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The autonomic innervation of the heart is an integrative part of the physiology of
cardiac performance. It is well recognized that cardiac innervation plays an eminent
role in the adaptation of cardiac function to daily life. Autonomic innervation of the
heart is also known to be an important part of the pathophysiology of various car-
diovascular diseases. Arrhythmias have been linked to regional as well as global
alterations of electrophysiological properties, which are influenced by autonomic
innervations. Cardiac nerves appear to be more sensitive to ischemia as compared to
myocytes. Heterogeneity of cardiac innervation as a consequence of regional isch-
emia may represent an important substrate for the development of arrhythmias in
patients with ischemic heart disease. In heart failure, neuronal dysfunction has been
linked to the deterioration of function. The ability to predict potentially lethal ven-
tricular arrhythmias promises to help more accurately select patients for implant-
able cardioverter-defibrillators (ICD), limiting unnecessary devices and identifying
additional patients at risk who do not meet current guidelines.

There is a lack of noninvasive methods to access the structure and function of the
cardiac autonomic nervous system. A number of techniques, which assess the
response to interventions based on temporal changes of heart rate, reflect the overall
autonomic tone and can be used to characterize the integrity of neuronal circuits.
Since nerve cells are small in comparison to myocytes, direct visualization of cells
in vivo appears to be very challenging. In addition, functional assessment of cardiac
neurons requires invasive procedures to measure the spillover of neurotransmitters
by comparing serum concentrations of catecholamines in arterial and venous blood.

With the advent of specific imaging probes, sympathetic neurons can be identi-
fied by their uptake and storage of false neurotransmitters in presynaptic nerve ter-
minals. The uptake of catecholamine analogues is very efficient by presynaptic
sympathetic nerve endings, providing high contrast between neuronal and non-
neuronal cells. Most imaging probes allow assessment of the integrity of cardiac
innervation but fail to provide functional parameters quantifying molecular pro-
cesses such as transport, storage, and release of neurotransmitters. There are first
studies indicating that the washout of MIBG may be related to sympathetic tone;
however, since tracer washout is related to physiological and pathophysiological
conditions, these measurements may not be very specific for neuronal function.
Most recently, new tracers have been introduced, which display kinetics more suit-
able for quantification of neuronal function. Imaging the postsynaptic a- and
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B-adrenoceptor density and second messenger systems in the sympathetic nerve
ending is a field in exploration. There is also evidence that parasympathetic tone
plays a critical role as modulator of the cardiac nervous system in both healthy and
diseased hearts and has an impact upon the occurrence of arrhythmias and sudden
death. Several radiopharmaceuticals have been used in research trials, and novel
tracers are under development for all different target levels of the cardiac innerva-
tion system.

In view of recent advances in imaging instrumentation and tracers developed, the
available imaging information may provide improved diagnostic and prognostic
information in patients with cardiovascular diseases.

This book focuses on the strengths and weaknesses of current techniques to visu-
alize and measure cardiac innervations in vivo. Specially, this book provides a state-
of-the-art description of the autonomic innervations of the heart, followed by a
methodological discussion of various imaging approaches. Finally, clinical experi-
ences with imaging agents addressing the cardiac innervation are given in various
disease groups.

The editors would like to thank all the authors of individual chapters for their
excellent contribution. In addition, we appreciate the support by Springer and hope
that this book will inspire scientists and physicians, leading to advanced imaging
and better care of cardiac patients.

Groningen, The Netherlands Riemer H.J.A. Slart, MD, PhD
Groningen, The Netherlands René A. Tio, MD, PhD
Groningen, The Netherlands Philip H. Elsinga, PhD

Munich, Germany Markus Schwaiger, MD, PhD
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Abstract

The autonomic nervous system (ANS) is the part of the nervous system that
controls the visceral functions of the body, which are totally or largely indepen-
dent of voluntary control of the individual. This part of the nervous system
consists of autonomic regions in the central nervous system and of peripheral
nerves. According to anatomical and functional characteristics, the ANS is
classically divided into two main sections: the sympathetic and the parasympa-
thetic systems. The former division promotes a so-called “fight-or-flight”
response, while the parasympathetic autonomic system promotes a “rest and
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digest” response of the organism. The heart receives nerve fibers from both the
sympathetic and the parasympathetic divisions, which variably contribute to the
control of heart rate (chronotropism), contractile strength of the heart (inotro-
pism), conductivity (dromotropism) and excitability (bathmotropism) of myo-
cardial cells, as well as of coronary vascular tone and myocardial blood flow. The
sympathetic system promotes an increase in heart rate and a positive inotropic
response in order to increase cardiac output. On the contrary, the parasympa-
thetic (vagal) system induces bradycardia and reduces myocardial contractile
strength, thus resulting in decreased cardiac output.

Abbreviations

ANS  Autonomic nervous system
CNS Central nervous system

GI Gastrointestinal

MBF Myocardial blood flow

nTS  Nucleus of the solitary tract
PET  Positron emission tomography
SNC Sympathetic nerve chain

The autonomic nervous system (ANS) plays an outstanding role in the regulation of
heart function. In this chapter, we will briefly review the anatomy and basic function
of the cardiac ANS. A full understanding of the topic, however, presumes a suffi-
cient knowledge of the whole structure of the ANS.

1.1 Overview of the ANS

The ANS is the part of the nervous system that controls the visceral functions of the
body, which are usually below the level of consciousness, and therefore totally or
largely independent of the voluntary control of the individual, including heart activ-
ity, respiratory function, digestion, gland secretory activity, organ and vessel motil-
ity, pupillary dilation, micturition, and sexual arousal.

The ANS is constituted by autonomic regions in the central nervous system and
by peripheral nerves. The former consist of brainstem nuclei and bundles of visceral
nerve fibers in the spinal cord, which have motor (efferent) and sensory (afferent)
functions; the latter are represented by nerve fibers and ganglia.

The transmission of efferent autonomic impulses occurs through a sequential
two-neuron pathway: a preganglionic (or presynaptic) neuron and a postganglionic
(or postsynaptic) neuron. Preganglionic neurons origin from autonomic centers in
the brain or spinal cord and synapse onto postganglionic neurons, which are located
in peripheral ganglia, from where they innervate the target organ (Burt 1993).

According to anatomical and functional characteristics, the ANS is classically
divided into two main sections: the sympathetic and the parasympathetic ANS.
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1.1.1 The Sympathetic ANS

A scheme of the sympathetic ANS is illustrated in Fig. 1.1. The sympathetic ANS
division has a thoracolumbar “outflow,” i.e., the cell bodies of the efferent
preganglionic neurons are located in the intermediolateral columns of the thoracic
and lumbar segments (from T1 to L2-L3) of the spinal cord. Preganglionic neurons
are type B myelinated nerve fibers (<3 pm) that leave the spinal cord through the
anterior roots of the respective thoracic and lumbar spinal nerves and reach the
sympathetic nerve chain (SNC) through small white rami communicantes (Fig. 1.2).

The SNC runs on either side of the anterior face of vertebral bodies, extending
from the cranium base to the coccyx and includes paravertebral ganglia along its
course, specifically, 3 cervical ganglia, 11 or 12 thoracic ganglia, and 5 lumbar, 4
sacral, and 1 coccyx ganglia, which are interconnected by intermediate cords and
contain the bodies of postganglionic sympathetic neurons (Fig. 1.1).

Preganglionic axons coming from a given spinal segment and nerve may
terminate onto a postganglionic neuron located in the corresponding segmental
ganglion or may instead travel either up or down along the SNC, synapsing onto a
postganglionic neuron located in another SNC paravertebral ganglion.

Some sympathetic preganglionic fibers do not synapse in paravertebral ganglia
but from SNC arrive to some specific prevertebral ganglia in the lumbar region
(celiac, aorticorenal, and mesenteric ganglia) or ganglia located very proximal to
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Fig. 1.2 Nerve connections between the spinal cord, spinal nerves, sympathetic nervous chain,
and peripheral sympathetic nerves

target organs (peripheral ganglia). Finally, the SNC also sends out peripheral
nerves that reach the target organs following the course of vessels (perivascular
branches).

Postganglionic neurons are small nonmyelinated C fibers (0.3—1.2 um) that reach
the target organs by various ways. Some achieve somatic structures of the body
(skin, muscles, bones) through spinal nerves that they reach from the SNC by gray
rami communicantes (Fig. 1.2); some from cervical and high thoracic ganglia
directly achieve cranial structures through peripheral nervous branches; similarly,
visceral thoracic and abdominal organs receive sympathetic innervation from post-

ganglionic fibers originating from sympathetic (cervical, thoracic, and splanchnic)
ganglia.

1.1.2 The Parasympathetic ANS

A scheme of the parasympathetic ANS is illustrated in Fig. 1.1. The parasympa-
thetic ANS division has craniosacral “outflow,” i.e., the preganglionic efferent neu-
rons leave the central nervous system through cranial nerves (III, VII, IX, X) or
together with the anterior roots of sacral spinal nerves (mainly S2-S3, but also S1
and S4). Cell bodies of cranial parasympathetic preganglionic neurons are located
in some nuclei of the brainstem, whereas those of sacral neurons are located at the
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base of the intermediolateral portion of the anterior horns of the gray substance of
the respective spinal segments.

Parasympathetic postganglionic neurons have cell bodies located in
parasympathetic ganglia, which are always found peripherally, next to, or also
within, the target organs, and are always reached by preganglionic parasympathetic
fibers through somatic nerves.

It is worth noting that 75 % of all parasympathetic nerve fibers are situated in the
vagus nerve (X cranial nerve). Vagal fibers mostly originate from the dorsal motor
nucleus and, in part, from the ambiguous nucleus. The vagus nerve sorts out of the
central nervous system through the jugular foramen at each side and travels down
until the abdomen, giving branches to thoracic and upper abdominal organs.

1.1.3 Afferent ANS Fibers

As for the somatic sensitive system, signals from visceral organs are transmitted by
primary sensory neurons. The afferent fibers originated from visceral organs travel
in sympathetic and parasympathetic nerves and transmit information to the central
nervous system about activities of the organ or the occurrence of tissue injury, the
latter through nociceptive fibers. These signals also generate autonomic reflexes
which allow regulation of organ functions. Some of these signals (e.g., pain signals)
can be transmitted to cortical centers and become conscious.

Nociceptive fibers are mainly associated with sympathetic nerves. Their cell
bodies are located in spinal ganglia, achieved through the SNC and rami communi-
cantes, and they end in the posterior roots of the spinal cord, where they synapse on
“second-order” nociceptive neurons. Nociceptive visceral fibers are much less
numerous than nociceptive somatic fibers and usually end at more levels in the
spinal cord, thus generating less specific and localized pain sensation.

Afferent primary sensory fibers associated with parasympathetic nerves are more
involved in regulatory reflexes of system/organ activities. Again, they are mainly
associated with the vagus nerve, but several visceral cranial afferent fibers travel
with the glossopharyngeal or facial nerves and pelvic fibers with pelvic nerves.
The cell bodies of these afferent fibers are located in ganglia associated with these
parasympathetic nerves. Primary sensory neurons then project onto “second-order”
visceral sensory neurons located in the medulla oblongata, in the nucleus of the
solitary tract, and other nuclei.

1.1.4 The Enteric ANS

It is worth noting that enteric ganglia diffused inside the wall of the digestive tube
collectively contain as many neurons as the entire spinal cord, including local
sensory neurons, motor neurons, and interneurons, and is able to act as a largely
autonomous part of the ANS. For this reason, the enteric ANS is often considered
as a third, independent part of the ANS.
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1.2 Function of the ANS

A description of the functions of the ANS is beyond the scope of this chapter, and
therefore some general concepts only are discussed here.

The sympathetic and parasympathetic systems are generally thought to act in
opposition to each other. However, their effects in most organs should be better
considered as complementary in nature rather than antagonistic, with most visceral
functions resulting from the balance of the influence of the two ANS branches
(Guyton and Hall 2006). Furthermore, some viscera (e.g., visceral vessels, liver,
spleen) only receive sympathetic innervations, and in other cases sympathetic and
parasympathetic nerves have synergic effects (e.g., increase of salivary gland
secretion).

Overall, however, the sympathetic ANS is typically activated in conditions of
stress and is responsible for the so-called “fight-or-flight” response, which is char-
acterized by enhanced heart rate and contractility, dilation of coronary vessels,
bronchiole dilation and increased alveolar oxygen exchange, increased blood flow
to skeletal muscles, and reduction of blood flow to the gastrointestinal tract and
skin.

The parasympathetic ANS, instead, predominates in basal conditions, defining
the so-called “rest and digest” status, which is characterized by dilation of blood
vessels and accelerated peristalsis of the gastrointestinal tract, together with
reduction of cardiac and respiratory activities.

