-
labeled presynaptic SNS tracers (e.g., [18F]-LMI11195) have been developed to facilitate clinical
imaging, although no PET radiotracers that target the ANS have gained wide clinical use in the
cardiovascular system. Although the use of parasympathetic nervous system radiotracers in cardiac
imaging is limited, the novel tracer, [11C]-donepezil, has shown potential utility in initial studies.

Summary—Many ANS radioligands have been synthesized for PET cardiac imaging, but to date,
the most clinically relevant PET tracer has been [11C]-HED. Recent studies have shown the utility
of [11C]-HED in relevant clinical issues, such as in the elusive clinical syndrome of HFpEF.
Conversely, tracers that target cardiac PNS innervation have been used less clinically, but novel
tracers show potential utility for future work. The future application of [11C]-HED and newly
designed 18F-labeled tracers for targeting the ANS hold promise for the evaluation and
management of a wide range of cardiovascular diseases, including the prognostication of patients
with HFpEF.
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Introduction

The autonomic nervous system (ANS) controls most visceral functions of the body
independent of voluntary control [1, 2]. Specifically, the ANS participates in exclusive or
partial control over cardiovascular, respiratory, gastrointestinal, and urinary functions. The
ANS is able to transmit autonomic signals to and from visceral organs via efferent and
afferent neurons, respectively. These autonomic signals are sent through two major
subdivisions called the sympathetic nervous system (SNS) and the parasympathetic nervous
system (PNS) that exert control over target organs via the direct release of neurotransmitters
that act on target cells or the indirect release of hormones and other effector molecules [1,
2].

The ANS plays a key role in maintaining cardiovascular homeostasis at rest and in response
to a variety of stimuli (e.g., exercise and postural changes) by regulating cardiac output,
vasoreactivity, and metabolism [3]. It has been recognized that aberrations in either ANS
subdivision, due to aging and other chronic stressors, contribute to pathobiology of many
cardiovascular diseases, including hypertension, ischemic heart disease (IHD), and heart
failure (HF) and portend worse cardiovascular prognosis in many of these diseases [4-7].
The assessment of the ANS activity through reflex testing or circulating biomarker
measurements are non-specific to the heart and may reflect off target pathologies [8]. In
contrast, radiotracer analogs that target pre- and postsynaptic SNS and PNS receptors allow
for the direct evaluation of cardiac ANS innervation and function and have been useful in
characterizing the influence of the ANS in many cardiovascular diseases. Single photon
emission tomography (SPECT) analogs of nor-epinephrine, specifically 123-
metaiodobenzylguanidine (}231-mIBG), have been well characterized and studied [8-10]. As
such, 123]-mIBG SPECT imaging for the assessment of HF prognosis has recently been
approved by the Food and Drug Administration (FDA). However, the cost of these scans has
been prohibitive to wide diagnostic use of this agent. Positron emission tomography (PET)
offers several advantages over SPECT imaging, including higher spatial resolution and
established quantitative methods. In addition, a larger variety of ANS radiotracers exist for
PET compared to SPECT imaging and thus allow for more extensive evaluation of cardiac
ANS function. This review highlights advances in PET cardiac ANS imaging, with a
specific focus on the clinical applications of novel and established tracers in relevant
cardiovascular disease models.

Cardiac Sympathetic Nervous System Imaging

Activation of the SNS has mainly stimulatory actions on the heart that include increased
chronotropism, dromotropism, bathmotropism, and inotropism [2]. The sympathetic
pathway to the heart originates from preganglionic neurons in the intermediolateral horn of
the spinal cord at the level of T1-T5, and synapse with postganglionic neurons within the
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sympathetic nerve chain. The postganglionic neurons, specifically the cardiac cervical and
thoracic nerves, arrive at cardiac plexus and give rise to sympathetic efferents that innervate
the atria and ventricles, the conduction system, and the coronary arteries [1, 2].

Postganglionic SNS nerve endings release stored norepi-nephrine (NE) from secretory
vesicles following an action potential and nerve depolarization for subsequent binding to
adrenergic, G protein-coupled receptors on effector cells. The adrenergic receptors are
broken into the subtypes a and B, with the subtypes a1, B1, and B, being the predominant
isoforms in the cardiovascular system [11]. After release, most of the NE in the synaptic
space (50-80%) is removed by reuptake by the presynaptic nerve terminal via the NE
reuptake transporter (NET or uptake-1) in an energy-dependent manner [1]. The majority of
the reabsorbed NE is repacked into secretory vesicles by vesicular monoamine transporter
(VMAT), while a small portion is metabolized by monoamine oxidase (MAQ) and catechol-
O-methyltransferase (COM) [1]. The remaining NE is taken up in postsynaptic cells by the
energy-independent, uptake-2 mechanism, or by diffusion into the vascular space (Fig. 1).
Clinically available and experimental SNS PET imaging radioligands mainly target
presynaptic neural activity (e.g., uptake-1 and metabolism) and postsynaptic adrenergic
receptor density. Below is a current description of experimental and clinically relevant PET
imaging agents that provide non-invasive, in vivo information of SNS cardiac innervation.

