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Myocardial Innervation

Markus Schwaiger, Arnold F. Jacobson, Antti Saraste, 
Jagat Narula, and Frank M. Bengel

The heart is innervated by sympathetic and parasympathetic fibers of the autonomic nervous system (ANS). The ANS plays 
a critical role in modifying cardiac performance to respond quickly and effectively to changing demands on cardiovascular 
performance. The sympathetic nervous system, which has the highest density of nerve terminals in the right and left ventri-
cles, is predominantly stimulatory, producing positive inotropic and chronotropic effects. In contrast, the parasympathetic 
nervous system, which exerts primarily negative chronotropic responses, has nerve fibers predominantly in the atria [1].

Two kinds of neurons, preganglionic and postganglionic, are involved in ANS signal transmission. Postganglionic neu-
rons provide innervation to target organs and tissues via synapses between nerve terminals and receptors on the surface of 
end-organ cells. Signal transmission is mediated by neurotransmitters that are released into the synapse from the nerve ter-
minal and bind with postsynaptic receptors to initiate the effector response. After the signal transmission is completed, the 
neurotransmitter is released back into the synapse, from where it typically diffuses into nonneuronal tissue or the circulation 
(unchanged or after metabolism/catabolism), or it is actively returned to the nerve terminal via transporter proteins on pre-
synaptic cell surfaces.

The predominant sympathetic neurotransmitter is norepinephrine (NE), which is synthesized, stored, and metabolized within 
the sympathetic nerve terminal. Upon neurostimulation, the neurotransmitter is released by exocytosis into the synaptic cleft. A 
small portion of the released neurotransmitter interacts with post-synaptic α- and β-adrenergic receptors, predominantly β-1 
receptors in the heart. The majority of the released neurotransmitter undergoes reuptake in the nerve terminals (uptake 1) by 
means of the NE transporter (a sodium/chloride-dependent transport protein), which has a high affinity for amines (catechol-
amines and catecholamine analogues). Inside the nerve terminal, NE is either metabolized by monoamine oxidase or sequestered 
in vesicles by the vesicular monoamine transporter, a proton-dependent transport protein localized in the vesicle membrane. The 
amine transport system (uptake 1) regulates the extraneuronal concentration of androgenic neurotransmitters and plays an impor-
tant physiologic and pathophysiologic role in modifying signal transduction and extraneuronal catecholamine concentration. This 
regulatory role includes the reuptake of locally released norepinephrine as well as the uptake and metabolism of circulating cat-
echolamines that enter the extracellular space. This high-affinity uptake system protects the heart from the deleterious effects of 
elevated levels of circulating catecholamines [2, 3].
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The predominant parasympathetic neurotransmitter is acetylcholine, which is synthesized and stored within the parasym-
pathetic nerve terminal. Comparable to sympathetic neurons, stimulation results in neurotransmitter release by exocytosis. 
The predominant receptor in the heart is the M2 muscarinic receptor, which is present in much higher density in the atria than 
in the ventricles. Subsequent to neurostimulation of these receptors, the action of acetylcholine is terminated by the enzyme 
acetylcholinesterase in the synapse, which degrades the neurotransmitter to choline and acetate. These inactive molecules are 
then reabsorbed into the presynaptic terminal and used to synthesize new acetylcholine.

The importance of the myocardial autonomic nervous system is magnified in patients with heart disease, as damage to one 
or both branches can result in imbalances that increase the risk for adverse outcomes such as heart failure progression and 
arrhythmic events [4, 5]. The status of the ANS also influences the effects and effectiveness of cardiac medications and inter-
ventions. These factors have led to efforts to develop imaging agents for examining this system and quantifying the deleteri-
ous effects of various heart diseases. The greatest efforts and successes have been achieved with agents specific for presynaptic 
and postsynaptic sympathetic neuronal targets.

The remainder of this chapter provides an overview of the tracers, both single-photon and positron emitting, and nuclear-
imaging methodologies used to study sympathetic innervation of the heart, as well as their clinical applications. It is hoped 
that future research will provide equivalent insights and applications for imaging of the parasympathetic nervous system of 
the heart.
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�Autonomic Nervous System

Figures 11.1, 11.2, and 11.3 illustrate the structure of the ANS, its control mechanisms, and the mechanisms controlling 
neurotransmitter synthesis and release.

Continuously

Sympathetic nervous system

During stress

Medulla

Blood vessels

Hair follicles

Sweat glands

Paravertebral and cervical ganglia
(Paired)

Prevertebral ganglia
(Unpaired)

Inferior
mesenteric

ganglion

Superior
mesenteric

ganglion

Adrenal
medulla

Celiac
ganglion

Stellate ganglion

Superior cervical ganglion

Parasympathetic nervous system

At rest

III
Eye

Pons

Mesencephalon

CervicalX

IXVII,

Lung

Heart

Thoracic

Stomach

Pancreas

Small intesting

Colon

Rectum

Bladder
Sacral

Pelvic nerves

Sexual
organs Intermittent,

complementary

Lumbar

Liver

Fig. 11.1  Structure of the autonomic nervous system (ANS). The ANS 
is historically divided into two major efferent components, the sympa-
thetic nervous system (cervicothoracic, SNS) and parasympathetic ner-
vous system (craniosacral, PNS). In either case, end-organ innervation 
is provided by nerve fibers originating from autonomic ganglia located 
outside the central nervous system (CNS), which is driven by pregangli-
onic cholinergic input from the CNS (solid blue lines). The main differ-
ences consist of the types of principal transmitter used by the 
postganglionic fibers (PNS: acetylcholine [dotted blue lines]; SNS: nor-
epinephrine [dotted red lines]), the location of the ganglia (PNS: near or 
within the end organs; SNS: near the spinal cord, either paravertebral 
[22 pairs] or prevertebral [unpaired]), the degree of divergence and con-
vergence of preganglionic input to postganglionic neurons (PNS: very 

little; SNS: considerable), and their respective functional roles. Most 
internal organs receive input from both the PNS and SNS (center). 
Important exceptions include skin and blood vessel (pilomotor and 
sudomotor) functions, which are exclusively controlled by noradrener-
gic and cholinergic postganglionic fibers of SNS origin only (left), and 
the adrenal gland, which functions as the equivalent of a sympathetic 
ganglion, causing systemic catecholamine release (80% epinephrine, 
20% norepinephrine) in response to preganglionic cholinergic stimula-
tion. In the case of most internal organs, the SNS and PNS exert oppo-
site effects. PNS effects normally prevail at rest, whereas SNS effects 
predominate during stress or exercise (“flight or fight” response). In 
genitourinary organs, SNS and PNS functions are complementary; for 
example, PNS mediates erection and SNS mediates ejaculation [6]
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Fig. 11.2  Determinants of end-organ control by the autonomic ner-
vous system. Control mechanisms operate concurrently at different sys-
tem levels. At a neural network level, the processing and integration of 
patterns of neuronal activity (including reflex responses) determine the 
firing frequency of autonomic efferent nerve fibers. Cellular mecha-
nisms that are operative at the level of nerve terminals determine the 
types, amounts, and fates of chemical transmitters released at auto-
nomic synapses and neuroeffector junctions. At a molecular level, the 