The peripheral effects of sympathetic and parasympathetic systems are mediated
by the release from nerve endings of specific chemical neurotransmitters, which act
on specific receptors on cell membranes of target organs.

The neuromediator released by peripheral sympathetic fibers and therefore
responsible for their effects is norepinephrine, while acetylcholine is the neurome-
diator released by parasympathetic nerve fibers (Fig. 1.3). Together with these
primary neuromediator, both sympathetic and parasympathetic nerve fibers can
variably release other substances, mainly neuropeptides, which can contribute to the
final effects of nerve stimulation. Examples of these substances include neuropep-
tide Y, galanin, and dynorphin in noradrenergic fibers, and vasoactive intestinal
peptide, calcitonin gene-related peptide, and substance P in cholinergic fibers
(Janig 2006). The exact role of most of these co-released substances, however,
remains to be defined.

It is also worth noting that postganglionic sympathetic fibers for sweat glands
and for skeletal muscle vessels release acetylcholine and that acetylcholine is also

OH
. . NH, 0
Fig.1.3 Chemical structure (R) \ /
of the sympathetic )L PN P N+\
(norepinephrine) and HO 0o
parasympathetic OH
(acetylcholine)

neurotransmitters Norepinephrine Acetylcholine
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the neurotrasnmitter of both sympathetic and parasympathetic signals by
preganglionic neurons in the respective ganglia.

Norepinephrine exerts its effects through binding and activation of adrenergic
receptors on target cells. Two main classes of adrenergic receptors have been
described, the a- and P-receptors (Ahlquist 1948). The a-adrenergic receptors
present two main types al- and a2-receptors. Similarly, two main types of
B-adrenergic receptors have been found, f1- and p2-receptors, although a third
type (B3) has recently been found to also play some relevant physiological role
(Bylund et al. 1994).

Acetylcholine binding (cholinergic) receptors are also divided into two main
classes, based on their response to the alkaloids nicotine and muscarine. Nicotinic
receptors can roughly be grouped in two main classes, muscular and neuronal recep-
tors. Five different types of muscarinic receptors have been described, named M1 to
M5, with M2 and M3 being the receptors mainly located in the heart and bronchi,
respectively (Goyal 1989).

1.3 The ANS of the Heart
1.3.1 Anatomy

The heart receives abundant nerve fibers from both the sympathetic and the
parasympathetic ANS.

Preganglionic sympathetic neurons for the heart have their cell bodies in the
lateral horns of the spinal cord, at the level of the first 4-5 thoracic segments, and
they synapse onto postganglionic nerve fibers located in paravertebral cervical and
thoracic ganglia of the SNC, which give origin to cardiac cervical nerves (superior,
medium, and inferior) and cardiac thoracic nerves (from the 2nd to the 4th—5th
thoracic ganglia) (Fig. 1.4).

Sympathetic chains

. _ Upper cervical gaglion
Superior cardiac nerve

Medium cardiac nerve Medium cervical gaglion

Inferior cardiac nerve Lower cervical gaglion

1°,2°,3°,4°

. 10,20, 3°, 4°
Thoracic nerves

Thoracic ganglia

Sympathetic Sympathetic
nerves - nerves

Fig. 1.4 Scheme of the sympathetic and parasympathetic (vagal) innervations of the heart
(Modified from Guyton and Hall (2006))
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The superior cardiac nerves origin, on each side, from the inferior portion of the
superior cervical ganglia. They go down to the heart following a different way: the
right nerve runs behind the anonymous artery and the aortic arch; the left nerve fol-
lows the left common carotid artery. The medium cardiac nerves, the biggest among
cardiac nerves, derive from the medium cervical ganglia and can reach the cardiac
plexus directly, without fusion with other nerve fibers. Finally, the inferior cardiac
nerves derive from the stellate ganglia and directly arrive to the cardiac plexus.

The efferent parasympathetic preganglionic nerve fibers originate in the medulla
oblongata and reach the heart through the two vagal nerves. The postganglionic
efferent neurons reside in the inferior ganglia of the vagus nerves or in the cardiac
plexus.

The cardiac plexus is situated at the base of the heart, in front of the tracheal
bifurcation, and below and behind the aortic arch. It consists of the confluence of
various, both sympathetic and vagal, cardiac nerves and of a variable number of
little parasympathetic ganglia, among which the most remarkable and constant is
Wrisberg’s ganglion, which is located between the tracheal bifurcation and the pul-
monary artery division. Some little parasympathetic ganglia are also located inside
the myocardial walls, mainly at atrial level.

The cardiac plexus can be divided into a superficial part, which lies in the con-
cavity of the aortic arch, and a deep part, situated between the aortic arch and the
trachea. The two parts are closely connected and provide autonomic innervation to
the sinoatrial node, atrioventricular node, atrial and ventricular myocardium, as well
as large and small vessel walls.

Afferent nerve fibers from the heart mainly travel in sympathetic cardiac nerves.
Many nervous sensory receptorial units, which may consist of either free ending
terminations or encapsulated nervous endings, can easily be detected in the heart,
especially at subendocardial level and at the level of vena cava and pulmonary veins
mergers, interatrial septum, and atrioventricular valve limbs. Cell bodies of
sympathetic-sensitive neurons are situated in the first 4-5 spinal thoracic ganglia.
Second-order sympathetic sensory fibers originated in the spinal cord cross the
median line and ascend in the ventral spinothalamic tract to end in the posteroven-
tral nucleus of the thalamus.

Afferent vagal fibers have also been detected in the heart and play a role primar-
ily in mediating some cardiac reflexes (Gibbins et al. 2003). Stretch receptors pres-
ent in the atria contribute to minimize changes in arterial pressure following changes
in blood volume (Di Carlo and Bishop 2001); their stimulation causes a reflex inhi-
bition of vagal activity and an increase in heart rate (Bainbridge reflex). Stimulation
of stretch receptors in the left ventricle can, instead, typically result in vagal-
mediated hypotensive and bradycardic responses (Jarisch-Bezold reflex) (Guyton
and Hall 2006).

1.3.2 Function of the ANS of the Heart

The autonomic innervation of the heart considerably contributes to the regulation
and control of cardiac functions and activities, including heart beat rate
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(chronotropism), conductivity of the electrical signal (dromotropism) and excitabil-
ity (bathmotropism), and contractile strength (inotropism) of myocardial cells.
Furthermore, the ANS also plays a relevant role in the regulation of coronary vascu-
lar motility and myocardial blood flow (MBF).

As in the whole body, the sympathetic and parasympathetic sections of the ANS
have also antagonistic effects on most heart functions. Of note, however, they do not
necessarily have comparable effects and influence on the various parts of the heart.
Instead, some cardiac activities are mainly influenced by one of the two sections,
depending on differences in their distribution to the heart.

Thus, sympathetic activation significantly increases myocardial contractility in
all heart chambers, whereas vagal activation significantly inhibits atrial contractil-
ity, but has poor effects on ventricular cardiomyocytes, due to the poor distribution
of vagal fibers to the ventricles. Vagal stimulation, however, can mitigate the
increased inotropism resulting from increased f-stimulation of the heart.

1.3.2.1 Effects of the Sympathetic ANS

Overall, the sympathetic division has an excitatory effect on most heart function.
The heart is indeed a major target organ in the “fight-or-flight” response associated
with sympathetic activation in physical or stressful conditions, as well as in all con-
ditions that require an increase in cardiac output.

Thus, the sympathetic ANS promotes an increase in heart rate (up to 200 bpm
and more in young adults), by speeding up the depolarization current rate of the
cells of the sinus node. This effect is accompanied by an increase in the velocity
of conduction and a reduction of the functional refractory period in the conduc-
tion system of the heart, in particular of the AV junction, besides an increase in
myocardial contractility to as much as double of normal, with a consequent
increase of stroke volume. Furthermore, sympathetic activation also enhances car-
diac electrical activation and contractility of both atrial and ventricular myocar-
dial cells.

It is important to stress that conditions associated with activation of the adren-
ergic ANS also lead to catecholamine release by the adrenal gland (mainly adren-
aline) which determines blood-borne-related adrenergic effects on the whole
heart.

The effects of catecholamines on myocardial cells are mainly mediated by
B1-receptors.

In the healthy human heart, indeed, p1-adrenoceptors are predominant (f1 to 2
ratio=3:1) and are distributed in all cardiac regions. p2-Adrenoceptors are instead
mainly concentrated in the ventricles and atria, where they are functionally linked
to inotropic responses. The presence of f3-adrenoceptor in the human heart, on the
other hand, is still a matter of debate (Lefkowitz et al. 1984). A summary of adren-
ergic receptors involved in mediating sympathetic effects on the heart is reported in
Table 1.1.

1.3.2.2 Effects of the Parasympathetic (Vagal) ANS
In opposition with sympathetic activity, the parasympathetic (vagal) division of the
ANS has inhibitory effects on most heart function. Thus, the sinus node activity is
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Table 1.1 Main effects of sympathetic and vagal ANS on the heart and coronary arteries

Sympathetic effects Vagal effects
Receptor Receptor
Target type type
organs (adrenergic) | Effect (muscarinic) | Effect
Heart
SA node p1, p2 Heart rate increase M2 Heart rate decrease
Atria p1, p2 tContractility M2 | Contractility
tConduction velocity tConduction velocity
AV node p1, p2 tConduction velocity M2 |Conduction
and velocity: AV block
conduction
system
Ventricles | B1, 2 tContractility _
tConduction velocity
1 Automatism
1 Ventricular foci excitability
Coronary al, a2 Constriction M3 Mild dilation
arteries p2 Dilation

slowed down, resulting in bradycardia and sinus pauses or blocks; similarly, electri-
cal conduction through the AV node is significantly delayed and can even be blocked.
On the other hand, vagal activation has no relevant effects on intraventricular
conduction.

Vagal fibers are, indeed, mainly distributed to the atria and not much to the
ventricles, even if a strong vagal stimulation can decrease the strength of heart
muscle contraction by about 20 %. The effects of vagal activation on atrial cells, on
the other hand, are characterized by a reduction of contractile activity but an increase
in conduction speed due to a reduction in action potential duration, which can favor
some reentrant tachyarrhythmias.

The effects of the vagus nerve on the heart are mediated by cholinergic M2
receptors, whereas its mild direct vasodilating effect on coronary arteries is medi-
ated by M3 receptors (Table 1.1).

1.3.2.3 Sympatho-vagal Balance

As discussed about the general function of the ANS, in rest conditions the heart is
mainly under the influence of vagal activity. Thus, sinus node discharge (i.e., heart
rate) and AV nodal conduction are substantially determined by the level of vagal
activation.

In fact, in rest conditions, the sympathetic nerve fibers to the heart discharge
continuously at a slow rate, determining a pumping force just of 30 % above that
without any sympathetic stimulation; accordingly, inhibition of sympathetic ANS
activity at rest only induces a modest depression of myocardial contractility. Similar
considerations apply to sinus node firing.
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During exercise or stress arousal, instead, vagal activity is progressively
suppressed and sympathetic drive enhances, thus resulting in a predominant sympa-
thetic cardiac stimulation. Thus, adrenergic inhibition in these conditions may sig-
nificantly blunt the increase in heart rate and contractile force.

1.4  ANS Regulation of Coronary Blood Flow

The ANS in the heart also considerably contributes to the regulation of coronary
artery tone and, even more, of MBF, together with biochemical and physical
factors.

The ANS influences MBF both in a direct and in an indirect way (Crea et al.
2013). The latter depends on the fact that, as discussed above, the activity of the
ANS is a major determinant of heart rate and myocardial contractility, and therefore
of myocardial oxygen consumption, which, in turn, is the fundamental determinant
of MBF. Thus, any increase in sympathetic activity leads to an increase in cardiac
metabolism, which results in a local release of vasodilator substances and, eventu-
ally, in MBF. The opposite is achieved through inhibition of adrenergic activity and/
or increase in vagal activity.

The direct effect of sympathetic stimulation on coronary vascular tone and MBF
depends on the balance between a- and B-adrenergic receptors located in coronary
vessels walls. Specifically, smooth muscle cells of coronary vessels mainly contain
ay-receptors and f,-receptors. Stimulation of o;-receptors results in coronary vaso-
constriction; instead, p,-stimulation mediates coronary vasodilation. Smaller coro-
nary arteries mainly contain f,-adrenergic receptors, whereas epicardial larger
coronary arteries mainly have o;-adrenergic receptors. The final physiologic effect
of sympathetic activation is a mild to moderate vasodilation and increase in MBF.