Tracers of SNS Presynaptic Nerve Activity

[11C]-Meta-hydroxyephedrine (HED) has been well characterized in cellular [12¢], animal
[13], and human [14] studies and is the most routinely used PET imaging agent for SNS
nerve activity. [11C]-HED is a metabolically resistant analog of NE. [*1C]-HED has a high
binding affinity (K; = 20.9 nM) [15] and selectivity (~90%) [13, 16, 17] for myocardial
uptake-1, is partially repacked upon uptake, and released back into synaptic space by passive
diffusion or active release with endogenous NE. Therefore, the retention of [11C]-HED
represents continual recycling of the tracer by the presynaptic neuron [13]. Tracer
distribution in the myocardium is regionally homogenous and produces excellent image
quality due to rapid blood clearance and slow myocardial clearance (half-time, ~4 h) [14,
18]. Myocardial [11C]-HED uptake is typically quantified non-invasively as the retention of
radioactivity in the myocardium at the end of a dynamic scan, over the integral of the image-
derived arterial input function (retention index [RI]). Although [*1C]-HED RI has been
shown to be clinically diagnostic of SNS denervation, it is worth noting that metabolite
analysis has shown significant accumulation of [11C]-labeled metabolites in the blood after
injection of [11C]-HED in rodents and in humans [14, 19]. [*1C]-HED appears to be only
peripherally metabolized, with greater than 99% authentic [11C]-HED in the myocardium 30
min after injection [16, 17, 19]. Notwithstanding the frequent use of semi-quantitative
measures, this tracer has been immensely valuable in evaluating SNS innervation in many
cardiovascular diseases and continues to provide biomedical researchers with valuable and
predictive information (see below).

[1C]-Epinephrine (EPI), a true neurotransmitter, was developed to more closely resemble
biochemical handling of NE with respect to neuronal uptake, vesicular storage, and
intraneuronal metabolism [20]. Raffel has reported high binding affinity for human NET (Kj;
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= 68.4 uM [12¢]) similar to NE, while others have shown high specificity for myocardial
uptake-1 (~90%) and vesicular transport (95%) [20]. Notably, [11C]-EPI retention in the
myocardium is not influenced by continual reuptake at the presynaptic cleft as is [11C]-HED
[13]. [*1C]-EPI produces clear images due to rapid blood clearance and very slow
myocardial clearance (half-time, ~10 h) [14]. Stable retention in the myocardium indicates
efficient vesicular uptake and protection of [11C]-EPI from intraneuronal metabolism [21¢].
As such, the [11C]-EPI RI is higher than that observed for [11C]-HED in humans [14, 21¢].
However, peripheral metabolism of [11C]-EPI necessitates the need for metabolite correction
even for simple RI calculations. It is important to note that species differences exist with
respect to myocardial [11C]-EPI washout, and caution must be taken when applying findings
in rodents to humans [13].

[11C]-Phenylephrine (PHEN) is synthetic catecholamine with an intermediate capacity for
vesicular storage (> [11C]-HED, but <[11C]-EPI) [22]. [11C]-PHEN is highly susceptible to
intraneuronal MAQ degradation and has a lower binding affinity for the uptake-1 mechanism
(K;= 109 nM [15]) compared to both [11C]-HED and [11C]-PHEN, resulting in rapid
myocardial washout and comparatively lower retention than the aforementioned tracers [23].
Similarly to [11C]-EPI, retention in the myocardium is not influenced by continual reuptake
at the presynaptic cleft [13]. Taken together, the RI of [}1C]-PHEN, after plasma metabolite
correction, has been used as in vivo index of presynaptic neuronal MAQ activity. However,
MAO is not only present on SNS presynaptic neurons, and thus, the production of extra-
neuronal [11C]-PHEN metabolites obscures interpretation of the myocardial RI.

Dopamine is an endogenous neurotransmitter that has a high binding affinity (K;= 8.1 (u.M)
and transport kinetics (K; = 0.24 u.M) to human NET [12¢]. Dopamine is the substrate for
VMAT vesicular packing and converts to NE within the presynaptic neuron, and is
susceptible to intra- and extra-neuronal metabolism. 6-[18F]-Fluorodopamine (6F-DA)
exhibits similar uptake/release kinetics and metabolism to endogenous dopamine [24]. As
such, cardiac [*8F]-6 F-DA uptake and washout was proposed to represent sympathetic
innervation and function [25]. However, low myocardial uptake-1 selectively (~50-60%)
combined with the complex fate of [18F]-6 F-DA rendered kinetic modeling difficult and
precluded absolute quantification and widespread use of this tracer.