membrane receptor and postsynaptic signal transduction mechanisms 
determine the types and magnitude of cellular effector responses. At 
each of these system levels, various interactions occur between distinct 
functional divisions of the ANS (sympathetic, parasympathetic, affer-
ent, enteric, and local neuronal systems) involving classic (cholinergic 
and adrenergic) transmitters as well as a variety of nonclassic neu-
rotransmitter systems. CNS- central nervous system [7]
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Fig. 11.3  Neurotransmitter synthesis and release at adrenergic nerve 
terminals. Mechanisms controlling transmitter synthesis and release at 
adrenergic nerve terminals are shown. Transmitters are stored in two 
types of synaptic vesicles: small vesicles containing only the principal 
transmitter norepinephrine (NE) and cotransmitter adenosine triphos-
phate (ATP) (each is synthesized within the nerve terminal itself) and 
larger, dense-core vesicles containing the polypeptide cotransmitter 
neuropeptide Y (NPY) and chromogranin (both of which are exclu-
sively synthesized in the cell soma) as well as NE and ATP. The rate-
limiting step for NE synthesis in the nerve terminal is tyrosine 
hydroxylase (TH) enzyme activity, which is negatively controlled by 
the cytoplasmic concentration of NE. The TH enzymatic product DOPA 
is decarboxylated to dopamine by (unspecific) aromatic L-amino acid 
decarboxylase (AAAD) in a step subject to therapeutic interference by 
provision of the “false” substrate methyldopa (resulting in the eventual 
formation of the “false transmitter” methyl-NE). Dopamine is to equal 
proportions either deaminated and excreted as 3,4-dihydroxyphenylacetic 
acid (DOPAC) or taken up into dopamine-β-hydroxylase (DβH)–con-
taining storage vesicles via a reserpine-sensitive active uptake process 
and hydroxylated to NE. The cytoplasmic concentration of NE is deter-
mined by a dynamic equilibrium established between diffusion (leak-
age) out of storage vesicles, reserpine-sensitive (active) reuptake into 
storage vesicles, cytoplasmic displacement and extrusion by indirect 

sympathomimetics such as tyramine and amphetamine, reuptake from 
the extracellular space via a Na+-dependent cotransport mechanism 
sensitive to inhibition by cocaine or tricyclic antidepressants (TCAs), 
and elimination after metabolizing to 3,4-dihydroxymandelic acid 
(Doma) by mitochondrial monoamine oxidase (MAO) and aldehyde 
dehydrogenase (ADH), a pathway sensitive to inhibition by MAO 
inhibitors such as phenelzine. In adrenal medullary neurons, 80% of 
cytoplasmic NE is methylized by N-methyltransferase into epinephrine 
before being packaged into storage vesicles. The nerve stimulation-
evoked physiologic transmitter release occurs via fusion of synaptic 
storage vesicles with the cell membrane after the invasion of the nerve 
terminal by propagated action potentials (sensitive to blockade by gua-
nethidine or bretylium) and the resulting increase in cytoplasmic Ca2+ 
through activation of voltage-sensitive (predominantly N-type) Ca2+ 
channels. Upon release, ATP, NE, and NPY produce neuroeffector 
responses through actions on postsynaptic membrane receptors. In 
addition, all three transmitters inhibit further release through action on 
presynaptic (P1, 2-adrenergic, NPY-2) receptors [8, 9]. Transmitter 
actions are terminated by hydrolysis (ATP), reuptake into nerve termi-
nals (NE), uptake into nonneuronal tissue, and metabolism by catechol-
O-methyltransferase (COMT) (NE), and diffusion away from the 
terminal and into the bloodstream (NE, NPY) [10]
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�Radiotracers

Several radiolabeled compounds have been synthesized to probe the sympathetic nervous system at the presynaptic and 
postsynaptic levels [11]. These tracers can be divided into radiolabeled catecholamines and catecholamine analogues. The 
most commonly employed single-photon emission CT (SPECT) tracer is metaiodobenzylguanidine (mIBG), which repre-
sents an analogue of the antihypertensive drug guanethidine [12]. Radiolabeled catecholamine analogues for positron emis-
sion tomography (PET) include metaminol, metahydroxyephedrine, and phenylephrine [13–15]. These “false adrenergic 
neurotransmitters” share the same reuptake mechanism and endogenous storage with the true neurotransmitters, but they are 
not metabolized and display a decreased affinity for postsynaptic receptor proteins.

As a functional analogue of NE, the uptake of mIBG occurs in all neuronal tissues that express the energy-dependent NE 
transporter (T) system (uptake-1). Although passive diffusion of [123I]mIBG also occurs into nonneuronal cells (uptake-2), 
for the quantities of [123I]mIBG used for diagnostic imaging, cellular uptake via the norepinephrine transporter (NET) system 
dominates.

Myocardial imaging with [123I]mIBG has historically involved two imaging sessions, one early (15–30 minutes post-
injection) and one late (3–4 hours post-injection). At both times, planar and SPECT imaging can be performed, depending 
on the methods that are being employed for quantitation. Quantitation of myocardial uptake is usually done in terms of the 
heart/mediastinum ratio (H/M or HMR) of counts/pixel values. HMR can be calculated from regions of interest drawn on 
anterior planar images of the thorax or from comparable volumes of interest on SPECT studies. Myocardial activity in early 
images reflects primarily the integrity of NET function, whereas activity in late images is affected by levels of mIBG storage 
in vesicles (mediated by vesicular monoamine transporter 2 [VMAT2]) and sympathetic neuronal stimulation controlling 
rates of NE and mIBG release [16–22]. Global and regional quantitation of [123I]mIBG uptake, as a measure of sympathetic 
neuronal integrity, is most commonly based on late images. The difference between uptake in early and late images, desig-
nated “washout,” is often considered an index of sympathetic nervous system activation. Quantitative assessments of both 
neuronal uptake and washout have been demonstrated to reflect the severity of cardiac disease and the prognosis for subse-
quent adverse events [23].

The most successful PET radiopharmaceutical agent for the imaging of presynaptic function is C-11 hydroxyephedrine 
(11C-HED) [24, 25]; 11C-HED is produced by the N-methylation of metaraminol using C-11 methyl iodide (Fig. 11.4). In 
contrast to mIBG, uptake of this tracer primarily reflects the transport by NET. Vesicle storage seems to occur, but binding 
inside the vesicle is weaker than with norepinephrine, owing to its higher lipid solubility. Based on experimental observa-
tions, myocardial retention reflects a continuing release and reuptake of 11C-HED in the nerve terminal. Tracer retention is 
commonly quantified by calculating the retention index or retention fraction (which reflects the myocardial activity at 
40 minutes), normalized to the integral of the arterial input function [18]. More recently, a tracer kinetic model for 11C-HED 
kinetics has been developed, which allows calculation of the distribution volume within the myocardium.