On the other hand, while the indirect effect of vagal stimulation of the heart is
vasoconstriction, due to the reduced myocardial oxygen consumption, the very lim-
ited direct effect of parasympathetic stimulation on coronary vessels is a mild vaso-
dilation, which is likely mediated by a release of NO from endothelial cells (Pelc
et al. 1988).
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Abstract

The autonomic nervous system has an important role in the genesis, maintenance,
and interruption of arrhythmias. Characterisation of the extrinsic and intrinsic car-
diac nervous systems dates back to studies from the 1930s and ranges from recog-
nition of anatomic relationships at the gross anatomic level to discovery of
chemoreceptors, mechanoreceptors, and ganglionated plexuses lining specific
regions along the veins, arteries, and cardiac chambers. However, with the increas-
ing recognition of anatomic and functional relationships between the nervous sys-
tem and the heart, also comes a litany of new questions. Specifically, studies to date
have revealed the large degree of complexity. Furthermore, the clinical correlation
of ex vivo cell-based and isolated perfusion models of the heart has been limited
due to anatomic accessibility in recording simultaneous neuronal and cardiac elec-
trophysiologic activity during in vivo electrophysiology studies. Partly because of
these limitations, the study of autonomic cardiac electrophysiology remains in its
early stages, with several studies pointing towards potential novel and elegant
methods of treating electrophysiologic disease, but much remains to be done to
translate these findings into clinical practice. In this chapter, we will briefly discuss
anatomic aspects of the extrinsic and intrinsic cardiac nervous systems, how these
various ganglia and nerves may integrate in modulating cardiac electrophysiology,
and their relationships to a variety of electrophysiologic diseases. We will also
discuss both current and future avenues of research as they relate to the fundamen-
tal understanding of how the cardiac-autonomic interface may offer itself to novel
therapeutic targets for treating electrophysiologic diseases.

Abbreviations

ACFi Angiotensin-converting enzyme inhibitors
ACLS Advanced cardiac life support
AF Atrial fibrillation

ANS Autonomic nervous system

APD Action potential duration

ARI Activation recovery interval

BRS Baroreflex sensitivity

cAMP Cyclic adenosine monophosphate
EF Ejection fraction

ERP Effective refractory period

FHS Framingham heart study

HRV Heart rate variability

ICC Interstitial cells of Cajal
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ICD Implantable cardioverter defibrillator
LAD Left anterior descending artery
MI Myocardial infarction

MIBG Metaiodobenzylguanidine
NADPH Nicotinamide adenine dinucleotide phosphate (NADPH)
PKA Protein kinase A

PVI Pulmonary vein isolation
SCD Sudden cardiac death
VF Ventricular fibrillation
VS Vagal stimulation

VT Ventricular tachycardia

2.1 Sympathetic and Parasympathetic Effects
on Cellular Electrophysiology

How sympathetic and parasympathetic activation differentially affect local cellular
electrophysiology and how these effects translate into broader clinical disease are
not entirely clear. As discussed earlier, there are complex interconnections between
separate ganglia, with different ganglia often having different effects on heart rate,
nodal function, or even the likelihood of stimulating AF. Whether these different
effects represent relative differences in density of sympathetic vs. parasympathetic
nerves, or local differences in electrophysiology representing a greater predilection
towards the generation of premature depolarisations in certain target areas over oth-
ers, are unclear (Zipes 1994; Schwartz 1984; Janse et al. 1985; Hou et al. 2007a, b;
Scherlag et al. 2005a, 2006; Ghias et al. 2009; Asirvatham and Kapa 2009; Saito
et al. 2000; Tan et al. 2006; Po et al. 2009). It is known that activation of sympa-
thetic and parasympathetic nerves may differentially affect cellular effective refrac-
tory periods, with sympathetic activation shortening refractoriness and thus
enhancing the potential for early and delayed after depolarisations and parasympa-
thetic activation prolonging refractoriness and thus increasing the potential for other
focal trigger(s) to take over as the dominant trigger(s). Thus, it would seem that the
most likely source of arrhythmia is either through increased susceptibility to “abnor-
mal” triggers (such as those in the pulmonary veins felt to be responsible for the
genesis of AF which may take over in the setting of prolonged atrial refractoriness
during periods of increased parasympathetic tone) or through triggered activity
(such as from heightened sympathetic nerve activity which may lead to a shortening
of the effective refractory period and thus a predilection towards premature contrac-
tions that may trigger an arrhythmia) (Patterson et al. 2005; Zhou et al. 2007; Dizon
et al. 2009). It is also known that local conduction may be improved during periods
of heightened sympathetic stimulation or slowed during periods of parasympathetic
stimulation. Although these local cellular effects of sympathetic and parasympa-
thetic stimulation are well known, the ways in which the interplay translates into the
onset and propagation of clinically significant arrhythmias are not entirely clear,
and data support at a singular mechanism at the clinical level is not available.
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Research is needed to better elucidate how the interplay between the sympathetic
and parasympathetic systems modulates local and global cardiac electrophysiology
during the onset of clinically significant arrhythmias. Furthermore, how this inter-
play is modulated and impacts the relative importance of autonomic tone in arrhyth-
mogenesis in the presence or absence of structural heart disease is not entirely clear.
For example, as stated previously, it would seem that post-heart transplant AF is
possible despite total cardiac denervation (Paul et al. 2006; Cao et al. 2000a, b; Ren
etal. 2008; Scott et al. 2008; Schwartz et al. 1991, 2004; Wilde et al. 2008; Lopshire
et al. 2009; Antzelevitch and Shimizu 2002; Antzelevitch 2002; Noda et al. 2002).
However, this AF most likely reflects graft rejection. Thus, all clinical dysrhythmias
may not be a reflection of abnormalities in autonomic tone, and it is possible that the
presence of concurrent structural disease may increase the susceptibility to auto-
nomic fluctuations. These relationships remain to be elucidated and require further
research before we can fully define to what degree autonomic tone may act as a
primary mediator of cardiac dysrhythmias (Schwartz et al. 1991; Brugada and
Brugada 1992; Miyazaki et al. 1996; Matsuo et al. 1999).

2.2  Electrophysiologic Effect of Abnormal Autonomic Tone

The intricacies of the anatomy and physiology of the cardiac nervous system are key
to unravelling the complex associations with electrophysiologic disease (Zipes
1994; Schwartz 1984). Relationships between autonomic tone and electrophysio-
logic disease may be seen in ventricular arrhythmias, atrial fibrillation (AF), and
channelopathies associated with an increased risk of sudden death (Saito et al. 2000;
Tan et al. 2006; Po et al. 2009; Paul et al. 2006; Chen et al. 2001; Cao et al. 2000a,
b; Ren et al. 2008; Scott et al. 2008; Schwartz et al. 2004; Wilde et al. 2008; Issa
et al. 2005b; Lopshire et al. 2009).

2.2.1 Ventricular Arrhythmias

Sympathetic hypersensitivity has been shown in areas of denervation, which may be
related in part to nerve sprouting. Other sympathetic and electrical phenomena fol-
lowing myocardial injury include an upregulation of nerve growth factor, a hetero-
geneous distribution of sympathetic innervation, and electrical heterogeneity with
areas of denervation, hyperinnervation, and normal nerve density. Two discoveries
by Chen and colleagues are perhaps most noteworthy (Chen et al. 2001). One is that
nerve growth factor infusion and stellate ganglion stimulation following MI increase
nerve density and ventricular arrhythmias, with increased burst frequency discharge
of the stellate ganglion prior to the onset of ventricular tachycardia/ventricular
fibrillation (VT/VF) in dogs. More recently, they have shown that infusion of nerve
growth factor into the stellate ganglion prolongs the QT interval and prolongs ven-
tricular arrhythmias. A relationship has been established between the hyperinnerva-
tion that occurs following myocardial injury and ventricular arrhythmias. Using
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immunocytochemical staining in explanted native hearts of transplant recipients,
Chen and colleagues demonstrated co-localisation of Schwann cells, sympathetic
nerves, and nerve axons, as well as regional cardiac hyperinnervation, with the most
abundant nerve sprouting in the areas bordering myocardial injury and normal myo-
cardium (Stanton et al. 1989). In addition, they demonstrated positive tyrosine
hydroxylase staining of cardiac nerves in areas around coronary arteries in patients
with coronary disease and idiopathic dilated non-ischaemic cardiomyopathy. At the
origin of ventricular tachycardia (prior to transplant), nerve sprouting was shown by
staining for S100 protein and tyrosine hydroxylase. The authors hypothesised that
nerve sprouting may give rise to ventricular arrhythmia and sudden cardiac death, in
which MI results in nerve injury, followed by sympathetic nerve sprouting and
regional myocardial hyperinnervation (Paul et al. 2006; Chen et al. 2001; Cao et al.
2000a, b; Ren et al. 2008; Scott et al. 2008; Schwartz et al. 2004; Wilde et al. 2008;
Issa et al. 2005b). The ANS, in particular, sympathetic activation, is known to play
a significant role in sudden cardiac death mediated by ventricular tachyarrhythmias.
The mechanism by which autonomic tone mediates the risk of ventricular tachycar-
dia or fibrillation is not entirely clear, though several theories exist. Furthermore,
most studies done on autonomic tone in ventricular tachyarrhythmias rely on animal
and cellular models, and thus it is not readily apparent how these results may extend
to humans. The association between elevated sympathetic tone and the risk of ven-
tricular tachyarrhythmias has been well recognised in studies during sleep. Up to
15 % of sudden cardiac death occurs at night and is felt to be at least partly related
to rapid eye movement sleep-related surges in sympathetic nerve activity.
Furthermore, in patients with comorbidities including coronary artery disease, myo-
cardial infarction, and diabetes, there is a notable decrease in vagus nerve activity
during sleep that may lead to unopposed sympathetic activity and consequently a
higher risk of ventricular tachyarrhythmias. These findings further highlight the
potential role maladaptation of the ANS may play in the onset and propagation of
ventricular tachyarrhythmias (Antzelevitch 2002; Schwartz et al. 1991; Brugada
and Brugada 1992; Miyazaki et al. 1996; Matsuo et al. 1999; Wichter et al. 2002).
The role of denervation and nerve sprouting in mediating the relationship between
the cardiac nervous system, myocardial infarction, and ventricular tachyarrhyth-
mias is one prevailing theory of why some patients may be at higher risk of ven-
tricular tachyarrhythmias after a myocardial infarction. Using ['*’I]-MIBG nuclear
studies to image the distribution of cardiac sympathetic nerves, there appears to be
decreased activity in areas of infarction when compared with normal areas of the
heart. Also, those patients with decreased uptake appear to have a greater incidence
of ventricular tachyarrhythmias. It is possible that after infarction, there is nonho-
mogeneous distribution of sympathetic nerves amid the remaining viable myocar-
dium, particularly in border zones, which may be sources of premature impulses
(i.e. premature ventricular contractions) that can initiate tachyarrhythmias. Another
theory is that some patients may develop heterogeneous sympathetic innervation
due to sprouting of new nerves in previously denervated areas, with these new
nerves summarily suppressing both I(to) and I(K1) channels, thereby decreasing
heart rate variability and raising susceptibility to ventricular fibrillation. New nerve
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growth has been demonstrated in work on explanted hearts with an increased den-
sity of nerves seen around areas of myocardial injury. How these changes in inner-
vation relate to the nearby ganglia, whether the same ganglia that provided the
original inputs to the areas of ischaemia are still “in control,” and whether new nerve
growth equates to changes in sympathetic tone, however, are unclear. One therapeu-
tic manoeuvre that may reduce risk of ventricular tachyarrhythmias is cervical sym-
pathectomy (Matsuo et al. 1999; Wichter et al. 2002; Walsh and Kass 1991;
Terrenoire et al. 2005; Duan 2009). However, whether cervical sympathectomy in
patients with ischaemia may reduce the risk of ventricular tachyarrhythmias, similar
to patients with congenital sudden cardiac death syndrome, is unclear. Other thera-
pies have focused on alternate ways of either suppressing sympathetic tone or
enhancing parasympathetic tone to the heart. One such therapy is spinal cord stimu-
lation, which may chronically enhance cardiac parasympathetic tone while inhibit-
ing sympathetic tone. Acute spinal cord stimulation has been shown to reduce the
occurrence of ventricular tachyarrhythmias in ischaemic dog models. Future thera-
pies may focus on attempting to inhibit nerve growth (i.e. prevention of nerve
sprouting and resultant hyperinnervation) or to ablate ganglia and thereby attain
regional cardiac denervation. These relationships between altered sympathetic tone,
changes in sympathetic innervation, and risk of ventricular tachyarrhythmias also
raise multiple potential targets for sudden cardiac death risk assessment. Specifically,
whether nuclear studies, such as those using ['*I]-MIBG, or autonomic studies such
as baroreflex sensitivity and heart rate variability, may play a role in predicting those
most at risk for ventricular tachyarrhythmias is unclear. Another factor that needs to
be taken into account is how markers that represent more global aspects of cardiac
autonomic tone (i.e. heart rate variability, baroreflex sensitivity, etc.) may relate to
local or regional pathology in the heart. For example, it is known that global changes
in depolarisation-repolarisation, characterised by prolongation in the QT interval,
occur during stellate ganglion stimulation. However, whether similar changes occur
more locally with regional ganglia stimulation or secondary to heterogeneity in
sympathetic innervation in such a way as not to be apparent on electrocardiography
is unclear. Thus, future methods of sudden cardiac death risk assessment may have
to rely not only on global measures of autonomic tone but also the development of
novel methods of assessing regional autonomic innervation (Harvey et al. 1990;
Vyas et al. 2006; Ward and Sanders 2001; Daniel 2001; Kostin and Popescu 2009;
Nguyen et al. 2009; Cao et al. 2000a, b; Chialvo et al. 1990; Taggart et al. 2003).