[18F]-LMI1195
(18F-N-[3-Bromo-4-(3-Fluoro-Propoxy)-Benzyl] -Guanadine)

To overcome the challenges in applying [}1C]-labeled PET SNS radiotracers, an [18F]-
labeled benzylguanidine, 18F- A[3-bromo-4-(3-fluoro-propoxy)-benzyl]-guanadine ([18F]-
LMI1195), was developed to resemble the structure of 1231-mIBG and take advantage of
high sensitivity PET imaging and the longer half-life of [18F] [26]. [18F]-LMI1195 has
similar binding affinity and transport kinetics to endogenous NE for human NET [26] and
similar tracer kinetics to 123]-mIBG [27, 28]. Initial studies showed relatively high
myocardial selectively for the uptake-1 mechanism in rabbits (82%) and in non-human
primates (66%) [26]. These initial studies also showed excellent image quality of [18F]-
LMI1195 that was superior to23 |-mIBG. Sinusas et al. [29+¢] performed the first-in-human
safety, toxicity, biodistribution, and dosimetry studies with [18F]-LMI1195. This
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preliminary, multi-center study showed patient safety and tolerability, acceptable dosimetry,
and uptake and clearance kinetics favorable for myocardial imaging. In particular, blood
radioactivity cleared quickly, whereas myocardial uptake remained stable over a 5-h imaging
session. In addition, liver and lung radioactivity cleared relatively quickly, providing a very
favorable target-to-background ratio for cardiac imaging (Fig. 2). Importantly, these studies
reported significant metabolism of [18F]-LMI1195 over time, which will need to be
considered for quantification of [18F]-LMI11195 images in the future. Despite these initial
favorable findings, the clinical application of [18F]-LMI1195 for SNS presynaptic neuron
imaging has not progressed.

Tracers of Postsynaptic SNS Receptors

Cardiac B-Adrenergic Receptor PET Imaging

1 and B, are the predominant B-receptors in the heart and are linked to G proteins that
when activated will cause an increase in adenylyl cyclase activity that causes an increase in
cyclic adenosine monophosphate (cCAMP) (Fig. 1) [1, 11]. Activation of CAMP has
stimulatory actions on cardiomyocytes and leads to smooth muscle relaxation (vasodilation)
in the coronary vasculature. p; and B, receptors are evenly distributed in all four chambers,
and in the normal heart, the p1/p, ratio is approximately 3:1 [11]. As discussed in more
detail below, there is a complex relationship between SNS nerve activity, B-adrenoceptor
expression and activity, and cardiac disease. Two PET radioligands that bind to -
adrenoceptor non-selectively have undergone significant preclinical testing with translation
to clinical evaluation.

[11C]-CGP-12177 is the most widely used PET tracer for postsynaptic adrenergic imaging
and is a hydrophilic, non-selective p-antagonist. The hydrophilic properties of this tracer
allow greater binding to surface receptors over internalized receptors. [11C]-CGP-12177 has
favorable characteristics for cardiac imaging, such as rapid blood clearance, high binding
affinity for 1 (k= 0.3 nM) and B, (k7= 0.9 nM) [30, 31] receptors, and high cardiac
specific binding (80-90%) [31, 32]. In addition, quantitative graphical methods that avoid
the need for blood sampling have been developed for clinical applications that show good
agreement with multi-injection, metabolite-corrected protocols [32, 33]. However, initial
widespread clinical application of this tracer was precluded by complicated synthesis using a
[1C]-phosgene and low specific activities. However, recent advances in [11C]-phosgene
generation led to higher specific activity yields and more recent applications in preclinical
models and in clinical settings [34, 35].

[11C]-CGP-12388 is a hydrophilic, non-selective B-antagonist that is an isopropyl analog of
[11C]-CGP-12177 that was developed to overcome the synthesis difficulties of [11C]-
CGP-12177. Blocking studies in rodents and humans indicted high cardiac specific binding
[36, 37]. Elsinga et al. [37] reported high-quality cardiac images, fast plasma clearance, low
plasma protein binding, and slow metabolism of the tracer following injection in humans.
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Cardiac Parasympathetic Nervous System Imaging

The preganglionic efferent nerves of the PNS pass uninterrupted from the medulla oblongata
to the heart by way of the two vagal nerves. The vagal cholinergic nerves synapse with
postganglionic efferent nerves in the inferior ganglia or in the basally located cardiac plexus.
PNS nerve fibers mainly innervate the atria and conduction nodules and, thus, have more of
an effect on chronotropy than on myocardial inotropy [1, 2].

PNS nerve conduction is mediated by the release of acetylcholine (ACh) from
postganglionic terminal nerve endings. The terminal nerve ending varicosities store ACh in
high concentrations in transmitter vesicles until release. Following an action potential and
nerve depolarization, the varicosities empty their contents of ACh into the synaptic space for
subsequent binding to muscarinic (MR) and nicotinic ACh receptors (nAChRs) [1, 2]. The
predominant ACh receptor found in the heart is the G; protein-coupled M, MR, which is
found on cardiomyocytes and intracardiac ganglia [38]. Stimulation of this receptor
decreases heart rate and reduces the force of contraction of cardiomyocytes, especially in the
atria [1]. nAChRs are present in the myocardium and on nerve fibers that innervate the blood
vessels, but the precise function of these receptors in mediating PNS control of cardiac
function is largely unknown. Notably, the action of ACh is transient, due to rapid
degradation into choline and an acetate ion by acetylcholinesterase (AChE). Following
metabolism, choline is reuptaken by the terminal nerve endings resulting in continual resyn-
thesis of ACh (Fig. 1) [1].