As an alternative PET tracer to 11C-HED, C-11 epinephrine has been proposed as a naturally occurring transmitter. 
Myocardial retention of this tracer represents the uptake, metabolism, and storage of catecholamines [26].

M. Schwaiger et al.
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a

b

c

Fig. 11.4  Positron emission tomography (PET) radiotracers for map-
ping of cardiac sympathetic neurons. The radiotracers used for the 
evaluation of the sympathetic nervous system can be classified into 
three categories: radiolabeled analogues of benzylguanidine (a), radio-
labeled catecholamines or catecholamine analogues (b), and 

β-adrenoceptor ligands (c). The common lead structure and a computed 
model of the prototypic compounds are provided. The 11C-carbon posi-
tion in panel a is indicated by ′R1 and ′R2 and in panel b by C1 and C2. 
The radiolabeled compounds are listed under the lead structures and 
computed models
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�Normal Myocardial Innervation

Figures 11.5, 11.6, 11.7, 11.8 and 11.9 demonstrate tracer activity in normal myocardium.
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Fig. 11.5  I-123 metaiodobenzylguanidine (123I-mIBG) distribution in 
normal myocardium. These single-photon emission CT (SPECT) 
images were obtained in a healthy volunteer 30 minutes and 4 hours 
after an intravenous injection of 10 mCi 123I-mIBG. Regional myocar-
dial tracer retention is displayed in the short-axis (SA), horizontal long-
axis (HLA), and vertical long-axis (VLA) views. There is a 
homogeneous uptake of the tracer throughout the myocardium of the 
left ventricle (LV). The right ventricle (RV), right atrium (RA), and left 
atrium (LA) are not seen because of their thin walls. Polar maps repre-
sent the three-dimensional distribution of the tracer within the LV. The 
activity at the apex is displayed at the center of the map, whereas the 
basal parts of the LV represent the outer rings. The activity is normal-

ized to maximal activity within the LV. The regional tracer retention 
was determined by the circumferential radial search for activity max-
ima. The individual circumferential profiles of several myocardial 
slices are then combined into one representative polar map. On both 
30-minute and 4-hour images, there is relatively lower 123I-mIBG activ-
ity in the inferior and inferoseptal areas, consistent with the known het-
erogeneity of neuronal distribution [4, 5]. The normal washout rate 
between early and late images is typically in the 5–20% range, whereas 
HF patients commonly have rates as high as 30–50% [19]. The late 
images are considered specific for the relative distribution of sympa-
thetic nerve terminals, whereas washout has been used as a marker of 
neuronal integrity or sympathetic tone
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Fig. 11.6  C-11 hydroxyephedrine (11C-HED) distribution in normal 
myocardium. These PET images in short-axis (SA), horizontal long-
axis (HLA), and vertical long-axis (VLA) views were obtained follow-
ing an injection of 20 mCi 13N-ammonia as a blood flow marker and 
about 40  minutes after the intravenous injection of 20  mCi 11C-
HED. The myocardial blood flow is homogeneous throughout the left 
ventricle (LV), paralleled by the homogeneous uptake of 11C-HED in all 
segments of the LV. Polar maps using a circumferential profile analysis 

display homogeneous distribution of 13N-ammonia and 11C-HED. The 
polar maps of flow are normalized to their own maxima, whereas the 
11C-HED data are expressed by retention index. This index represents 
the activity at 40 minutes normalized to arterial input function, derived 
from a region of interest placed over LV activity. These dynamic PET 
images allow for generation of myocardial and blood time–activity 
curves. LA left atrium, RA right atrium, RV right ventricle
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Fig. 11.7  Comparison of a normal tracer distribution of 123I-mIBG, 
11C-HED, and C-11 epinephrine (11C-EPI) in normal myocardium. For 
each tracer distribution, 10 patients were imaged following an intrave-
nous injection of 10 mCi 123I-mIBG, 20 mCi 11C-HED, and 20 mCi 11C-
EPI.  The relative tracer distribution normalized to the individual 
maximum in each patient is displayed in the lower panel. Note the 
slight heterogeneity of tracer retention at 30 minutes and 4 hours after 
123I-mIBG injection. The relative activity in the inferior segments of the 
left ventricle, including the apex, shows significantly lower values as 
compared with the anteroseptal and anterolateral segments. This may 
represent an attenuation artifact, but inhomogeneous density of the 
sympathetic nerve terminals in normal myocardium cannot be ruled 

out. The C-11 tracer retention is expressed as the retention index, which 
represents tracer activity 40 minutes after tracer injection, normalized 
to the arterial input function obtained after placing a region of interest 
over the cavity of the left ventricle [25]. The retention index is expressed 
as percent per minute (%/min). 11C-EPI retention was obtained 30 min-
utes after tracer injection and was expressed as the myocardial retention 
index. These measurements of myocardial PET tracer uptake display 
greater homogeneity than mIBG data. The lower retention index in the 
apex of the left ventricle most likely represents the partial volume effect 
during nongated PET data acquisition. PET data are acquired with 
attenuation correction, but there may be biologic differences in affinity 
for uptake 1 between mIBG and HED
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Fig. 11.8  Time–activity curve obtained after the intravenous injection 
of 20 mCi of 11C-HED in a healthy volunteer. Dynamic PET imaging 
with a short framing rate allows the determination of tracer time–activity 
curves of the tissue and blood pool. The time–activity curves were deter-
mined using regions of interest placed over the chamber of the left ven-
tricle for the determination of blood activity and placed over the left 
ventricular myocardium for the tissue activity distribution. The tracer 
rapidly clears from the blood, resulting in little residual blood activity 

minutes after the tracer injection. In contrast, the activity obtained from 
the myocardial region of interest shows stable retention in the myocar-
dium over the time of observation. The initial peak of the myocardial 
tracer activity measured reflects contamination by blood-pool activity. 
Dividing this activity measured 30–40 minutes after the tracer injection 
by the integral of the input function, which reflects the available tracer to 
the myocardium during this time, yields the calculation of the myocar-
dial retention index. This index averages over 12% in the normal heart
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Fig. 11.9  β-Receptor distribution in normal myocardium. PET images 
following the intravenous injection of β-receptor antagonist 11C-
CGP12388 are shown in short-axis (SA), horizontal long-axis (HLA), 
and vertical long-axis (VLA) images. Images were obtained 40 minutes 
after the tracer injection and show high contrast between myocardial 
and nonmyocardial tissue. Pretreatment of patients with cold β-blocker 
β-receptor antagonists showed reduced tracer retention, suggesting high 
specific binding to the receptors. However, the shown retention images 
at 40 minutes primarily represent the delivery of tracer to the myocar-

dium, which is determined by blood flow. To calculate the density of 
β-receptors in the myocardium, a tracer kinetic model has been pro-
posed by Delforge et al. [27]. A comparison of 11C-CGP measurements 
with β-receptor density measured in vitro resulted in a linear correlation 
with high correlation coefficients. Using a tracer kinetic model consist-
ing of two tracer injections with different specific activities, the recep-
tor density can be calculated by curve-fitting procedures of tissue and 
blood pool–time-activity curves [27]. LA left atrium, LV left ventricle, 
RA right atrium, RV right ventricle
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�Heart Failure