2.2.2 Atrial Fibrillation

Pulmonary vein isolation (PVI) is an established means of treating AF. The discov-
ery of the effectiveness of PVI arose from data demonstrating that AF could emerge
spontaneously from triggered activity in the pulmonary vein ostia. However, later
studies have demonstrated that other regions in the atria, including the superior vena
cava, the vein of Marshall, and other cardiac structures, such as the atrial append-
ages, could serve as substrates for the initiation and propagation of AF. The role of
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the pulmonary veins in the onset and propagation of AF has led to several studies
into the potential structural and autonomic cues that may place patients with pulmo-
nary vein-mediated AF at risk for dysrhythmias. The role for the autonomic nervous
system (ANS) in the pathogenesis of AF was first recognised by Coumel et al. in
1978. Although AF was initially thought of principally as a sympathetically medi-
ated phenomenon, it has been found to be either sympathetically or parasympatheti-
cally (vagally) mediated. The potential role for the parasympathetic nervous system
in inducing AF has been implicated in the higher incidence of AF during sleep,
when there is a profound parasympathetic dominance. The role of the ANS, particu-
larly enhanced vagal responses, in the onset of AF during sleep has been further
supported by studies in patients with sleep apnoea, in whom a higher predilection
towards AF is seen. Interestingly, the relative incidence of sympathetic — predomi-
nant and parasympathetic — predominant AF appears to be dependent on comorbidi-
ties. In other words, lone and nocturnal AF appear to be associated with increased
vagal tone, whereas paroxysmal AF in the setting of organic heart disease or the
postoperative state appears to be associated with increased sympathetic tone
(Po et al. 2009; Chiou et al. 1997; Marron et al. 1995; Scherlag et al. 2005a, b;
Patterson et al. 2005; Zhou et al. 2007; Dizon et al. 2009). The situation is made
even more complex by some prevailing theories that both the sympathetic and para-
sympathetic systems may play a role in inducing AF, with increased sympathetic
drive converting to a vagal predominance immediately before AF onset. To under-
stand how the interplay between the ANS and AF may occur, an understanding of
the anatomy of the human pulmonary veins is also important. The pulmonary veins
are characterised by highly anisotropic musculature, which could predispose to
reentrant electrical phenomena. Interestingly, there is also a high density of nerves
near the venous ostia when compared with the remainder of the left atrium and
higher up along the pulmonary veins. These nerves appear to originate in the cardiac
ganglionated plexuses along the middle and dorsum of the right atrium, and the
nerve endings appear to penetrate mostly at the root of the veins, an average of
5 mm away from the junction of the left atrium. Therefore, one could surmise that
successful PVI may not just be a function of effective electrophysiologic isolation
of the pulmonary veins, but also of achieving lesions sufficiently low enough so as
to disrupt the pulmonary vein neural interface. Physiologically, the presence of
autonomic innervations into the pulmonary veins may be suggested by the slowing
of the heart rate during pulmonary vein ablation. In fact, the usual response during
ablation is one of bradycardia rather than tachycardia, even though the intrinsic
cardiac nervous system is made up of a complex network of both sympathetic and
parasympathetic fibres. Some theories behind which this reflex bradycardia is seen
include complex extracardiac neural pathways, paracrine mechanisms due to gan-
glion cells being mostly cholinergic, and the wider distribution of adrenergic than
cholinergic nerves resulting in a greater bradycardic than tachycardic impulse with
ablation. These associations between the ANS and AF are furthered by studies that
have suggested that direct stimulation of ganglionated plexuses may induce AF
upon an atrial premature stimulus. Also, ablation of the same plexuses may reverse
the refractory period change and abolish the ability to induce AF during pulmonary
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vein stimulation. These findings have led to studies on the potential role of gangli-
onic ablation, either as a standalone measure or coupled with PVI, to treat
AF. Ganglion ablation has been suggested to result in preservation of sinus rhythm
in as many as 50-84 % of patients over a short follow-up period. Also, autonomic
denervation may result in fewer recurrences of AF, especially when ablation is done
in areas that elicit marked vagal responses (Stanton et al. 1989; Paul et al. 2006;
Chen et al. 2001; Cao et al. 2000a, b; Ren et al. 2008). The role of autonomic dener-
vation in the prevention of AF is further highlighted in one recent study by Dizon
et al. This study demonstrated that AF is fairly uncommon in heart transplant recipi-
ents, only occurring in the setting of myocardial dysfunction and graft rejection.
However, AF is relatively common after lung transplantation. In this study, patients
receiving double lung transplant had each of the donor lung’s pulmonary veins with
the associated donor atrial cuffs sutured to each of two atriotomies made in the
recipient’s left atrium. However, those receiving orthotopic heart transplant had the
recipient’s pulmonary veins with atrial cuff sutured to a single atriotomy in the
donor’s left atrium. Thus, although focal connections of the pulmonary veins to an
atrial cuff exist in both cases, it should be surgically isolated from the remainder of
the recipient’s heart, creating the effective equivalent of a PVI. These findings sug-
gest that it is not PVI as much as cardiac autonomic denervation seen with heart
transplant but not with double lung transplant that affords a protective effect against
postoperative AF. One major hurdle to performance of ganglion ablation is deter-
mining where the ganglia are located. Various manoeuvres, including high-
frequency electrical stimulation and complex fractionated electrograms, have been
studied as methods of identifying locations of ganglia. In the former, elicited para-
sympathetic responses are sought to correlate with the presence of a ganglionated
plexus, since even though the ganglia are composed of both sympathetic and para-
sympathetic elements, parasympathetic effects are usually realised faster than sym-
pathetic effects. In the latter, fractionated electrograms, which may correlate with
proximity to the pulmonary veins, are sought during mapping, although their rela-
tionship to activity of the intrinsic nervous system and their reproducibility are
unclear. Another hurdle is the complex crosstalk that may exist between ganglia
composing the intrinsic cardiac nervous system. For example, inducibility of AF at
selected sites, whether close to the pulmonary veins or at more peripheral atrial
locations, may depend on whether the extrinsic cardiac nerves or intrinsic cardiac
ganglia are stimulated. Furthermore, ablation of left vs. right ganglionated plexuses
may have different effects on the ability to induce AF. Thus, while the intrinsic
cardiac nervous system, partly mediated by signals received from the extrinsic car-
diac nerves and partly by more local signals received from the heart, may play an
integral role in the inducibility and propagation of AF, ways to use the data most
appropriately are still unclear. Furthermore, it is unclear whether one specific ana-
tomic model may be used to guide future ablative therapies or if a more patient-
specific, map-guided approach may be most appropriate. Some have attempted to
simply ablate every ganglion and every pulmonary vein, although the long-term
effects of this approach are unclear. Furthermore, given the evidence of extensive
crosstalk and handedness between ganglionated plexuses, any approach involving
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ablation of all ganglia would necessarily have to also involve extensive ablation
throughout both the left and right atria, making procedures significantly longer and
more complicated (Cao et al. 2000b; Scott et al. 2008; Schwartz et al. 2004; Wilde
et al. 2008; Issa et al. 2005b; Lopshire et al. 2009; Zhou et al. 2001; Antzelevitch
and Shimizu 2002; Antzelevitch 2002; Noda et al. 2002; Brugada and Brugada
1992; Miyazaki et al. 1996).

2.2.3 Long QT Syndrome

The long QT syndrome is characterised by prolongation in the QT interval with
resulting propensity to develop polymorphic ventricular tachycardia and consequent
sudden death. The syndrome is heterogeneous in that it may result from genetic
abnormalities in any number of potassium and sodium channels or channel — associ-
ated anchoring proteins. The primary arrhythmogenic substrate is theorised to be
early after depolarisation-induced triggered activity resulting from increased disper-
sion of repolarisation. Patients with long QT syndrome are known to have a high
sensitivity to autonomic stimulation. However, there is some variability in terms of
the degree and duration of response to triggers like sympathetic activation depending
on the long QT syndrome type and thus, the type of channel and current affected. For
example, there may be more prominent and prolonged effects from sympathetic
stimulation in long QT type 1 (characterised by an abnormality in KCNQI and the
Iy, current) than in long QT type 2 (characterised by an abnormality in KCNH2 and
the I, current). The role of the ANS in long QT syndrome is furthered by the poten-
tial role for left cardiac sympathectomy in treating these patients (Antzelevitch and
Shimizu 2002; Antzelevitch 2002; Noda et al. 2002; Schwartz et al. 1991). Left car-
diac sympathetic denervation has been demonstrated to significantly reduce the inci-
dence of aborted cardiac arrest and syncope in high-risk long QT patients, although
it does not entirely prevent sudden cardiac death over the long term. The primary role
for sympathetic denervation in these patients may lie in those with recurrent syncope
or with recurrent ventricular tachyarrhythmias, in particular in those with electrical
storms with implanted defibrillators. The observation that nerve growth factor
infused into the left stellate ganglion prolongs the QT interval and prolongs ventricu-
lar arrhythmias, resulting in an inordinate risk of sudden death, is fascinating in the
context of recent findings of a circadian variation in duration of the QT interval. In
measuring QT intervals in 3,700 men without ventricular arrhythmias, we found that
the QT interval peaked in winter (between October and January), with a 6-ms differ-
ence between the longest and shortest QT intervals. This increase in the QT interval
in winter coincides with an increase in the incidence of sudden death, which occurs
in many regions of the world regardless of climate. Whether or not this increase in
sudden death in winter is related to a longer QT interval is supposition, but the poten-
tial interaction deserves further exploration (Brugada and Brugada 1992; Miyazaki
et al. 1996; Matsuo et al. 1999; Wichter et al. 2002). A similar surge in sudden death
in winter was observed in patients who were eligible for an implantable cardioverter
defibrillator (ICD) but did not receive one, as opposed to those who did receive an
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ICD, which suggests that the mechanism responsible for the increase in sudden death
in winter is ventricular tachyarrhythmia that can be prevented by an ICD. How sym-
pathetic hyperinnervation promotes cardiac arrhythmias is speculative, but increased
density of sympathetic nerve endings could promote the release of sympathetic neu-
rotransmitters during sympathetic excitation. The autonomic remodeling is associ-
ated with heterogeneous electrical remodeling of cardiomyocytes, resulting in
prolongation of action potentials in hyperinnervated regions. Further, acute release of
sympathetic neurotransmitters probably accentuates the heterogeneity of excitability
and refractoriness, likely contributing to arrhythmia susceptibility (Wichter et al.
2002; Walsh and Kass 1991; Terrenoire et al. 2005; Zhang et al. 1992; Duan 2009;
Harvey et al. 1990).

2.2.4 BrugadaSyndrome

The Brugada syndrome is characterised by abnormalities in sodium channel func-
tion leading to an increased risk of ventricular fibrillation and sudden death, particu-
larly during rest. Many of the tests used to elicit electrocardiographic changes
associated with Brugada syndrome (e.g. beta-blockers and parasympathomimetic
agents) suggest a role for the ANS. Prior studies have suggested that an imbalance
between sympathetic and parasympathetic tone may play a role in the natural his-
tory of the Brugada syndrome. One case—control study in particular suggested that
in patients with Brugada syndrome, there was presynaptic sympathetic dysfunction
of the heart as determined by ['?’I]-MIBG single-photon emission computed tomog-
raphy. The authors of this study proposed that this lack of sympathetic drive may
affect protein phosphorylation and spatial heterogeneity of transient calcium cur-
rents, leading to clinically significant arrhythmias, which may be more profound
during periods of parasympathetic dominance, such as during sleep (Brugada and
Brugada 1992; Miyazaki et al. 1996; Matsuo et al. 1999; Wichter et al. 2002;
Terrenoire et al. 2005; Duan 2009).