Imaging of PNS cardiac innervation has proven more challenging than SNS innervation
imaging due to the denser distribution of PNS terminal nerves and receptors in the thinner-
walled atria compared to the ventricles, coupled with the rapid degradation of ACh by
AChE. Nevertheless, successful and promising radiotracers for PNS innervation imaging
have been developed and are described below.

Tracers of PNS Presynaptic Nerve Activity

AChE staining has been used to quantify and map cardiac PNS innervation [39]. Donepezil
is a non-competitive, high-affinity, reversible antagonist of AChE; thus, the radiotracer,
[1C]-donepezil, has been used to assess AChE abundance non-invasively in the brain [40,
41]. Recently, Gjerlaff et al. [42, 43+¢] provided evidence of the utility of [11C]-donepezil as
a cardiac PNS innervation imaging agent in preclinical and human studies. In these studies,
[1C]-donepezil had low peripheral metabolism in humans over a 60-min PET scan (>90%
unchanged), and had high cardiac uptake (SUV = 7.4 £ 0.8) and slow washout kinetics over
a 60-min scan [42]. Importantly, the capacity to non-invasively and absolutely quantify
[1C]-donepezil uptake using SUV was also determined by a near linear correlation
observed between SUV and metabolite-corrected kinetic models [43e¢]. This tracer shows
promise for cardiac PNS presynaptic terminal nerve imaging and may have screening and/or
prognostic value in populations with altered cardiac PNS innervation [42].
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Tracers of Postsynaptic PNS Receptors

(R,S)-N-[11C]-Methyl-quinuclidin-3-yl benzilate ([11C]-MQNB) is a [11C]-labeled
hydrophilic, highly specific, non-metabolized, non-selective antagonist of MRs, which has
been applied clinically for cardiac PNS activity PET imaging [44]. Ligand-receptor
mathematical models that attempt to quantify the receptor concentration and ligand affinity
of cardiac MR have been developed and validated in preclinical models [45, 46] and
optimized in humans [47, 48] using multiple injection protocols. As such, myocardial MR
density and affinity have been assessed with [11C]-MQNB using multiple injection protocols
in disease states known to be associated with altered cardiac autonomic nervous system
balance (see below).

2-[18F]-F-A-85380, a fluorine-radiolabeled analog of A-85380, a highly selective agonist of
the (a4B2 NAChR, has recently been applied to cardiovascular imaging [49]. Initial studies
showed the feasibility of imaging cardiac nAChRs with 2-[18F]-F-A-85380, showing good
target-to-background (heart-to-lung) activity ratios on whole body PET scans in healthy
volunteers and in patients with neurodegenerative disease [49]. In these studies, there were
no reported differences in activity ratios between patients and controls; however, these
studies did not attempt kinetic modeling and thus do not preclude the possible identification
of receptor density and ligand affinity differences with refined injection protocols and
kinetic modeling.

Clinical Applications/Efficacy of Autonomic PET Imaging

The ANS plays an integral role in normal cardiovascular function and disease. The ability to
non-invasively assess the ANS, specifically the SNS, with nuclear imaging modalities
(SPECT and PET) has proved experimentally and clinically valuable in understanding the
pathophysiology and prognosis of many cardiovascular diseases [50, 51¢]. As discussed
above, PET imaging offers clear benefits over SPECT, and recent advances have been made
in the application of PET ANS imaging in a variety of relevant cardiovascular clinical
conditions. A summary of these advances is discussed below.

Evaluation of Innervation After Cardiac Transplantation

Cardiac transplantation leads to SNS denervation due to surgical transection of innervating
postganglionic nerves at the base of the heart. Indeed, denervation leads to altered SNS
cardiac responsiveness, contributing to exercise intolerance and altered coronary blood flow
regulation to stress [52, 53]. Since all aspects of the uptake-1 mechanism (e.g., uptake,
storage, metabolism) are disturbed following transplant surgery, investigators have used
transplant patients to evaluate the specificity of presynaptic SNS PET tracers to each of
these mechanisms early after surgery. As such, the specificity of [11C]-HED, [*1C]-EPI, and
[11C]-PHEN for NE uptake, storage, and metabolism, respectively, has been evaluated and
confirmed by this model [14, 18, 21+]. Recently, Bravo et al. [21¢] evaluated posttransplant
reinnervation at the subcellular level by simultaneously assessing the uptake index of these
three tracers in transplant patients and normal controls. These investigators showed that
[11C]-PHEN wash greatly influenced by the overlap area of [11C]-HED and [11C]-EPI,
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suggesting that [11C]-PHEN metabolism to MAO is largely dependent on intact uptake and
vesicular storage, as originally suggested by Raffel et al. in seminal [11C]-PHEN studies
[22].