PET and SPECT innervation tracers provide valuable information about heart function (Figs. 11.10, 11.11, 11.12, 11.13, 
11.14, 11.15, 11.16, 11.17, 11.18, 11.19, and 11.20). Studies have shown that the HMR on 123I-mIBG images can distinguish 
between heart failure (HF) patients at low risk and high risk for mortality (Figs. 11.11, 11.12 and 11.13). PET has quantita-
tive capabilities superior to SPECT, but many useful PET agents are labeled with isotopes that have a short half-life, such as 
11C (half-life 20  minutes), which are available only at facilities with on-site cyclotrons. Several 11C-labeled compounds 
whose uptake is mediated by the NET system have been studied, including HED, epinephrine, and phenylephrine. In addi-
tion, 18F-labeled compounds are being developed, including alternative halogenated benzylguanidines with structural simi-
larities to mIBG. Studies on normal controls have shown similar myocardial distributions for 11C-HED and epinephrine, as 
well as for 123I-mIBG and the 11C-labeled beta receptor agent CGP12388 [36]. Analogous to studies using 123I-mIBG, 11C-
HED defects are usually larger than corresponding abnormalities on perfusion imaging. Mismatch between presynaptic 
neuronal function and postsynaptic beta receptor density has also been demonstrated [41]. Among clinical studies using 
11C-HED, PARAPET, a study of 204 patients with ischemic cardiomyopathy, is the largest. In that study, occurrence of 
arrhythmic death or ICD shock for VT >240 per minute or ventricular fibrillation increased in relation to the severity/extent 
of 11C-HED defects (hazard ratio per 1% of LV 1.069 in multivariate analysis; p = 0.003); neither infarct volume nor hiber-
nating myocardium were significant predictors as continuous variables [42]. Other small studies have suggested that absolute 
11C-HED quantification is possible using venous blood samples [43] and that dynamic PET data can be used to estimate both 
blood flow and neuronal uptake, thereby eliminating the need for a separate perfusion study [44].
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Fig. 11.10  Increased activity of the sympathetic nervous system: a hall-
mark of heart failure. Plasma levels of norepinephrine are elevated, myo-
cardial norepinephrine reuptake is reduced, and myocardial β-receptors 
are downregulated, reflecting generalized adrenergic activation [2, 3]. 
Enhanced sympathetic activity increases myocardial contractility and 
heart rate and (via increased preload) activates the Frank–Starling mecha-
nism. These responses are capable of maintaining ventricular performance 
and cardiac output for a limited time, but adrenergic activation eventually 
contributes to deterioration of cardiac function and the progression of 
heart failure. In comparison to healthy subjects, retentions of 11C-HED and 
123I-mIBG are abnormally reduced in heart failure patients [20, 28, 29]. In 
this example, a patient with dilated cardiomyopathy and reduced left ven-
tricular function was imaged with PET following the injection of 
13N-ammonia and 40 minutes after the injection of 11C-HED. The tomo-

graphic slices are displayed in short-axis (SA), horizontal long-axis 
(HLA), and vertical long-axis (VLA) views. There is relatively homoge-
neous distribution of 13N-ammonia, indicating the integrity of myocardial 
perfusion, but the retention of 11C-HED is markedly reduced, indicating 
partial denervation of the left ventricle (LV). The quantitative retention 
index of 11C-HED is reduced to 6% (normal > 12%). The area of denerva-
tion is most evident in the distal anterior wall and apical area of the LV, 
which is consistent with the injury of the autonomic nervous system being 
a heterogeneous process in patients with congestive heart failure [28]. 
Furthermore, a mismatch between presynaptic and postsynaptic sympa-
thetic function with a more pronounced reduction of 11C-HED retention 
compared with β-adrenergic receptor density as assessed by β-receptor 
antagonist 11C-CGP12177 is common in patients with ischemic heart fail-
ure [29]. LA left atrium, RA right atrium, RV right ventricle
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Fig. 11.11  The planar HMR has demonstrated excellent discriminative 
power for distinguishing between heart failure (HF) patients at low risk 
and high risk for cardiac and all-cause mortality. In the prospective 
ADMIRE-HF study of 961 NYHA class II and III HF patients, the pre-
specified HMR ≥1.60 identified a population with <2% annual mortality 
to 2 years. (a) Further survival analyses on the basis of the population 
mean HMR (1.44) ± SD (0.20) provided distinct separation of subjects 
into low-risk, intermediate-risk, and high-risk groups: Two-year mortal-
ity was 3.1% for HMR ≥1.65 (n  =  147), 11.8% for HMR 1.25–1.64 

(n = 660), and 19.1% for HMR <1.25 (n = 154) [30]. (b) The low-risk 
population (HMR ≥1.60) had persistence of the survival benefit on lon-
ger follow-up, with 5-year all-cause mortality rate of 25.8% versus 49.1% 
for HMR <1.60 (p < 0.0001) [31]. (c) In a prospective meta-analysis of 
1322 HF patients in Japan who underwent 123I-mIBG imaging and were 
followed for up to 15  years, there was significantly better survival in 
patients with preserved myocardial sympathetic innervation, as reflected 
by the threshold values of late HMR ≥1.68 and washout rate (WR) 
<43%. (From Nakata et al. [32]; with permission from Elsevier)
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Fig. 11.12  123I-mIBG SPECT can provide both global quantitation with 
discrimination similar to planar imaging and regional data not available 
on planar views. Comparisons between planar HMR determinations and 
measurements derived from conventional Anger camera SPECT have 
shown good correlation and similar capability for discriminating 
between normal and abnormal innervation. (a) ROC curve comparison 
of HMR discrimination between control subjects without heart disease 
(n = 90) and subjects with HF (n = 926). Among over 1000 patients stud-
ied with both planar and conventional 123I-mIBG SPECT, although 
SPECT HMRs were consistently higher than planar, there was no differ-
ence in discrimination capability between the 90 controls and 926 HF 
patients using ROC curves [33]. Three SPECT reconstruction techniques 
were used: deconvolution of septal penetration (DSP), filtered back pro-
jection (FBP), and ordered subset expectation-maximization (OSEM). 
There were no significant differences among the areas under the curve 
(AUC) for the planar and three SPECT determinations. (From Chen 