2.2.5 Pathophysiology Effect of Sympathetic Innervation
in Myocardial Infarction and Heart Failure

It has been known for decades that sympathetic activation can trigger malignant
arrhythmias, whereas vagal activity may exert a protective effect (Fig. 2.1).
Transmural myocardial infarction (MI) causes denervation and death of sympa-
thetic fibres within the scar. Areas of dense scar do not respond to either sympa-
thetic nerve stimulation or norepinephrine infusion. In the early 1980s, in a canine
model of MI, sites apical (distal) to the infarct were shown to demonstrate an abnor-
mal response to sympathetic stimulation. Although non-infarcted sites proximal to
the infarct showed effective refractory period (ERP) shortening with both sympa-
thetic (stellate ganglia) stimulation and norepinephrine infusion, sites within non-
infarcted myocardial sites distal (apical) to the infarction did not show homogenous
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ERP shortening with sympathetic nerve stimulation. Yet, most of these non-infarcted
sites showed ERP shortening with norepinephrine infusion, and a few showed ERP
shortening with stimulation of either the left or the right stellate ganglion, but not
both. Furthermore, these non-infarcted areas showed denervation supersensitivity,
defined as an exaggerated shortening of ERP to both norepinephrine and isoproter-
enol infusions, compared with normal myocardium basal to the infarct. Interestingly,
the cellular mechanisms for this exaggerated response did not involve detectable
differences in f-adrenergic receptor density or o subunit of the stimulatory G pro-
tein density or affinity in the apical vs. basal areas. Myocardial infarction produced
loss of efferent sympathetic innervation in non-infarcted apical sites as early as
5-20 min after coronary occlusion, with more significant loss occurring over the
following 3 h. Hence, disruption of neurotransmission, likely due to disruption of
sympathetic fibres that run along the coronaries, can lead to a heterogeneous
response in ERP even in areas of viable non-infarcted myocardium situated apical
to the infarct. Furthermore, the innervation of these areas is also heterogeneous
because not all sites appeared to be sympathetically denervated. The denervated
sites, although no longer responsive to nerve stimulation, demonstrated denervation
supersensitivity to infusion of  agonists. Interestingly, they show evidence of nor-
epinephrine depletion on histologic and histo-fluorescent catecholamine analysis,
although they appear to be histologically normal. These studies were confirmed by
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Yoshioka et al. (2000) in rabbits with regional denervation due to application of
phenol. Activation recovery interval (ARI), a surrogate of ERP, was used in these
studies to show that norepinephrine infusion shortened ARI in 98 % of denervated
regions, with increase in both shortening and dispersion of ARI in more severely
denervated regions. On the other hand, left stellate ganglion stimulation shortened
ARI in only 30 % of denervated areas with similar increase in dispersion seen in
more severely denervated areas. Surprisingly, left stellate ganglion stimulation pro-
longed ARI in the other 70 % of denervated areas, with no correlation to severity of
denervation. The importance of these studies was in demonstrating that transmural
MI cannot only alter the substrate for ventricular arrhythmias by creating a scar but
can disrupt innervation to histologically normal myocardium distal to the infarct,
leading to a no uniform electrophysiologic response early in the stages of acute
ischaemia. The heterogeneous response to left or right sympathetic nerve stimula-
tion, an exaggerated response to circulating catecholamines, and reduced protection
from vagal denervation all contribute to the genesis of ventricular arrhythmias in
both acute and chronic MI. Further insight into the mechanistic basis of noradrener-
gic nerve terminal abnormalities in heart failure was gained from rapid ventricular
pacing-induced heart failure models of dogs. A diffuse decrease in myocardial nor-
epinephrine content and elevated blood norepinephrine levels were observed in fail-
ing ventricles. This was also likely due to loss of noradrenergic nerve terminals
similar to MI models as evidenced by a reduction in catecholaminergic histo-fluo-
rescence and tyrosine hydroxylase immunostained profiles. Interestingly, similar
reduction abnormalities could be produced in normal dogs subjected to 8 weeks of
chronic norepinephrine infusion, even without elevated filling pressures, providing
evidence that chronically elevated levels of norepinephrine, which is often seen in
humans with heart failure, could lead to cardiac noradrenergic nerve abnormalities
similar to those found in failing myocardium. As with heart failure, abnormal sym-
pathetic innervation has also been observed in diabetic patients using
[''C]-metahydroxyephedrine, a norepinephrine analogue, and positron emission,
with maximal denervation affecting distal myocardial segments. Patients with poor
glycaemic control have a more heterogeneous hydroxyephedrine uptake, with
increased retention in the proximal myocardial segments and much more extensive
decrease in retention in distal segments. Following studies showing acute denerva-
tion due to MI and heart failure, evidence of nerve sprouting and heterogeneous
hyperinnervation was shown in chronic infarction and heart failure models.
['*I]-MIBG studies had shown both sympathetic denervation and reinnervation in
injured myocardium in both ischaemic and non-ischaemic cardiomyopathy in
humans. A consequence of peripheral nerve injury resulting in wallerian degenera-
tion is regeneration via nerve sprouting. The axonal regeneration is slow but accel-
erates to reach a constant rate by the third day after injury and is triggered by NGF
produced by the surrounding myocardium. Excessive and uncontrolled regeneration
could lead to hyperinnervation of the myocardium. Vracho et al. demonstrated
abnormal patterns of neurilemma proliferation in the scars of a human myocardium.
These studies were confirmed by Cao et al. who showed local increases in sympa-
thetic nerves in the periphery of necrotic tissues and in perivascular regions of the
hearts of 53 patients with heart failure who underwent cardiac transplantation by
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using immunochemical staining for S-100 protein, neurofilament protein, and tyro-
sine hydroxylase on explanted hearts. These changes were scattered in a “swarm-
like” pattern at the junction between necrotic and surviving myocardium and were
significantly higher in patients with history of ventricular arrhythmias than those
without. These border zones of infarcts have been shown to be frequent sites of
origin of inducible ventricular tachycardia and ventricular fibrillation (VF) 1 week
after left anterior descending artery (LAD) occlusion in dogs. Multiple areas of
regional denervation were seen in areas of necrosis or fibrosis in the explanted
human hearts, as previously reported. The role of NGF in promoting nerve sprout-
ing has also been studied in animal models of infarction. NGF infusion to the left
stellate ganglion results in nerve sprouting in normal dogs. In infarct models of dogs
caused by LAD ligation and complete AV block created to induce remodeling,
greater sympathetic nerve sprouting occurs with NGF infusion into the left stellate
ganglion compared with dogs without an NGF infusion pump. Furthermore,
although all dogs show spontaneous VT after MI, spontaneous VT reappeared
approximately 2 weeks later in the group with the NGF infusion with higher fre-
quency and showed a diurnal variation, with peak incidence in the morning to early
afternoon. Sudden cardiac death due to ventricular fibrillation appeared only in the
NGEF infusion group (Chen et al. 2001; Cao et al. 2000a, b; Ren et al. 2008; Scott
et al. 2008; Schwartz et al. 2004; Wilde et al. 2008; Issa et al. 2005b; Lopshire et al.
2009; Zhou et al. 2001; Antzelevitch and Shimizu 2002; Antzelevitch 2002; Noda
et al. 2002; Brugada and Brugada 1992; Miyazaki et al. 1996). However, even dogs
without NGF infusion or AV block had evidence of nerve sprouting by 50 days
postinfarction. Therefore, NGF infusion accelerates and intensifies the magnitude
of nerve sprouting, resulting in higher incidence of sudden cardiac death.
Furthermore, NGF infusion to the left stellate ganglion resulted in nerve sprouting
in normal dogs but did not cause ventricular arrhythmias or SCD. A differential
response of QTc and ventricular arrhythmia was seen when the left vs. the right stel-
late ganglia were infused with NGF. Infusion into the left stellate ganglion causes
sympathetic nerve sprouting on immunocytochemical staining in the left ventricle,
with resulting QTc prolongation and sudden cardiac death in 50 % of the experi-
mental dogs. Right stellate ganglion NGF infusion, on other hand, results in right
ventricular nerve sprouting, shortened QTc interval, and no sudden cardiac death.
The mechanism of cardiac nerve sprouting due to NGF has been studied in dog
models of MI. Transcardiac NGF increased immediately after MI, whereas expres-
sion of NGF and growth-associated protein 43 was increased within 3.5 h after
MI. These changes were more pronounced at the infarcted than non-infarcted sites,
fourfold higher than the non-infarcted control group. However, cardiac nerve sprout-
ing and sympathetic hyperinnervation were more pronounced at the non-infarcted
than infarction sites, peaking 1 week after MI. Persistent elevation of NGF levels in
the aorta and the coronary sinus was seen 1 month after MI. Furthermore, NGF and
GAP 3 levels increased in the left stellate ganglion of these dogs 3 days after MI,
without a concomitant increase in mRNA, indicating possible retrograde transporta-
tion of these proteins to the left stellate ganglion, which then triggers nerve sprout-
ing in non-infarcted left ventricular sites. Further evidence that sympathetic nerve
sprouting is arrhythmogenic stems from studies of hypercholesterolaemic rabbits
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compared with normal controls (Scott et al. 2008; Schwartz et al. 2004; Wilde et al.
2008; Issa et al. 2005b; Lopshire et al. 2009; Zhou et al. 2001; Antzelevitch and
Shimizu 2002; Noda et al. 2002; Antzelevitch 2002; Brugada and Brugada 1992;
Miyazaki et al. 1996; Matsuo et al. 1999; Wichter et al. 2002; Walsh and Kass 1991;
Terrenoire et al. 2005; Zhang et al. 1992; Duan 2009; Vyas et al. 2006). Rabbits fed
with a high-cholesterol diet for 8 weeks had significantly higher densities of growth-
associated protein 43 (a protein associated with axonal growth cone) and tyrosine
hydroxylase, indicating nerve sprouting and sympathetic hyperinnervation. They
also showed longer QTc intervals, more QTc dispersion, longer action potential
duration, increased heterogeneity of repolarisation, and higher peak calcium current
density. Furthermore, significantly higher episodes of ventricular fibrillation, both
spontaneous and induced, occurred in the hypercholesterolaemic rabbits, indicating
a lower vulnerability to fibrillation. Cardiac nerve sprouting appears to be highly
plastic and has been shown in other models of heart failure including rapid pacing
where dogs with the most hyperinnervation have the highest risk of sudden cardiac
death, in stem cell transplantation and radiofrequency ablation. Heart failure is also
known to cause spatially heterogeneous remodeling of cardiomyocytes, with further
remodeling of cardiac ion channels, including Ca, K, Cl, and Ca transporters and
enzymes in the border zones surrounding the infarct. Specifically, an increase in
L-type Ca current density and decrease in potassium current densities are observed
in heart failure. Iy, and Iy, are also responsible for the increased sudden cardiac
death seen in LQT1 and LQT2. Furthermore, epinephrine may induce torsade,
whereas left sympathectomy and p-blockers are antiarrhythmic in LQT1. These
studies suggest that sympathetic activation is arrhythmogenic if Iy, is abnormal or
downregulated. Furthermore, over-expression of NGF in adult transgenic mice
results in further decrease in density of at least two other potassium currents, I, and
Iy, Thus, in areas of hyperinnervation with higher concentration of norepinephrine
and neuropeptide Y, sympathetic stimulation could result in prolongation, instead of
shortening of action potential duration, accentuating pre-existing heterogeneity of
excitability and refractoriness and contributing to arrhythmia susceptibility.
Furthermore, superimposed upon prolongation of action potential duration and
increased I, density, sympathetic stimulation can lead to intracellular Ca overload-
induced triggered activity, potentiating the risk spontaneous ventricular arrhyth-
mias. Therefore, an interaction between areas of denervation, regional nerve
sprouting (neural remodeling) in the left ventricle, and electrical remodeling due to
heart failure all combine to create a high yield substrate for ventricular tachycardia,
fibrillation, and sudden cardiac death (Hamdan et al. 2002; Adamson et al. 2003;
Zhang et al. 2009; Schwartz et al. 2008; De Ferrari et al. 2011; Hauptman et al.
2012; Krum et al. 2009; Esler et al. 2010; Schlaich et al. 2009).

2.2.6 Effect of Sympathetic Stimulation on Action Potential
Duration Restitution

Substantial evidence links enhanced sympathetic activation with ventricular arrhyth-
mias and sudden cardiac death. Destabilisation of ventricular wave fronts leading to
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degeneration ventricular tachycardia into ventricular fibrillation appears to be
related to the restitution properties of action potential duration. Restitution is
described as the change in APD in response to the preceding diastolic interval, and
steeply sloped restitution curves with large changes in APD for relatively small
changes in diastolic interval over a wide range of diastolic intervals have been asso-
ciated with complex unstable dynamic rhythms. Sympathetic stimulation with epi-
nephrine in porcine models increases the slope of ventricular APD restitution
curves. This was confirmed in humans in whom stimulation with both adrenalin and
isoproterenol increased the steepness of the slope of APD restitution curves, further
demonstrating the known effects of adrenergic stimulation in facilitating ventricular
fibrillation (Taggart et al. 1990, 2003; Schwartz et al. 1988a, b; Hohnloser et al.
1994; Rosenshtraukh et al. 1994).