PET imaging with [11C]-HED has been extensively used to non-invasively characterize
cardiac denervation and reinnervation process, and the cardiac physiological responses to
reinnervation [52-54]. Initial cross-sectional studies using PET [11C]-HED showed regional
heterogeneity in the reinnervation process that occurred predominately in the LAD vascular
perfusion territory [55]. Longitudinal studies using [*1C]-HED confirmed these findings and
reported a reinnervation pattern that initially occurs in the anteroseptal wall in a basal to
distal fashion, followed by lateral wall reinnervation, and lastly inferior wall and apical
reinnervation [54]. However, the heart does not become fully reinnervated over time and
some patients remain denervated late after surgery (15 years). Follow-up studies indicated
that although time is a determinant of reinnervation, the likelihood of innervation is also
dependent on donor and recipient age, duration and complexity of surgery [56], and diabetic
status [57]. Perhaps most importantly, [11C]-HED has been used to assess the significance of
SNS innervation on cardiac function. It has been reported that areas of denervation have
increased basal glucose metabolism compared to reinnervated areas, despite having normal
oxidative capacity and normal basal coronary flow [58]. In addition, using cold pressor
testing as a SNS stimulus, Di Carli et al. [52] reported decreased myocardial blood flow
(MBF) in the same territories as decreased [11C]-HED uptake in transplant patients, while
showing that MBF was appropriately increased in areas of higher [1C]-HED uptake. Along
these lines, it has been shown that areas of reinnervation after transplantation have
appropriate increases in chronotropy and inotropy in response to aerobic exercise, while
areas of denervation have blunted responses [53].

Studies evaluating postsynaptic SNS and PNS receptor density in transplant patients with
PET are lacking. A small study of early postoperative (mean 4.7+2.3 months) transplant
patients showed no difference in MR binding affinity, nor MR density compared to age-
matched, healthy controls when assessed with PET and [*1C]-MQNB [48]. Unlike SNS
denervation with transplant surgery, the postganglionic nerves remain intact and may explain
these findings.

Alterations in Autonomic Function with Myocardial Ischemia and Infarction

Autonomic system innervation and function is altered following an acute myocardial
infarction (AMI). Seminal preclinical studies in canines showed that permanent LAD
occlusion led to sympathetic denervation in the infarct area and adjacent border zone [59].
Recent, multi-tracer preclinical studies have extended these findings in vivo with PET
imaging and observed that [11C]-HED uptake was reduced to a similar extent as flow
following an AMI, while defects relating to vesicular storage ([11C]-EPI) and
neurotransmitter degradation ([11C]-PHEN) exceeded the perfusion defect [60] (Fig. 3).
These results indicate that sympathetic dysinnervation may be apparent in the infarct border
zone, rather than overt denervation present in the infarct area. On the other hand, early
clinical studies have reported that the defect size corresponding to abnormal [1C]-HED
uptake is more extensive than perfusion defects following an AMI [61]. These studies also
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showed that decrements in [*1C]-HED uptake were especially evident in patients with non-Q
wave infarctions and were irreversible at short-term follow-up. Some studies using [*1C]-
HED [62] have corroborated the irreversibility of post-infarct denervation, although studies
with [18F]-6F-DA have not [63].

B-Adrenergic receptor density (Bpax), measured with PET and [11C]-CGP-12177, has been
shown to be globally reduced in the LV of patients following an AMI compared to normal
controls [64—66]. More importantly, the reduction in p-adrenergic receptor density in the
remote, non-infarcted zone is predictive of LV remodeling [66] and is associated with
impaired systolic function prior to development of overt HF [64]. Although altered cardiac
vagal activity has been suggested to have a role in post-infarct arrhythmogenesis, there is a
paucity of data on in vivo PET imaging of the PNS in post-infarct patients. One study to date
has assessed MR density with [21C]-MQNB PET imaging in post-infarct patients using a
modified two-injection protocol [67]. Mazzadi et al. [67] reported that MR density was
significantly upregulated in the remote and border zone compared to the infarct zone and
normal regions in healthy controls, while MR density in the infarct zone was not
significantly reduced compared to normal control regions. Interestingly, the mean By« per
patient in the remote zone was negatively associated with resting heart rate. Importantly,
elevated resting heart rate has been correlated with increased cardiovascular and all-cause
mortality in healthy controls and in patients with CAD [68].

Neuronal uptake of NE is an energy-dependent process that requires oxygen for proper
function. As such, the uptake-1 mechanism is impaired during ischemia and has been found
to be more sensitive to a lack of oxygen than the myocardium [69]. In accordance with this
hypothesis, successful reperfusion therapies that restore flow to hibernating myocardium and
lead to improvements in regional and global function often fail to improve function of the
SNS as characterized by large residual [11C]-HED defects [70]. In line with preclinical
findings, patients with multi-vessel disease and prior revascularization, but without a history
of M1, show significant impairments in [11C]-HED uptake compared to normal controls,
despite having normal resting MBF [71]. Furthermore, there have been reports of reduced
[11C]-HED uptake in a similar pattern to stress-flow defects in patients with CAD, but with
viable myocardium [62].