et al. [33], with permission from Springer Nature.) (b) 123I-mIBG and 
myocardial perfusion imaging (MPI) SPECT are often compared to 
identify perfused but denervated myocardium. Multiple studies have 
shown 123I-mIBG SPECT defect severity to be predictive of adverse out-
comes such as cardiac death and arrhythmic events, but innervation/per-
fusion mismatch severity has been less consistently predictive. SPECT 
studies pictured [123I-mIBG (rows 1, 3, 5, and 7) and rest 99mTc-tetrofos-
min (rows 2, 4, 6, and 8)] are from two patients with ischemic HF. MIBG 
defect scores are based on visual assessment using a standard 17-seg-
ment model (score 0–4, maximum 68). Patient on the left has moderate 
cavity dilatation on MPI, but uptake is nearly normal except for a small 
area at the base of the inferior septum. There is a larger abnormality in 
the inferior wall on the 123I-mIBG images, representing an area of inner-
vation/perfusion mismatch (123I-mIBG defect score, 14). Patient on the 
right has a large matched defect in the inferior and inferolateral walls on 
both 123I-mIBG and tetrofosmin images (123I-mIBG defect score, 22). 
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Fig. 11.12  (continued) (c–e) Discordant analyses examining the  prog-
nostic significance of mismatch between mIBG and MPI SPECT for the 
occurrence of arrhythmic events. (c) In a study of 50 ischemic heart 
disease patients referred for electrophysiology (EP) testing, the mis-
match score was not predictive of inducibility of sustained VT (A) [34]. 
(d) However, a study of 116 HF patients referred for ICD implantation 
(B) found the 123I mIBG/perfusion mismatch score predictive of subse-
quent ICD shock on univariate Cox analysis (HR = 1.06 [1.02–1.09], 
p < 0.01) but not on multivariate Cox analysis (HR = 1.01 [0.97–1.06], 

p = 0.5) [35]. (e) A small study of 27 HF patients referred for ICDs (C) 
did show significance of the mismatch score as a predictor of ICD acti-
vations during a mean follow-up of 16 months [36]. In all three studies, 
the mIBG SPECT defect score was a significant predictor of subsequent 
arrhythmic events. In aggregate, these and other studies have confirmed 
that medium to large innervation defects on mIBG SPECT studies (typi-
cally involving 20–50% of the myocardium) are associated with 
increased risk for arrhythmias
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Fig. 11.13  Prediction models including mIBG results. There are 
numerous multivariate models for predicting the likelihood of adverse 
cardiovascular outcomes and death. mIBG results have been examined 
in conjunction with such models and have consistently proven to have 
independent predictive value. (a) The Seattle HF Model (SHFM) has 
been widely validated as a predictor of mortality in HF patients. The 
graph demonstrates the effect of adding mIBG imaging results to this 
multivariate clinical risk model for predicting 1-year all-cause mortal-
ity. Mortality estimates for the ADMIRE-HF population using SHFM 
version D (SHFM-D) [33] are represented by the black line with 
squares. Addition of the planar H/M ratio at five different levels (1.0, 
1.2, 1.4, 1.6, and 1.8) is represented by the other lines in the graph [37]. 
Whereas an H/M ratio of 1.4 produces little change in the risk estimate, 
as the H/M value decreases, risk rises substantially. For an SHFM-D 
score of 1, equivalent to a 1-year mortality rate of about 10%, an HF 
patient with an H/M of 1.0 has a predicted mortality rate three times 
higher. Conversely, an H/M of 1.8 is associated with a greater than three 
times reduction in risk. Analyses of the same source data using risk 
models developed from four large prospective trials (EFFECT, Care-HF, 
MADIT-II, and PACE) produced similar results, with the addition of 
H/M ratio to each model providing improved HF risk assessment [38]. 
(From Jain et al. [38], with permission.) (b–d) Risk models were cre-
ated based upon a Japanese meta-analysis population of 1322 HF 

patients followed for up to 15 years [39]. Practical utility dictated cre-
ation of two models, one for 2-year outcomes and one for 5-year out-
comes. To provide a complete data set for 2-year analysis, 1280 patients 
who had definitive 2-year outcomes (death or survival) were included. 
Similarly, 933 patients who had complete information on 5-year out-
comes were included for the 5-year analysis. The two-year logistic 
regression model included NYHA class, late HMR, and age as signifi-
cant variables; the left ventricular ejection fraction (LVEF) was of bor-
derline significance (p = 0.054). In the 5-year group, NYHA class, late 
HMR, age, and LVEF were significant variables. Cardiac mortality risk 
charts were then created using suitable aggregations of the four relevant 
variables. Chart A is for NYHA class I and II, while Chart B is for 
NYHA class III and IV.  Color coding clearly shows the progressive 
increase in mortality risk with decreasing HMR: green <1%; blue 1.0–
2.9%; red 3–9.9%; purple ≥10%. (d) Survival curves from a validation 
population of different HF patients (n = 546), in whom the 2-year car-
diac death model was accurate for identifying low risk (<4%), and 
intermediate risk (4–12%), with actual 2-year cardiac mortality of 1.1% 
and 7.9% respectively. The model underestimated cardiac mortality for 
high-risk patients, presumably because the validation population had 
more severe HF than the derivation population [40]. (a and b from 
Nakajima et al. [39] and c from Nakajima et al. [40], with permission 
from Oxford University Press)
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Fig. 11.14  Quantitative displays from PET imaging of myocardial 
blood flow (13NH3), viability (18F-FDG), and sympathetic innervation 
(11C-HED). Subject A, who experienced sudden cardiac arrest, had a 

larger innervation defect than the area of infarct shown by FDG. Subject 
B had a matched defect on flow, viability, and innervation imaging. 
(From Fallavollita et al. [42], with permission from Elsevier)

MIBG early MIBG late

SPECT

PET

HED Epinephrine CGP12388

Fig. 11.15  Polar maps of myocardial distribution (center–apex to 
periphery–base) of mIBG from early (15 minutes post-injection) and 
late (4  hours post-injection) SPECT images of the normal heart for 
comparison with those of selected 11C-labeled PET tracers also used in 
assessment of functional status of the sympathetic nervous system. The 
mechanism of neuronal uptake for HED and epinephrine are the same 
as for mIBG, with the norepinephrine transporter (NET) responsible for 