2.3  Cardiac Parasympathetic Nervous System Dysfunction
as Manifested by Baroreflex Sensitivity and Heart Rate
Variability

As mentioned earlier, the loss of protective vagal reflexes is associated with ven-
tricular arrhythmias in heart failure and MI. Depressed baroreflex sensitivity (BRS)
and heart rate variability (HRV), reflections of parasympathetic innervations, have
been associated in humans and animal models of MI with a greater susceptibility to
ventricular fibrillation during and after ischaemic episodes. Heart rate variability
primarily reflects tonic vagal activity, whereas BRS measures predominantly reflex
vagal activity in response to stressors. Middle-aged healthy men with high resting
heart rates (>75 beats per minute) had a 3.8-fold increase in the risk of SCD com-
pared with those with low basal heart rates (<60 beats per minute), with the risk of
SCD increasing linearly with increasing resting heart rates over 23 years of follow-
up, suggesting that high parasympathetic tone is protective against SCD (Ferrara
et al. 1987; Schwartz et al. 1984; Issa et al. 2005b; Mannheimer et al. 1993).

2.3.1 Heart Rate Variability

Beat to beat, heart rate is not completely regular and is based in part on the auto-
nomic innervation of the sinus node. This can serve as non-invasive marker of auto-
nomic input to the heart, and the analysis can be accomplished in time or frequency
domains. High frequencies are thought to represent the parasympathetic component
of the autonomic nervous system, whereas low frequencies are mediated by both the
sympathetic and parasympathetic nervous system and are affected by BRS. Very-
low frequencies are influenced by many factors including the renin—angiotensin
system and thermoregulation. This measurement is limited by its inherent use of
sinus node innervation as a surrogate for ventricular parasympathetic innervation.
In dog models of MI, Hull et al. (1990) showed that dogs who developed ventricular
fibrillation had a significant decrease in all measures of HRV, demonstrating a high
sensitivity and specificity of HRV in predicting susceptibility to ventricular
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arrhythmias. These studies were further confirmed by Adamson et al. who also
showed that low-risk dogs recovered HRV after M1, whereas high-risk dogs contin-
ued to have depressed HRV parameters. Similar results were obtained in humans.
Twenty-four-hour Holter recordings in post-MI patients showed that depressed
HRV was a significant predictor of mortality after adjusting for clinical and demo-
graphic features, including ejection fraction (EF) (Farrell et al. 1991). These studies
were further confirmed by other in post-MI patients, showing that impaired HRV
was an independent predictor of cardiac mortality only within 6 months of MI and
seemed to improve over time. That HRV improves over time is consistent with the
decreasing risk of SCD after MI over a similar period. One of the largest of these
trials involved 808 patients who underwent HRV analysis using 24-h Holter moni-
tors 11 +3 days post-acute MI. In univariate analysis, HRV below 50 ms imposed a
hazard relative risk of 5.3, compared with patients with HRV above 100 ms, and
remained a significant predictor of mortality after adjusting for clinical and demo-
graphic characteristics, other Holter features, and ejection fraction during a mean
follow-up of 31 months. Of note, decreased HRV parameters have also been reported
in patients with idiopathic dilated cardiomyopathy with history of sudden cardiac
death compared with those without a history of ventricular tachyarrhythmias
(Odemuyiwa et al. 1994; Kleiger et al. 1987; Schwartz et al. 1988b; La Rovere et al.
1998).

2.3.2 Baroreflex Sensitivity

The arterial baroreceptor control of the heart is generally studied using three tech-
niques: (1) increasing blood pressure with vasoconstrictors such as phenylephrine
and analysing heart rate response, this method is used most commonly; (2) lowering
blood pressure with vasodilators such as nitroprusside to test reflex sympathetic
tone; and (3) direct stimulation of carotid baroreceptors with neck suction. Just as in
HRYV, BRS was shown to be reduced after MI and to predispose to ventricular fibril-
lation first in dog MI models. These studies were carried forward to humans, where
BRS was found to be lower in patients after MI than in control subjects, but the
reduction was transient and appeared to return to baseline levels within 3 months,
similar to the improvement seen in HRV and decreasing risk of SCD. The potential
prognostic value of BRS was established in several human studies showing that a
severely depressed BRS (<3 ms/mmHg) was associated with high mortality due to
a high risk of arrhythmic events. The largest of these was the Autonomic Tone and
Reflexes After Myocardial Infarction (ATRMI) study, a multicentre prospective
trial of 1,028 patients who underwent HRV and BRS analysis within 1 month after
MI. During 21 months of follow-up, low values of either heart rate variability
(SDNN <70 ms) or BRS (<3.0 ms/mmHg) carried a significant multivariate risk of
cardiac mortality (3.2 [95 % CI, 1.42-7.36] and 2.8 [95 % CI, 1.24-6.16], respec-
tively). The association of low standard deviation of normal RR intervals (SDNN)
and BRS further increased risk with the 2-year mortality being 17 % when both
were low and 2 % when both were well preserved (SDNN >105 ms, BRS >6.1 ms/
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mmHg). In patients with EF above 35 % after MI, depressed BRS (<3.0 ms/mmHg)
has identified, independently of age and EF, a subgroup of patients at long-term
high risk of cardiovascular mortality (HR, 11.4 [95 % CI, 3.3-39]) who may benefit
from more aggressive preventive strategies. Of note, BRS is improved in patients
with MI who receive thrombolytic therapy or revascularisation compared with those
treated conservatively (Taggart et al. 2003; Schwartz et al. 1988a).

24  Parasympathetic Modulation of Sudden Death: BRS
Versus HRV

Although both HRV and BRS have been shown to be abnormal in heart failure and
in post-myocardial infarction patients, the correlation between the two is only mod-
erate (R=0.63). This is consistent with the fact that HRV and BRS are different
measures of parasympathetic activity, with HRV measuring tonic vagal activity over
a 24-h period, whereas BRS is equivalent to a vagal response or variability stress
test. Furthermore, BRS in some studies has been a stronger predictor of ventricular
tachyarrhythmias than HRV, suggesting that measurements of the dynamic nature of
the parasympathetic system may provide superior prognostic information. The
underlying mechanisms of the protective effects of the parasympathetic nervous
system are not well understood. Loss of vagal innervation, similar to sympathetic
innervation, occurs as early as 5-20 min after coronary occlusion. Vigorous vagal
activation during acute myocardial ischaemia has been shown to be protective
against ventricular fibrillation in anaesthetised cats. Vagal stimulation in these ani-
mals after coronary artery ligation increases ventricular repolarisation by increasing
levels of pertussis toxin — sensitive G protein — and reduces the risk of ventricular
fibrillation. This reduction in risk is no longer observed if vagal stimulation is
blocked by atropine or pertussis toxin. The antifibrillatory effects of vagal activation
is confirmed by the prevention of ventricular fibrillation during acute ischaemia in
dogs susceptible to sudden cardiac death by direct stimulation of the right vagus. In
animal studies, direct muscarinic and vagal nerve stimulation with carbacholine,
cyclic guanine monophosphate (cGMP), neostigmine, or oxotremorine or even indi-
rect increase with exercise have been shown to reduce the incidence of ventricular
tachyarrhythmias in dog infarct models of sudden cardiac death. Based on these
studies, low-dose scopolamine was used in humans and was shown to increase HRV
and BRS in healthy and in post-MI patients. Endurance exercise training in healthy
human subjects also leads to an increase HRV in healthy subjects, suggesting
increases in vagal tone. Whether these changes translate into improved mortality
and decreased risk of ventricular arrhythmias remains unclear. Post-myocardial
infarction dogs treated with low-dose scopolamine compared with controls contin-
ued to have a high risk of sudden cardiac death and recurrent ventricular fibrillation
despite improvement in HRV parameters. Thus, interventions that improve vagal
tone may not provide antifibrillatory effects and those that improve reflex tone may
prove to be better targets for reducing the risk of ventricular arrhythmias. Until the
cellular mechanisms of the protective effects of vagal innervation are understood,
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targeting the parasympathetic nervous system in ischaemic cardiomyopathy and
prevention of sudden cardiac death will prove difficult (Farrell et al. 1991;
Odemuyiwa et al. 1994; Kleiger et al. 1987; Schwartz et al. 1988b).

2,5 Clinical Methods of Assessing Autonomic Innervation
in the Heart

One of the limitations in studies of the ANS and its relationship to cardiac electro-
physiology has been the limited options available to study autonomic innervation
of the heart. Specifically, determining where ganglia are located via an interven-
tional approach or calculating nerve density at the neural-myocardial interface
depends on surrogate markers that may not always be reproducible or offer the
degree of fine-tuned data needed during ablation procedures. The most commonly
used methods include nuclear imaging of sympathetic innervation, high-frequency
stimulation, and complex fractionated electrograms (Taggart et al. 2003; Schwartz
et al. 1988a). However, each has its limitations and has not been rigorously corre-
lated with anatomic—pathologic studies which would be the gold standard for
determining where ganglia are located and the density of sympathetic innervation.
In turn, the ex vivo and open heart animal studies that have been done to date need
to be translated into clinically useful electrophysiologic mapping procedures. To
achieve this, either advances in available catheters or mapping systems or the
development of novel agents that can highlight locations of ganglionated plexuses
may be needed. Both the sympathetic and parasympathetic nervous systems are
intricately involved in the modulation of cardiac excitability and arrhythmias.
Neural remodeling with decrease in parasympathetic input, along with heteroge-
neous sympathetic denervation followed by hyperinnervation in addition to the
observed structural remodeling of the diseased heart, creates the electrophysio-
logic substrate necessary to initiate and maintain arrhythmias. Only by a better
understanding of the cellular and electrophysiologic mechanisms underlying nor-
mal innervation and neural remodeling will the prevention of sudden cardiac death
become feasible (Sanderson et al. 1994; Eliasson et al. 1996; Issa et al. 2005a;
Nademanee et al. 2000).

2.6 The Future of Therapeutic Approaches
in Neurocardiology

The future of therapeutic approaches in neurocardiology lies both in novel treatment
as in applying scientific integrative medical ideas that takes into account concurrent
chronic degenerative and vascular disorders and interactions of multiple drug and
nondrug treatments. In this respect, vagal stimulation, exercise training, electrical
neurostimulation, music therapy, and renal denervation have become interesting
options in the treatment of angina pectoris, heart failure, hypertension, and
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Fig. 2.2 Factors contributing to arrhythmogenesis in hearts with heterogeneous sympathetic
innervation

arrhythmias. As sympathetic tone is known to be increased and parasympathetic
innervation decreased in cardiomyopathy patients, interventions that aim to reduce
sympathetic tone and, therefore, increase parasympathetic tone should reduce the
risk of sudden cardiac death and ventricular tachyarrhythmias (Fig. 2.2). This has,
in fact, been shown to be true.
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2.6.1 Selective Sympathetic Blockade

In 1983, Schwartz et al. showed that the incidence of ventricular fibrillation was
decreased from 66 % to zero by performing left stellectomy in post-MI dogs. Issa
et al. demonstrated that thoracic spinal cord stimulation at T1-T2 segments reduced
the incidence of ventricular tachyarrhythmias in a canine model of ischaemic car-
diomyopathy from 59 to 23 % when applied during myocardial ischaemia.
Furthermore, they observed a simultaneous decrease in heart rate and reduced sys-
tolic blood pressure, consistent with the antisympathetic effects of spinal cord stim-
ulation. In a similar model, intrathecal clonidine, which is known to cause centrally
mediated bradycardia and hypotension because of its sympatholytic effects when
delivered via a catheter at T2-T4 spinal segments, also significantly reduced the
occurrence of ventricular tachycardia and fibrillation during transient myocardial
ischaemia. The report of sympathetic blockade in humans compared survival in a
group of 49 patients with recurrent ventricular fibrillation (electrical storm) early
after MI treated with standard advanced cardiac life support (ACLS) protocol vs.
sympathetic blockade. Sympathetic blockade was established using left stellate
ganglionic blockade in six patients and infusions of either propranolol or esmolol in
21 patients without antiarrhythmic therapy as recommended by ACLS. The 1-week
and 1-year mortality were significantly higher in the group undergoing standard
ACLS protocol, compared with the sympathetic blockade group (82 % vs. 22 % at
1 week, 95 % vs. 33 % at 1 year, respectively). Successful treatment of recurrent
ventricular tachycardia, refractory to antiarrhythmic therapy, can be achieved by
neuraxial modulation at the level of the spinal cord. The benefit of thoracic epicar-
dial anaesthesia was reported in a patient with ischaemic cardiomyopathy and
recurrent ventricular arrhythmia refractory to intubation and sedation, with the use
of 0.25 % bupivacaine at T1-T2 interspace, reducing the number of ICD shocks
from 86 in 48 h to zero (Sanderson et al. 1994).