Autonomic Dysfunction with Cardiomyopathy and Heart Failure

Excessive cardiac SNS activation is a hallmark of progressive heart failure [72-74]. A
compensatory increase in adrenergic drive causes desensitization/downregulation of the
uptake-1 mechanism due to excess NE in the synaptic cleft. The down-regulation of
uptake-1 exposes the heart and postsynaptic adrenergic receptors to greater concentrations of
NE, which in turn causes desensitization/downregulation of p-adrenergic receptors, cardiac
remodeling, and worsening of HF and prognosis [72]. Non-invasive, in vivo assessment of
sympathetic innervation and B-adrenergic receptor density with PET imaging has helped to
confirm most of these hypotheses in vivo and has clarified slightly different SNS pre- and
postsynaptic functions depending on the etiology of HF.
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The relationship between reduced global and focal uptake-1 in HF and cardiomyopathies has
been extensively studied using [11C]-HED. Accumulating evidence suggests that global
[11C]-HED Rl is reduced in patients with both non-ischemic and ischemic HF with reduced
ejection fraction (HFrEF) [75-78], in patients with HF with preserved ejection fraction
(HFpEF) [79¢¢], and in patients with hypertrophic cardiomyopathy with normal LV function
[80] compared to age-matched, normal controls. In most of these studies, patients with
reduced [11C]-HED Rl also tend to have greater heterogeneity in [1C]-HED uptake between
different myocardial segments. More importantly, lower global [11C]-HED Rl is associated
with HF severity and cardiac function in patients with HFrEF [76]. In addition, lower [11C]-
HED is predictive of worse cardiovascular prognosis and all-cause mortality in patients with
HFrEF [81, 82]. The prognostic value of [*1C]-HED in HFpEF has yet to be studied, but
global and heterogeneous uptake of [1C]-HED has recently been shown to be associated
with the severity of diastolic dysfunction in HFpEF patients [79+¢] (Fig. 4).

The relationship between HF and cardiomyopathies and -adrenergic receptor PET imaging
is less clear and depends on the etiology of disease. In non-ischemic cardiomyopathies,
investigators have reported significant decreases in p-adrenergic receptor density (Bmax)
measured with [11C]-CGP-12177 [83, 84] and [*1C]-CGP-12388 [85] compared to age-
matched controls. Tsukamoto et al. [83] showed that the reduction in [}1C]-CGP-12177
Bmax occurs concomitantly with an increased 1231-mIBG H/M washout, a non-invasive
assessment of presynaptic nerve activity. Thus, lending credence to the supposition that p-
adrenergic receptor downregulation is due to heightened SNS presynaptic nerve activity.
Along these lines, Schéfers et al. [80] showed a decrease in global [11C]-HED by 53% and
[11C]-CGP-12177 Bpax by 28% in patients with hypertrophic cardiomyopathy (HCM) and
normal EF compared to healthy controls. On the other hand, Caldwell et al. [78] did not
report a significant global or regional decrease in [11C]-CGP-12177 Bppax in the non-infarct
zone of patients with ischemic HF, despite these patients having significantly depressed
global and regional [*1C]-HED PS,; (uptake). However, when examining these findings
together, the ischemic HF patients had significant global and regional mismatch between -
adrenergic receptor density and presynaptic innervation (Bmax/PSni) when compared to
controls. In addition, the degree of mismatch in HF patients portended a worse CV
prognosis, albeit in a small group of patients. Unfortunately, the significance of the
mismatch ratio has not yet been studied on a larger scale.

The PNS also plays a role in the pathophysiology of HF, but the role of PET PNS targeted
imaging is far less documented than the role of the SNS. Evidence suggests that HF is
associated with attenuated PNS tone and heightened p-adrenergic antagonism following
muscarinic stimulation [4]. Along these lines, the density and affinity of MRs was assessed
with PET and [*1C]-MQNB in patients with HFrEF with idiopathic dilated cardio-myopathy
and healthy controls [86]. Although the binding affinity of MRs was not different between
the groups, the receptor concentration (Bmax) Was significantly higher (~26%) in HF patients
compared to healthy controls. In addition, MR By, Was negatively correlated with maximal
heart rate in the patients, and injection of cold MQNB compound (0.6 mg) had less of an
chronotropic effect in the patients compared to controls [86]. The authors speculate that
upregulation of MR in HF may indicate a compensatory mechanism to counterbalance
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excessive p-adrenergic receptor stimulation. Further study is needed to confirm this theory
and to assess the role of PNS imaging in other HF etiologies.