transfer of the compounds into the neuronal cytoplasm. 11C-labeled 
CGP12388 binds to post-synaptic beta receptors, providing a means to 
assess the distribution and density of these adrenergic receptors. 
Distribution patterns for all five image sets are equivalently uniform, 
confirming that all tracers are interrogating attributes of the same physi-
ological system. (From Bengel et  al. [45], with permission from 
Springer Nature)
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Fig. 11.16  The short half-life of 11C and somewhat more rapid neuro-
nal turnover of HED compared with mIBG requires use of a different 
quantitative technique for 11C-HED. The most commonly used param-
eter for 11C-HED is the retention index (RI), typically calculated by 
dividing mean global or segmental activity from a late image (between 
15 and 60 minutes post-injection) by the integrated arterial activity dur-
ing the entire dynamic acquisition. Comparisons can be performed with 
the myocardial segment with the highest RI or with data from control 
subjects without heart disease [46]. There is a growing body of evi-
dence that 11C-HED imaging results have diagnostic and prognostic 
significance comparable to those from mIBG imaging. In a study of 
early therapeutic effects of adaptive servoventilation (ASV) in HF 
patients studied with both mIBG and 11C-HED, there was improvement 
from baseline in both early HMR and RI at 6 months after initiation of 
the therapy [47]. (a) In this example from a 27-year-old woman with 
HF whose LVEF increased from 38.0% to 45.0% after ASV therapy (A 
and B), global neuronal function improved on both mIBG (early HMR 
increasing from 2.35 to 2.69) and 11C-HED (RI increasing from 0.086 
to 0.102). (From Tokuda et  al. [47], with permission from Springer 
Nature.) (b) Another 11C-HED PET study involved 34 patients with HF 
with preserved ejection fraction (HFpEF) and 11 control subjects who 

also underwent cardiac MRI with late gadolinium enhancement (LGE) 
to measure left ventricular size, function, and myocardial infarct extent 
[48]. In the examples in Panel B1, row a is from a 65-year-old man with 
prior lateral myocardial infarction. There is lateral wall LGE consistent 
with subendocardial infarction (red arrows) and reduced 11C-HED 
uptake (white arrows), which exceeds the extent of LGE. The polar map 
of the 11C-HED RI shows a regional decrease in the inferior to lateral 
wall. In row b, from a 65-year-old man with hypertrophic cardiomyopa-
thy, the LGE image shows hyperenhancement in the interventricular 
septum at the insertion points of the right ventricle (red arrows) and the 
11C-HED PET image and the polar map show regional decrease in the 
septal to inferior wall (white arrows). (c) Graphs shows aggregate study 
results. In part a, there is modest stepwise decrease in regional 11C-HED 
RI with increasing LGE extent and decreasing wall thickening (WT). In 
part b, impaired regional RI (<10%/min; the lower quartile value of the 
control group segments) was found in 76% of all segments in 32 
patients with HFpEF (excluding two patients with cardiac amyloido-
sis). (d) The majority of segments with impaired regional 11C-HED RI 
had decreased systolic wall thickening and the presence of LGE. 
Numbers in parentheses are numbers of segments. (From Aikawa et al. 
[48]; CC-BY)
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Fig. 11.17  LMI1195 is one of several 18F-labeled benzylguanidines 
under development [49]. (a) Sequence of whole-body LMI1195 coro-
nal images at mid-myocardial level in a human volunteer. Cardiac 
uptake is evident at 10–24 minutes after injection and remains clearly 

seen up to 5 hours. (b) Reoriented short-axis, vertical long-axis, and 
horizontal long-axis LMI1195 cardiac images in a healthy volunteer at 
20 minutes and 1 hour after radiotracer injection (left) and circumferen-
tial quantitative profiles obtained in the same patient (right) [49]
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Fig. 11.18  A promising group of compounds for studying cardiac 
sympathetic innervation is the [18F]Fluoro-Hydroxyphenethylguanidines. 
Preliminary animal studies have presented encouraging results, as has 

early human imaging [50]. (a) The structural formulas for two candi-
date molecules. (b) Cardiac images in rhesus macaque monkeys. (From 
Jung et al. [50]; with permission from the American Chemical Society)
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a b

Fig. 11.19  PET and SPECT innervation tracers have been used to 
study the border zone surrounding myocardial infarct, a region believed 
to be arrhythmogenic. In a quantitative analysis of 123I-mIBG SPECT 
images from coronary artery disease patients who underwent electro-
physiology testing, the best predictor of VT inducibility was 123I-mIBG 
uptake in the border zone (area under ROC = 0.78)—better than MPI 
scar extent or border zone extent [51]. In a prospective study of 15 
patients referred for ischemic VT ablation and studied with 123I-mIBG 
SPECT and high-density voltage mapping [52], 123I-mIBG innervation 
defects were about 2.5-fold larger than bipolar voltage-defined scars, all 
VT ablation sites were within areas of abnormal innervation, and 36% 
of successful ablation sites demonstrated normal voltages (>1.5 mV). 
(a) In this example of a discordant preserved voltage-denervation loca-
tion of a successful ablation site, the bipolar electroanatomic map, infe-
rior view (A), demonstrates inferior scar with ablation site (yellow dot; 
white arrow) at an inferior septal location within the area of preserved 
bipolar voltage (>1.5 mV). Coregistration of the electroanatomic bipo-

lar voltage map and innervation map (B) demonstrates a significantly 
larger area of denervation than bipolar voltage scar or border zone. The 
successful ablation point (yellow dot; white arrow) is located within the 
area of denervation close to the denervation/neuronal transition zone 
interface despite preserved bipolar voltage (123I-metaiodobenzylguanidine 
transition zone in overlying transparent yellow, and normally inner-
vated myocardium in overlying transparent purple) [52]. (b) Perfusion/
innervation mismatch has been studied in an animal model of MI [53]. 
Panel A shows representative PET polar maps of myocardial perfusion 
(13N-ammonia) and innervation (11C-epinephrine). The innervation 
defect (white area) is larger than the perfusion defect (blue area), 
resulting in an area of normally perfused myocardium with impaired 
innervation in the infarct border zone. Panel B shows defect sizes in all 
animals (n = 13). Panel C compares the perfusion/innervation mismatch 
in subgroups with (n = 5) and without (n = 6) inducible VT. As expected, 
inducibility was associated with larger areas of mismatch [53]
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Fig. 11.20  (a) Survival curves from the ADMIRE-HF study catego-
rized in terms of baseline HF medication intensity (0–9 score based on 
doses of beta blockers, ACE inhibitors, angiotensin receptor blockers, 
and aldosterone antagonists) (Panel A) and medication score and planar 
HMR (HMRp) subcategorized as normal (HMRp ≥ 1.60) or abnormal 
(HMRp  <  1.60) (Panel B). There is no difference in 2-year survival 
based on the medication categories alone, but significantly better sur-
vival for patients with HMRp ≥ 1.60 in all medication score subgroups. 
This demonstrates that point-in-time assessment of cardiac sympathetic 
innervation status has independent prognostic value regardless of the 
current treatment regimen. (From Pina et al. [54], with permission.) (b) 

In an analysis of medications used by ADMIRE-HF subjects, the 71 
subjects who had taken higher-potency (with respect to NET inhibition) 
antidepressants (tricyclic antidepressants and SNRIs) had lower HMRs 
than the 78 who took other neuropsychiatric medications (1.400 ± 0.189 
vs. 1.476 ± 0.192, p = 0.017) [55]. Nevertheless, the predictive capabil-
ity of the dichotomous HMR threshold of 1.60 was maintained, even 
among those taking the higher-potency inhibitors. Overall, there were 
no deaths to 2 years among the 13 HF patients taking the higher-potency 
medications who had an HMR ≥1.60, compared with 5 deaths (9%) 
among the higher-potency group with HMR <1.60. (From Jacobson 
et al. [55]; with permission from Wolters Kluwer)