Inhibiting sympathetic activity pharmacologically reduces the incidence of sud-
den cardiac death in patients with heart failure. In the Eplerenone Post-Acute
Myocardial Infarction Heart Failure Efficacy and Survival Study (EPHESUS), the
aldosterone inhibitor eplerenone was associated with a clear reduction in sudden
cardiac arrest in patients with acute MI complicated by left ventricular dysfunction.
Beta-blockers and angiotensin-converting enzyme inhibitors have had the same
effect. These findings indicate that adverse electrophysiologic consequences from
sympathetic stimulation may contribute to the development of a proarrhythmic sub-
strate and that antagonizing sympathetic activation can reduce the extent of adverse
electrical remodeling to reduce the risk of sudden cardiac death (Nademanee et al.
2000).

2.6.2 Medical Therapies Modulating Cardiac Autonomics

As mentioned above, 3-blockers, but also angiotensin-converting enzyme inhibitors
(ACEIi), angiotensin receptor blockers, aldosterone antagonists, statins, and fish oil
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have been shown to decrease risk of SCD in ischaemic cardiomyopathy and signifi-
cantly improve mortality. These classes of drugs have also been shown to modulate
the autonomic nervous system to decrease sympathetic tone and/or increase para-
sympathetic tone.

Angiotensin II in the nucleus solitaire decreases baroreceptor reflex-evoked
vagal bradycardia. Microinjection of angiotensin II into the nucleus of the solitary
tract in rats significantly attenuates vagal output to the heart. This can be reversed
with losartan, suggesting that ACEI and angiotensin receptor blockers may increase
parasympathetic output to the heart, decreasing the risk of ventricular tachyarrhyth-
mias. In humans, parasympathetic dysfunction, as measured by abnormal response
to Valsalva manoeuvre and respiratory sinus arrhythmia, correlates with severity of
heart failure. Treatment of non-ischaemic cardiomyopathy patients with enalapril
for 4 weeks reverses these autonomic abnormalities. In experimental rat models of
ischaemic cardiomyopathy, rats treated with the spironolactone derivative, canre-
none, had decreased myocardial norepinephrine content (suggesting decreased
hyperinnervation) and increased VF threshold. These antisympathetic effects were
augmented if the rats also received ramipril concomitantly. As with ACEIs and
aldosterone antagonists, statins also improve mortality in cardiomyopathy patients.
Pliquette et al. showed that in rabbits with pacing-induced heart failure, statin ther-
apy with simvastatin normalises sympathetic outflow and cardiovascular reflex
regulation and showed a beneficial dose-dependent effect on baroreceptor sensitiv-
ity. The underlying mechanism for the beneficial effects of statin therapy in modu-
lating the autonomic nervous system was further elucidated by recording renal
sympathetic nerve activity and studying the effect of statins on angiotensin II type I
gene expression and nicotinamide adenine dinucleotide phosphate (NADPH) oxi-
dase activity (a downstream protein activity by angiotensin Il receptor activation) in
the rostral ventrolateral medulla of rats. Simvastatin therapy significantly reduced
angiotensin II-induced pressor and sympathoexcitatory responses, decreased base-
line renal sympathetic nerve activity, and increased baroreceptor control of heart
rate. Furthermore, simvastatin downregulated mRNA and protein expression of
angiotensin II type I receptor and NADPH oxidase subunits in the medulla of heart
failure rabbits. Lee et al. once more demonstrated hyperinnervation in rats with MI
as shown by an increase in tyrosine hydroxylase and myocardial norepinephrine
levels. But they subsequently went on to show that rats treated with pravastatin had
lower arrhythmic scores in programmed electrical stimulation studies than controls
not treated with a statin or treated with a K-channel blocker. Pravastatin seemed to
mediate its antiarrhythmic effects by increasing Kxrp activity, as blocking of these
potassium channels with the K-channel blocker glibenclamide reversed the benefi-
cial effects of pravastatin. Fish oil has been shown to specifically decrease risk of
sudden cardiac death in cardiomyopathy and post-MI patients. In elderly nursing
home residents, supplementation with 2 g of fish oil significantly improved both
high- and low-frequency components of HRV and SDNN, suggesting that fish oil
can decrease sympathetic tone and increase parasympathetic response (Mannheimer
et al. 1993; Sanderson et al. 1994; Eliasson et al. 1996; Issa et al. 2005a; Nademanee
et al. 2000; Hjalmarson 1997).
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2.6.3 Effect of Resynchronisation Therapy on Sympathetic
Activity

Biventricular pacing has been shown to result in hemodynamic improvement in
patients with depressed ejection fraction and intraventricular conduction delay. In
patients with cardiomyopathy, biventricular pacing resulted in decreased sympa-
thetic nerve activity along with improvement in blood pressure compared with
intrinsic conduction in patients with left ventricular dysfunction and intraventricular
conduction delay. Furthermore, in 50 patients implanted with biventricular pace-
makers and randomised to therapy-on (n=25) vs. therapy-off (n=25), HRV was
significantly improved in patients receiving resynchronisation therapy despite a
lack of difference between mean atrial cycle length. Therefore, improvement in
ventricular performance via resynchronisation therapy shifts the cardiac autonomic
balance towards a more favourable profile of less sympathetic and more
parasympathetic activation (Esler et al. 2010).

2.6.4 Vagal Function Mortality and Cardiovascular Risk

There are multiple measures that can be used to index activity of the vagus nerve.
Resting HR, by virtue of being under tonic inhibitory control via the vagus, is a
simple, inexpensive, and non-invasive measure of vagal function. The HR change
following cessation of exercise is another measure that has been used to characterise
vagal function. The decrease in HR after termination of exercise has been termed
HR recovery and standardised methods have been developed for its assessment.
Measures of heart rate variability (HRV) in both the time and frequency domains
have also been used successfully to index vagal activity. In the time domain, the
standard deviation of the inter-beat intervals (IBI), the percentage of IBI differences
greater than 50 ms, and the mean square of the successive differences in IBIs (MSD)
have been shown to be useful indices of vagal activity. In the frequency domain,
both low-frequency (LF: 0.04-0.15 Hz) and high-frequency (HF: 0.15-0.40 Hz)
spectral power have been used as indices of vagal activity. Whereas there is little
contention concerning HF power reflecting primarily parasympathetic influences,
LF power has been shown to reflect both sympathetic and parasympathetic influ-
ences. However, it is commonly reported that LF and HF are highly and signifi-
cantly correlated. For example, we have recently reported that LF and HF power
were positively correlated in both European American (r=0.61) and African-
American (r=0.69) youths. Even larger correlations have been found between LF
and HF in some large epidemiological studies (n=11,654; »=0.76). Thus, LF power
often reflects substantial parasympathetic influence. This is not surprising given that
parasympathetic influences are present over the whole range of the HRV spectrum,
whereas the sympathetic influences roll off at about 0.15 Hz. In addition, measures
of baroreflex sensitivity (an index of the responsiveness of the cardiovascular sys-
tem to changes in blood pressure) have also been shown to be useful indicators of
vagal function. The literature linking these different indices to morbidity and
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mortality is extensive. Importantly, whereas there are some differences among stud-
ies, the consensus is that lower values of these indices of vagal function are associ-
ated prospectively with death and disability. We will review some of these studies
here to illustrate the range and power of the association between vagal function and
cardiovascular disease and mortality. The studies related to mortality are listed in
Table 2.1 and the studies related to risk factors are listed in Table 2.2. However, we
should be clear that this is illustrative and not exhaustive.

The evidence for an association between reduced vagal function and mortality
appears to be quite strong. Most of these studies examined the association after
controlling for other known risk factors such as diabetes and hypertension.
However there is also evidence to suggest that reduced vagal function leads to
such risk factors. Thus, those studies that control for those known risk factors for
which there exists evidence that reduced vagal function might lead to those risk
factors may in fact be underestimating the role of vagal function in death and
disease.

The National Heart, Lung, and Blood Institute of the US National Institutes of
Health lists eight risk factors for heart disease and stroke (http://www.nhlbi.nih.gov/
hbp/hbp/hdrf.htm). Six of these factors are considered to be modifiable. Three of
these modifiable risk factors are associated with what could be called biological
factors. They are high blood pressure (hypertension), diabetes, and abnormal cho-
lesterol. Three others listed as modifiable could be considered lifestyle factors and
are tobacco use (smoking), physical inactivity (exercise), and overweight (obesity).
Two factors are considered as non-modifiable. These are age and family history of
early heart disease or stroke. It is interesting to note that there is at least some data
to suggest that each of these risk factors is associated with decreased vagal function
(Sanderson et al. 1994; Eliasson et al. 1996; Issa et al. 2005a; Nademanee et al.
2000; Hjalmarson 1997; Pitt et al. 1999; Pliquett et al. 2003a, b). In the following,
we will briefly review some of that evidence.

2.6.4.1 Hypertension

Perhaps the single most important risk factor for CVD is hypertension or high blood
pressure. Numerous studies have documented the association between cardiac auto-
nomic function and hypertension. This association has been found in both cross-
sectional and prospective analyses. In one of the earlier studies, Liao et al. (1996)
examined both the cross-sectional and prospective association between 2 min of
supine HRV and hypertension in a stratified random sample of 2,061 black and
white men and women from the Atherosclerosis Risk in Communities (ARIC)
study. In the cross-sectional analyses, HF power adjusted for age, race, gender,
smoking, diabetes, and education was significantly lower in the hypertensive group
(both treated and untreated) than in the normotensive group. During the 3-year fol-
low-up period, only 64 individuals developed hypertension. However, baseline HF
power was inversely related to the development of hypertension. After adjustment
for age, race, gender, smoking, diabetes, and education, the lowest quartile of HRV
had a 2.44-fold greater risk of hypertension than those in the highest quartile. The
association between HRV and hypertension was also investigated in the Framingham
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Heart Study (FHS). Again both cross-sectional and prospective analyses were per-
formed. Singh et al. (1998) examined the association between the first 2 h of ambu-
latory HR recordings and hypertension in 931 men and 1,111 women from the
FHS. Cross-sectional analyses indicated that after adjustment for age, BMI, smok-
ing, and alcohol consumption, several measures of both time and frequency domain
indices of HRV were significantly lower in hypertensive men and women than in
normotensives. During the 4-year follow-up period, 119 men and 125 women devel-
oped hypertension. These analyses showed that low LF power was associated with
the development of hypertension in men but not in women. In a recent report, the
association between HRYV, hypertension, and blood pressure was examined in
11,061 men and women from the ARIC study. HRV was assessed by 2 and 6 min
recordings separated by 9 years. Consistent with previous reports HRV adjusted for
age, race, study centre, diabetes, smoking, education, and BMI was lower at base-
line among those persons with hypertension. Importantly among the 7,099 persons
without hypertension at baseline, the lowest quartile of HRV as indexed by RMSSD
adjusted for relevant covariates was associated with a hazard ratio for the develop-
ment of hypertension 9 years later of 1.36 compared to those in the highest quartile.
These findings from large, epidemiological studies provide strong evidence that
vagal tone as measured by HRV is lower in persons with hypertension than in nor-
motensives even after adjustment for a range of covariates. Importantly, these stud-
ies suggest that decreases in vagal tone may precede the development of this critical
risk factor for CVD (Sanderson et al. 1994).