Role of PET SNS Imaging in Cardiac Resynchronization Therapy

Cardiac resynchronization therapy (CRT) is a potential treatment option for patients with
HF, particularly in those with an LVEF <35%, a wide QRS complex (=150 ms), and a New
York Heart Association (NYHA) class of 11-1V [87]. CRT has been shown to improve HF
symptoms and reduce hospitalizations and life-threatening arrhythmias in some patients
[87]. However, about one-third of patients receiving CRT do not respond to therapy [88].
Although it is not fully elucidated, some evidence suggests that modulation of the
neurohumoral environment plays a role in improved LV function with CRT [89]. Recently,
PET SNS imaging with [11C]-HED has been used to investigate the role of cardiac
innervation in CRT [90ee, 91]. In a small study (/7= 10), patients with dilated
cardiomyopathy and moderate severity HF (LVEF <35%; NHYA 11-111) underwent [11C]-
HED PET imaging prior to and early (1 week and 3 months) after CRT implantation [90e¢].
Patients that responded to CRT therapy (reduction in LVESV of 215% at the 3-month
follow-up) had higher [11C]-HED SUVs and less regional heterogeneity in tracer uptake at
baseline compared to non-responders. In addition, responders had significant improvements
in total myocardial [11C]-HED SUV and regional heterogeneity compared to non-
responders. In partial agreement, another study of similar design showed that regional
heterogeneity, but not global myocardial [11C]-HED uptake (SUV), improved 3 months after
CRT implantation in moderate to severe (NHYA 111-1V) HF patients [91]. In contrast to the
above, only impaired myocardial segments (<76% uptake of maximum) at baseline
improved following CRT in this study [91]. This study did not distinguish improvements
between responders and non-responders to CRT. Together, these studies support an
improvement in SNS presynaptic function with CRT and provide some evidence that [11C]-
HED PET imaging may help to select patients for CRT. Indeed, larger scale studies are
needed to determine the screening potential of [1C]-HED PET imaging for selection of
patients who may benefit from CRT.

Predicting Ventricular Arrhythmias and Sudden Cardiac Death with ANS

Imaging

Currently, reduced LVEF <35% is the only criterion for eligibility of implantable
cardioverter defibrillator (ICD) therapy for primary prevention of sudden cardiac death
(SCD) [92]. However, only a small fraction of patients with depressed LVEF develop SCD
[93]. Impaired sympathetic innervation and pre/postsynaptic balance is believed to cause
electromechanical instability leading to the development of ventricular arrhythmogenesis
[78, 94]. Accumulating evidence in preclinical and clinical studies suggest a critical role of
sympathetic cardiac PET imaging in predicting lethal cardiac arrhythmias and SCD [51ee,
95]. The results of key studies in elucidating this relationship are summarized below.

Initial preclinical studies showed that pigs susceptible to inducible ventricular tachycardia
(VT) following an AMI had larger innervation/perfusion ([11C]-EPI/[*3N]-ammonia)
mismatch areas in the infarct border zone compared to pigs that did not have inducible VT
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[60]. Interestingly, there were no differences in denervation area measured with PET [11C]-
HED between inducible and non-inducible pigs. Electrophysiological studies (EPS) by the
same group also showed that the innervation/perfusion mismatch ratio was strongly
associated with reduced myocardial voltage and the site of earliest VT activation in pigs
following an AMI [95].

In contrast to preclinical studies, clinical studies have shown that the total denervation area
assessed with PET [11C]-HED was more important in predicting ventricular arrhythmias
(VA) [51e, 96] and SCD [51e¢] than the innervation/perfusion mismatch area and the area of
denervated but viable myocardium. In the PAREPET (Prediction of Arrhythmic Events with
Positron Emission Tomography) study, a relatively larger group of patients (r7= 204) with
ischemic cardiomyopathy that were eligible to receive a primary prevention ICD (LVEF
<35%) underwent complementary PET imaging of resting flow ([}3N]J-ammonia),
myocardial viability (insulin-stimulated ([18F]-FDG), and sympathetic innervation ([11C]-
HED) at baseline [51e¢]. The primary end-point in this study was SCD defined as arrhythmic
death or discharge due to VT/VF (fibrillation) >240 beats per minute. At baseline, patients
had a significantly larger denervation volume (27 £11% of the LV) compared to infarct
volume (20 +9% of the LV), with 8 £6% of the myocardium being denervated but viable.
PET quantification of resting flow, viability, and denervation for two representative subjects
from this study is shown in Fig. 5. During an average follow-up of 4.1 years, the subjects
that developed SCD had significantly larger volumes of total denervated myocardium and
viable denervated myocardium compared to subjects without SCD, where infarct volume,
hibernating myocardium, LVEF, and LV mass were not different. The total volume of
denervated and viable denervated myocardium predicted time to SCD. Multi-variate analysis
revealed that only denervated myocardial volume independently predicted time to SCD.

Further studies have confirmed the importance of total denervated myocardium volume in
predicting VA in patients with ischemic cardiomyopathy and reduced systolic function [96].
In a similar patient demographic as PAREPET, patients with newly placed ICDs and
inducible VA during an EPS had larger denervation areas as assessed with [11C]-HED
compared to non-inducible patients. In addition, there were no differences in the innervation/
perfusion mismatch ratio in patients with and without inducible VA. In contrast to the
PAREPET study, denervation volume did not remain an independent predictor of inducible
VA in multi-variate analysis. Nonetheless, these studies indicate that global denervation size
may be more important in predicting VA and SCD than regional denervation. In addition,
these studies indicate that PET imaging of sympathetic neurons with [11C]-HED may help to
risk stratify patients that would benefit from ICD therapy. Future larger scale trials are
needed to confirm these results in patients with and without reduced EF.