0 200 400 600

Time (days)

E
ve

nt
-f

re
e 

S
ur

vi
al

 (
%

)
100

95

90

85

80

7-9

4-6
0-3

p=0.65

Scores

800

a

E
ve

nt
-f

re
e 

S
ur

vi
al

 (
%

)

100

95

4-6 & 7-9, H/Mp 1.60

0-3, H/Mp 1.60

p=0.003

7-9, H/Mp<1.60

4-6, H/Mp<1.60
0-3, H/Mp<1.60

90

85

80

0 200 400 600
Time (days)

800

Scores
b

11  Myocardial Innervation



454

�Ischemic Heart Disease

Figures 11.21 and 11.22 illustrate imaging performed following myocardial infarction, suggesting that sympathetic neurons 
are more sensitive to ischemia than myocytes, and that denervated but viable myocardium can then form a substrate for ven-
tricular arrhythmias.
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Fig. 11.21  Sympathetic nerve terminals are susceptible to ischemic 
damage, as illustrated in these SPECT images that were obtained in a 
patient within 14 days of an anterior myocardial infarction [56–58]. The 
tomographic slices are displayed in short-axis (SA), horizontal long-
axis (HLA), and vertical long-axis (VLA) views. Regional retention of 
123I-mIBG 4 hours after administration of 10 mCi was compared with 
the myocardial perfusion as assessed from images acquired 20 minutes 
after an injection of 2 mCi of thallium-201 (201Tl). There is a perfusion 
abnormality in the 201Tl images involving the anterolateral wall of the 
left ventricle (LV). The images obtained after the 123I-mIBG injection 
reveal a markedly larger area of reduced 123I-mIBG retention involving 

the anterolateral wall as well as the distal inferior wall. Polar maps dis-
play the disparity of perfusion and neuronal abnormality, reflecting the 
infarct size and area of denervation. This mismatch between perfusion 
and 123I-mIBG retention is present in almost 80% of patients after acute 
myocardial infarction and indicates that sympathetic neurons are more 
sensitive to ischemia than the myocytes [57]. Although reduced 11C-
HED retention was found in an experimental model of chronically isch-
emic hibernating myocardium, the dependency of the 11C-HED 
retention on resting myocardial blood flow or flow reserve was small in 
patients with chronic coronary artery disease [58]. LA left atrium, RA 
right atrium, RV right ventricle
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Fig. 11.22  Myocardium as a substrate for ventricular arrhythmias. 
It has been proposed that denervated but viable myocardium can 
form a substrate for ventricular arrhythmias after myocardial infarc-
tion. The mismatch pattern of innervation and viability has been 
shown to correlate with abnormal electrophysiologic findings [59–
62]. However, its relationship to clinical arrhythmic events remains 

unclear [59]. The figure demonstrates a detailed assessment of viabil-
ity, perfusion, and sympathetic innervation by evaluation of fluorode-
oxyglucose (18F-FDG) uptake with PET, 13N-ammonia (NH3) PET, 
and 123I-mIBG SPECT in a patient with a previous anterior myocar-
dial infarction and sustained ventricular tachycardia, being consid-
ered for ablation
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�Atrial and Ventricular Arrhythmias

Atrial fibrillation is the most common tachyarrhythmia in humans. Ablation of atrial fibrillation in the electrophysiology 
laboratory is becoming the preferred or definitive approach for therapy, supplanting medical therapy, surgery, and obser-
vation with or without anticoagulation. In the absence of structural heart disease, it is impossible to predict reliably 
whether a patient with a first self-terminated episode of atrial fibrillation will progress to permanent atrial fibrillation. 
123I-mIBG scintigraphy is emerging as a risk-stratification modality that can distinguish which individuals will progress 
to have permanent atrial fibrillation or permanent atrial fibrillation and congestive heart failure [63]. In 98 consecutive 
subjects with idiopathic paroxysmal atrial fibrillation and preserved LVEF, the role of cardiac 123I-mIBG SPECT in the 
transition to permanent atrial fibrillation and the occurrence of heart failure were assessed. During a 4-year follow-up 
period, 35 of the subjects (36%) transitioned to permanent atrial fibrillation. A low 123I-mIBG HMR and low LVEF were 
independent predictors of the transition to permanent atrial fibrillation. Further, a low 123I-mIBG HMR, low LVEF, and 
a high plasma brain natriuretic peptide concentration were independent predictors of the occurrence of heart failure with 
permanent atrial fibrillation. Sympathetic innervation may play a key role in cardiovascular remodeling, which promotes 
atrial fibrillation. Figure 11.23 presents three examples of the prognostic use of 123I-mIBG SPECT and ECG.
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Fig. 11.23  123I-mIBG image examples and electrocardiography (ECG) 
strips for predicting atrial fibrillation (AF). In these examples of 
123I-mIBG images and ECG strips, the ovals indicate the region of inter-
est on the heart area (H) and the rectangles indicate the region of inter-
est on mediastinum (M). Cardiac sympathetic nervous system activity 
was estimated by the value of the heart/mediastinum (H/M) ratio. (a) A 
78-year-old man with paroxysmal AF had a 2.7 H/M ratio in the 
123I-mIBG image and transited to permanent AF without the occurrence 

of heart failure (HF). (b) A 68-year-old man with paroxysmal AF had a 
2.6 H/M ratio. The HF with AF occurred afterward, but the improve-
ment of HF resulted in recovery to sinus rhythm from AF. (c) A 71-year-
old man with paroxysmal AF had a 2.5 H/M ratio and transited to 
permanent AF. The HF occurred afterward, and the AF was perpetuated 
after the improvement of HF. These patients with paroxysmal AF had 
significantly lower H/M ratios than normal values (3.3 ± 0.5) (From 
Akutsu et al. [63]; with permission from Elsevier)
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Fig. 11.24  Sympathetic denervation and ventricular arrhythmias. (a) 
123I-mIBG SPECT images were obtained in a 54-year-old man with 
idiopathic right ventricular outflow tract tachycardia. The tomographic 
slices are displayed in short-axis (SA), horizontal long-axis (HLA), and 
vertical long-axis (VLA) views. The 123I-mIBG images acquired 4 hours 
following injection show a marked 123I-mIBG retention defect in the 
midventricular and basal inferior walls (arrows), suggesting regional 
sympathetic denervation. Unfortunately, the right ventricle cannot be 
imaged by radionuclide techniques because of its thin myocardial 
walls. (b) This schematic display illustrates a proposed pathophysio-
logic mechanism of tachycardia in patients with idiopathic right ven-
tricular outflow tract tachycardia. Impairment of a catecholamine 

clearance contributes to reduced clearance of neurotransmitter from the 
synaptic cleft and, thus, to myocardial catecholamine overexposure. 
The resulting presynaptic and postsynaptic imbalance is thought to con-
tribute to electrical instability and arrhythmogenesis. Assuming that 
stimulatory G proteins (G) are upregulated in connection with down-
regulated β-adrenoceptors, an acute increase in synaptic norepinephrine 
(NE) concentration would increase cyclic adenosine 3′,5′-monophos-
phate (cAMP) via activation of adenylyl cyclase (AC). The increase in 
cAMP will produce a rise in intracellular Ca2+ levels by activation of 
protein kinase A (PKA) and will eventually trigger ventricular tachycar-
dia. ATP adenosine triphosphate, RE release, UP uptake

Similarly, experimental and clinical studies have linked presynaptic and postsynaptic sympathetic nervous function and 
the presence of ventricular arrhythmias [64–66]. Innervation imaging has demonstrated abnormalities in patients with pri-
mary arrhythmic cardiac disorders in the absence of structural heart disease, such as right ventricular outflow tract tachycar-
dia (Fig. 11.24), Brugada syndrome, and idiopathic ventricular fibrillation [67–70].
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Figure 11.25 shows the results of a study relating imaging findings and ventricular arrhythmias in patients treated 
with an implantable cardioverter defibrillator (ICD). ICDs that are capable of ECG recording at the time of arrhythmias 
provide an opportunity to study the association between 123I-mIBG imaging findings and ventricular arrhythmias [70–
72]. In this study, Nagahara et al. [72] prospectively followed 53 patients treated with ICD for 15 months after 123I-mIBG 
imaging. Most patients (n = 39) had underlying structural heart disease, including nine patients with idiopathic dilated 
cardiomyopathy and eight patients with ischemic heart disease. The graph shows that patients who had appropriate ICD 
discharges due to life-threatening ventricular arrhythmias (n = 21) or who died of cardiac causes had significantly lower 
HMRs than the other patients. The value of 123I-mIBG imaging in improving the selection of patients for treatment with 
ICD remains to be established in future trials involving larger numbers of patients who are representative of the common 
underlying etiologies of heart failure, particularly ischemic heart disease.
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Fig. 11.25  Implantable cardioverter defibrillators (ICDs) for the study 
of imaging findings and ventricular arrhythmias. Patients who had 
appropriate ICD discharges due to life-threatening ventricular arrhyth-
mias (n = 21) or died of cardiac causes had significantly lower H/M 
ratios than the other patients. The H/M ratio of 1.95 was the optimal 
cutoff value that identified arrhythmias (area under the ROC curve, 

0.68) independently of many other variables, including LVEF and 
plasma brain natriuretic peptide (BNP) level. The event rates among 
quartiles of the H/M ratio are shown. When the H/M ratio was com-
bined with either LVEF or BNP, their sensitivities were 67% and 45%, 
with specificities of 70% and 94%, respectively, better than those pro-
vided by LVEF alone [72]
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�Diabetes

Heterogeneous denervation is seen in patients with diabetic neuropathy (Fig. 11.26) and has been linked to an increased 
incidence of sudden cardiac death in patients with diabetic neuropathy of the heart [73]. A correlation has been established 
between the degree of cardiac denervation and the clinical parameters of autonomic dysfunction [74, 75]. The scintigraphic 
determination of presynaptic tracer uptake appears to be more sensitive than clinical parameters in detecting early involve-
ment of the heart in diabetic neuropathy, but no prospective data are available defining the prognostic value of neuronal 
imaging for detection of patients with increased incidence of cardiovascular complications [73, 74, 76–78].
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Fig. 11.26  Myocardial neuropathy in diabetes. These PET images 
were obtained from a patient with advanced diabetic neuropathy as 
defined by functional testing. Following the injection of 11C-HED, 
short-axis (SA), horizontal long-axis (HLA), and vertical long-axis 
(VLA) views were obtained. The regional retention of 11C-HED is com-
pared with the regional perfusion as assessed by 13N-ammonia. There is 
heterogeneous denervation in patients with diabetic neuropathy. The 
11C-HED retention is reduced most prominently in the distal aspects of 

the anterior wall, apex, and inferior wall of the left ventricle (LV). As 
the process of neuropathy proceeds, denervation starts at the apex and 
extends to the basal aspects of the LV.  The proximal, anterior, and 
anterolateral wall segments are most protected from the disease pro-
cess. This heterogeneity of denervation has been linked to the increased 
incidence of sudden cardiac death in these patients. LA left atrium, RA 
right atrium, RV right ventricle
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�Cardiac Transplantation

Cardiac transplantation represents the best model of cardiac 
denervation because the neuronal fibers are cut during the 
transplantation surgery. As time after the cardiac transplan-
tation passes, however, there is evidence for regional rein-
nervation [25]. Figure  11.27 depicts the reinnervation 

process occurring in about 40–50% of patients. The rein-
nervation process does not result in complete reinnervation 
but shows the regional reappearance of sympathetic nerve 
terminals. Functional studies have shown that patients with 
reinnervation show greater heart rate variability, better exer-
cise tolerance, and improved LV function with exercise 
[80].

Fig. 11.27  Reinnervation of cardiac allograft. Uptake of radiolabeled cat-
echolamines in the anterior wall, septum, and base of the left ventricle (LV) 
indicates the reappearance of functioning sympathetic nerve terminals. The 
pharmacologic integrity of these nerve terminals has been demonstrated by 
studies of neurotransmitter released following the intracoronary injection 
of tyramine [79]. A study linking regional tracer uptake with exercise 
capacity indicates that the reinnervation process is beneficial for the exer-
cise performance of patients following heart transplantation [80]. (a) 
Neuronal imaging with 11C-HED obtained 6 months after heart transplanta-
tion (HTX) shows little retention of the tracer in the myocardium 40 min-
utes after the tracer injection, in comparison to the myocardial perfusion 
assessed with 13N-ammonia. In a patient studied 3 years after heart trans-
plantation, myocardial perfusion is homogeneous throughout the LV, but 
the 11C-HED images obtained 40 minutes after injection reveal the reap-

pearance of regional 11C-HED retention in the anteroseptal area of the 
LV. The area of reinnervation appears larger in a patient studied 11 years 
after transplantation, but regional denervation remains detectable in inferior 
aspects of the LV, which display normal perfusion. (b) PET–11C-HED polar 
maps of cardiac transplantation patients at various time points after surgery. 
Early after transplantation, the retention index is reduced throughout the 
entire LV myocardium. Using a threshold of 7%/min retention index, no 
reinnervated area can be detected. At 3  years after transplantation, the 
anteroseptal areas show reinnervated territories (about 18% of the LV). The 
PET images obtained 11 years after transplantation show a reinnervated 
area of 48% of the LV, illustrating the progress of the reinnervation process 
in the anterior septal wall toward the apex. However, the inferior inferolat-
eral wall remains denervated, as seen in most patients undergoing neuronal 
imaging late after cardiac transplantation [80–82]. RV right ventricle
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