Conclusions

Many ANS radioligands have been synthesized for PET cardiac imaging, but to date, the
most clinically relevant PET tracer has been [11C]-HED. Accumulating evidence have
indicated the utility of [11C]-HED in relevant clinical issues, such as predicting lethal
arrhythmias, SCD, and all-cause mortality in HFrEF patients. More recent investigators have
provided some evidence of the utility of [11C]-HED in more elusive cardiovascular clinical
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conditions, such as in HFpEF and in predicting response to CRT in eligible patients. Tracers
that target p-adrenergic receptor density have also shown some value, especially in regard to
LV remodeling and systolic dysfunction following an AMI. Conversely, tracers that target
cardiac PNS innervation have been less successful for cardiac ANS PET imaging, but recent
investigations point to the potential utility of novel tracers, such as [11C]-donepezil, in this
arena. The future application of [11C]-HED and newly designed 18F-labeled tracers for
targeting the ANS hold promise for the evaluation and management of a wide range of
cardiovascular diseases, including the prognostication of patients with HFpEF.
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Fig. 1.
Depiction of postganglionic SNS and PNS nerve endings. Left panef the synthesis and

release of norepinephrine in postganglionic SNS nerve endings and subsequent binding to
postsynaptic receptors on cardiomyocytes. The tracers in red depict SNS pre- and
postsynaptic radioanalogs. Right panel. the synthesis and release of acetylcholine in the
terminal nerve ending and varicosities of postganglionic PNS nerve endings and subsequent
binding to postsynaptic receptors on cardiomyocytes. 7racers in blue depict PNS pre- and
postsynaptic radioanalogs. AC adenylyl cyclase, AChacetylcholine, AChE
acetylcholinesterase, ATP adenosine triphosphate, CAT choline-acetyl-transferase, COM
catechol-O-methyltransferase, cAMP cyclic adenosine monophosphate, MAO monoamine
oxidase, MR, muscarinic receptor 2, NVE norepinephrine, NR a.4p, nicotinic receptor,
VMAT vesicular monoamine transporter, 18F-6F-DA 6-18F-fluorodopamine, PHEN
phenylephrine, £P/ epinephrine, HED hydroxyephedrine, MONB (R,S)-N-[11C]-methyl-
quinuclidin-3-yl benzilate
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Fig. 2.
Representative series of whole body [*8F]-LMI11195 coronal images at mid-myocardial level

in a healthy human volunteer acquired over 5 h after injection (average, 193.5 £37.4 MBq
[5.23 £1.01 mCi]). Each whole body image is scaled to maximum value within that image
(this research was originally published in JNM [29+¢])
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Fig. 3.
a Polar maps of a representative pig following an acute myocardial infarction of the mid-

LAD territory using multiple radiolabeled catecholamines. b Bar graphs depicting the
significant differences between the 13N-ammonia defect area as a percentage of the total LV
compared to the 11C-epinephrine and 11C-phenylephrine defect areas. There were no
significant differences between the defect area of 13N-ammonia and 11C-HED and between
the 11C-epinephrine and 11C-phenylephrine defect areas. A= 13 pigs. Antanterior, EP/
epinephrine, HED hydroxyephedrine, inf inferior, /at lateral, metab. metabolism,
NHzammonia, PHEN phenylephrine, sep septal (this research was originally published in
JNM[60])
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a Global retention index of!1 C-hydroxyephedrine determined from dynamic PET imaging
in control subjects (7= 12) and patients with heart failure with preserved left ventricular
ejection fraction (HFpEF) that have normal to mild diastolic dysfunction (DDg_1; n =22)
and moderate to severe diastolic dysfunction (DD4_3; 7=19). b Tracer uptake heterogeneity
determined by the coefficient of variation in 11C-hydroxyephedrine retention indices (RI/
min) between left ventricular segments (17-segment model) in control subjects (7= 12) and
in HFpEF patients with normal to mild diastolic dysfunction (DDg_1; /7= 22) and moderate
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to severe diastolic dysfunction (DD,_3; 7 =19). Global retention index and tracer uptake
heterogeneity were significantly different between controls and HFpEF patients and between
HFpEF patients with normal to mild diastolic dysfunction and moderate to severe diastolic
dysfunction. R//min global retention index per minute, HFpEF heart failure with persevered
ejection fraction, DD diastolic dysfunction, 0no diastolic dysfunction, Z mild diastolic
dysfunction, 2moderate diastolic dysfunction, 3severe diastolic dysfunction, CVR/%
coefficient of variance in global retention index per minute among left ventricular segments
(this research was originally published in JNM [79¢¢])
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Fig. 5.
Polar maps of resting flow, myocardial viability, and sympathetic denervation measured

with 13N-ammonia (13NHj), insulin-stimulated 18F-fluoro-2-deoxy-2-d-glucose (18F-FDG),
and 1C-hydroxyephedrine (11C-HED), respectively. Subject A shows the representative
polar maps for a subject with matched reductions in flow, infarct volume, and sympathetic
denervation volume. In contrast, Subject B shows representative polar maps in a subject
developing sudden cardiac arrest showing larger denervation volume than infarct volume. In
addition, this patient presents with reduced flow in areas of viable myocardium

(preserved 18F-FDG uptake) indicating areas of hibernating myocardium. Antanterior, /NF
inferior, LAT lateral, SEP septal, NHsammonia, 18F-FDG 18F-fluoro-2-deoxy-2-d-glucose,
HED hydroxyephedrine (reprinted from [51ee])
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