2.6.4.2 Diabetes

In the first population-based study to examine the relationship among vagal tone,
serum insulin, glucose, and diabetes, Liao et al. (1995) investigated 154 diabetic
and 1,779 nondiabetic middle-aged men and women in the ARIC study. Two-minute
supine resting HR recordings were used to compute HF power as an index of vagal
tone while fasting insulin, glucose, and diagnosed diabetes were used to index dia-
betes and diabetes risk. Consistent with previous cross-sectional studies, these
researchers found that diabetics had lower vagal tone than non-diabetics after
adjustment for age, race, and gender. In the non-diabetics, an inverse relationship
was found between HF power and fasting insulin and fasting glucose. However,
after adjustment only the relationship between HRV and insulin remained signifi-
cant. This was the first study to examine the relationship between HRV and insulin
and glucose in a general population and suggests that reduced vagal tone may be
involved in the pathogenesis of diabetes. Singh et al. (2000) examined the relation-
ship between HRV and blood glucose levels in 1,919 men and women from the
FHS. The first 2 h of ambulatory HR recordings were used to calculate a number of
time and frequency domain indices of HRV. Fasting glucose levels were used to
classify individuals as having normal or impaired fasting glucose, as well as to iden-
tify those with diabetes (in addition to those with diabetic diagnosis). Several indi-
ces of HRV including LF and HF power were inversely associated with fasting
glucose levels and were significantly reduced in diabetics and those with impaired
fasting glucose compared to those with normal fasting glucose levels. The
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association between reduced HRV and diabetes remained significant after adjust-
ment for age, gender, HR, BMI, antihypertensive and cardiac medications, blood
pressure, smoking, and alcohol and coffee consumption. The prospective associa-
tion between autonomic dysfunction, indexed by high HR and low HRV, and the
development of diabetes was examined by Carnethon et al. (2003) in 8,185 middle-
aged men and women from the ARIC study. During the 8-year follow-up period,
1,063 persons developed type 2 diabetes. Compared to those in the highest quartile
of LF power, those in the lowest quartile had a 1.2-fold greater risk of developing
diabetes after adjustment for age, race, gender, study centre, education, alcohol use,
smoking, heart disease, physical activity, and BMI. Those with HR in the highest
quartile had 1.6 greater risk of diabetes than those in the lowest HR quartile with
similar results for analyses restricted to those with normal fasting glucose. The
association between fasting glucose and HR recovery was investigated in 5,190
healthy men and women enrolled in the Lipid Research Clinics Prevalence study
(Cao et al. 2000a). Exercise testing was done and the HR drop 2 min after exercise
cessation was examined using a cutoff of <42 bpm as an indication of an abnormal
response. Fasting glucose was an independent predictor of an abnormal HR recov-
ery response across diabetic and nondiabetic participants and remained a significant
predictor after controlling for age, gender, BMI, resting HR, resting blood pressure,
antihypertensive treatment, cholesterol, education, and alcohol consumption. Over
the 12-year follow-up, abnormal HR recovery was a significant predictor of all-
cause mortality across the range of fasting glucose levels, and the combination of
abnormal HR recovery and impaired fasting glucose was associated with a 2.4
greater risk of mortality (Hjalmarson 1997).

2.6.4.3 Cholesterol

To date few studies have examined the relationship between vagal tone and choles-
terol. Christensen et al. (1999) examined the association between 24 h HRV and
cholesterol in 47 men with heart disease and 38 healthy men. In both groups, total
cholesterol and low-density lipoprotein (LDL) were inversely associated with 24 h
HRYV. The association between HRV and cholesterol remained significant in both
groups after adjustment for age and BMI. In a random sample of 41 men and 47
women without heart disease, Kupari et al. (1993) investigated the association
between short-term HRV and cholesterol. RMSSD was inversely related to LDL
cholesterol in both men and women after adjustment for other factors including
physical activity, smoking, and alcohol consumption. The cross-sectional associa-
tion between HR and cholesterol was examined in a sample of 5,597 men without
heart disease. HR was positively correlated with total cholesterol and LDL and
negatively associated with high-density lipoprotein (HDL) after adjustment for age,
BMI, smoking, alcohol consumption, and social class. In a very large study of 9,719
men and 9,433 women, Bonaa and Arnesen (1992) examined the association
between HR and cholesterol. In both men and women, total cholesterol and non-
HDL were positively associated with HR, whereas HDL was inversely associated
with HR after adjustment for age, BMI, smoking, and alcohol consumption (Esler
et al. 2010; Schlaich et al. 2009).
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2.6.4.4 Lifestyle-Related Risk Factors: Smoking, Physical Inactivity,
and Overweight

Smoking, physical inactivity, and being overweight are lifestyle-related risk factors
for CVD. Perhaps the single most controllable risk for CVD is smoking. Both acute
and chronic smoking have been associated with decreased vagal tone. For example,
we recently reported that vagally mediated HRV as indexed by HF power and
approximate entropy (ApEn: an index of complexity derived from nonlinear dynam-
ical systems theory with higher numbers associated with greater complexity) were
reduced after smoking one cigarette and remained reduced upon the smoking of two
more cigarettes at 30 min intervals in a controlled smoking paradigm. Hayano et al.
(1990) reported that both acute and chronic smoking were associated with decreased
vagal tone. Importantly, Minami et al. (1999) showed that indices of vagal tone
increased after 1 week of smoking cessation in a group of habitual male smokers.
Moreover, in a study that examined the time course of the increase in vagal tone
with smoking cessation, Yotsukura et al. (1998) reported that indices of vagal tone
increased within 24 h of smoking cessation and remained elevated for the 1 month
follow-up period in a group of male habitual smokers. Thus, smoking and smoking
cessation have immediate but reversible effects on vagal tone. A large number of
cross-sectional as well as training studies have examined the effects of habitual
exercise on cardiovascular function. The single most replicable effect of aerobic
training on cardiac function is a decreased resting HR. Whereas there is some ongo-
ing debate about the nature of the autonomic nervous system changes that accom-
pany regular physical activity, numerous studies have implicated increased vagal
tone in the salubrious effects of exercise. This is true in both cross-sectional and
training studies. For example, we have reported in a cross-sectional study that habit-
ual physical activity is associated with greater levels of vagally mediated HRV in
both men and women. In 2,334 men and 994 women from the Whitehall II study of
British civil servants, moderate and vigorous physical activity were associated with
greater vagal tone (in men) and lower resting HR (in men and women) compared to
those that reported low levels of physical activity after adjustment for age, smoking,
and alcohol consumption. Taken together numerous studies report that physical
inactivity, an important lifestyle risk factor for CVD, is associated with decreased
vagal tone. Importantly, it also appears that the increased physical activity may
decrease resting HR and increase vagal tone. Numerous studies have also docu-
mented that vagal function is reduced in overweight and obese individuals. In a
study of 10 women with early onset familial obesity and 10 nonobese women, sev-
eral indices of HRV were reduced in the obese women. In addition, BMI was
inversely related with several measures of HRV including HF power. Several studies
of obesity in children and adolescence have also found that vagal function is reduced
in obese individuals compared to nonobese individuals. In all of these studies, sev-
eral indices of vagal function such as HF power were reduced in the obese individu-
als. In a study that examined the effect of weight loss in obese persons on HRYV,
Karason et al. (1999) studied 28 obese patients referred for gastroplasty, 24 obese
patients using a lifestyle dietary modification approach, and 28 nonobese persons.
At baseline, both obese groups had reduced HF values relative to the nonobese
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participants. After 1-year follow-up, those persons that had undergone gastroplasty
had an average weight loss of 28 % and showed evidence of increased vagal func-
tion as indicated by increased HF power. Taken together these studies of lifestyle-
related risk factors all indicate that decreased vagal function is associated with poor
risk factor profiles. Importantly, they also indicate that modification of the risk pro-
file towards lower risk is accompanied by increased vagal function (Zhang et al.
2009; Schwartz et al. 2008; De Ferrari et al. 2011; Hauptman et al. 2012; Krum
et al. 2009; Esler et al. 2010; Schlaich et al. 2009).

2.6.4.5 Non-modifiable Risk Factors: Age and Family History

Whereas the exact mechanism is still open to debate, numerous studies have
shown that increasing age is associated with decreasing vagal tone. Given this fact
age is often used as a covariate in large epidemiological studies such as ARIC,
FHS, and the Whitehall study. In those studies that have specifically investigated
the relationship between age and cardiac function, consistent evidence supports
decreasing vagal tone with increasing age. For example, Antelmi et al. (2004)
investigated the association between age and vagal tone in 292 men and 361
women aged from 14 to 82 years. They found that RMSSD decreased on average
3.6 ms per decade. Numerous studies report that family members of persons with
CVD risk factors such as hypertension or diabetes also have reduced vagal tone.
Piccirillo et al. (2000) examined 61 normotensive men and women with a family
history of hypertension and 30 normotensive that were negative for family history
of hypertension. Spectral analysis of HR and blood pressure variabilities were
used to estimate baroreflex sensitivity. Vagal tone as indexed by baroreflex sensi-
tivity and HRV was reduced in those positive for family history compared to those
negative for family history of hypertension. Pitzalis et al. (2001) investigated sev-
eral indices of vagal function including HRV in 45 normotensive men and women
with a family history of hypertension and 42 men and women without a family
history of hypertension. Again, those with a positive family history compared to
those with a negative family history had reduced HRV but no difference in baro-
reflex sensitivity. Recently, Maver et al. (2004) studied 59 normotensives with a
positive family history of hypertension and 46 normotensives negative for family
history. Several indices of vagal function including HRV and baroreflex sensitiv-
ity were examined. Those with a positive family history of hypertension had lower
vagal function as indexed by HF power and baroreflex sensitivity compared to
those that were negative for family history of hypertension. These studies suggest
that decreased vagal function is evident in persons with a family history of hyper-
tension. Similar results have been found in persons with a family history of diabe-
tes. De Angelis et al. (2001) studied 20 glucose normo-tolerant individuals with a
family history of non-insulin-dependent diabetes mellitus (NIDDM) and 20 glu-
cose normo-tolerant individuals without a family history of NIDDM. One-hour
recordings of HR were used to calculate several indices of HRV using spectral
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analysis. Results showed that family history positive individuals had reduced
vagal tone compared to those that were family history negative for NIDDM. In a
recent study, Lindmark et al. (2003) examined 13 healthy persons with a family
history of type 2 diabetes and 14 persons with a negative family history of diabe-
tes. HRV was analysed during a number of conditions including rest and con-
trolled breathing. The results indicated that total spectral power and HF power
were lower during controlled breathing in those with a positive family history
compared to those with a negative family history of diabetes. Again, these results
indicate that decreased vagal function is evident in persons with a positive family
history of diabetes compared to those with a negative family history. Taken
together these findings suggest that autonomic imbalance, especially decreased
vagal function, may be associated with the development of these known risk fac-
tors for cardiovascular disease and death. In addition, data suggests that decreased
vagal function is associated with degree of coronary artery occlusion and plaque
rupture. Recent data also suggest that decreased vagal function is associated with
increased markers of inflammation.

2.6.4.6 Emerging Risk Factors: Inflammation and Psychosocial
Factors

Inflammation is now thought to play a major role in cardiovascular disease.
Importantly, evidence linking decreased vagal function with increased inflamma-
tion is quickly accumulating. Tracey (2002) has described the cholinergic anti-
inflammatory pathway in which acetylcholine and vagal function tonically inhibits
release of proinflammatory cytokines. Clinical evidence in humans is just now start-
ing to become available. In a study of 121 women with coronary heart disease, 24 h
recordings of HR were collected and several inflammatory markers examined. Both
time and frequency domain indices of HRV were inversely associated with interleu-
kin-6 (IL-6) levels after controlling for age, menopausal status, BMI, smoking, edu-
cation level, diabetes, and cardiac rehabilitation participation. In a sample of 643
middle-aged and elderly men and women, increased HR and reduced HRV were
found to be significant independent predictors of white blood cell count (WBC) and
C-reactive protein (CRP) levels after controlling for age and gender. Our group has
also found an association between vagally mediated HRV and several inflammatory
markers. In a sample of 613 men and women, 24 h RMSSD was inversely associ-
ated with WBC and CRP even after controlling for a large number of potential
covariates including sympathetic nervous system activity as indexed by norepineph-
rine. Psychosocial factors such as stressful life events, general stress, hostility,
depression, and anxiety are also emerging as risk factors for CVD. Although a
detailed examination of the evidence for decreased vagal function in these risk fac-
tors is beyond the scope of this chapter, we and others have shown previously that
these psychological states and dispositions are associated with decreased vagal
function.
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In summary, emerging risk factors for CVD and mortality such as inflammation
and psychosocial factors are also associated with decreased vagal function. Together
with the decreased vagal function associated with the established risk factors, a uni-
fied picture of autonomic imbalance and decreased vagal inhibitory cardiac control
is developing. In the next section, we show that this decreased vagal inhibitory
control is associated with dysregulation in a neural network that is thought to under-
lie autonomic, affective, and cognitive regulation. As such this set of neural struc-
tures may provide the central nervous system concomitants of the autonomic
imbalance that tie together the diverse cardiovascular risk factors and provide a
pathway via which psychosocial factors may ‘get under the skin’ to confer risk for
a wide range of disorders leading to increased morbidity and mortality.

2.6.5 Vagal Stimulation with Heart Diseases

A significant series of experimental and clinical studies have demonstrated the close
association between reduced vagal reflexes and increased sudden and non-sudden
cardiovascular mortality. Subsequently, evidence was provided that, also among
chronic heart failure (HF) patients, depressed BRS is associated with a poorer out-
come. At the same time, the encouraging results with experimental and clinical
attempts to increase cardiac vagal activity led to a few experimental studies with
vagal stimulation (VS) in different models for HF. Schwartz et al. performed a pilot
study for VS in HF patients, and then in 2011 they reported the results of a small-
size multicentre clinical trial. The 6-month and 1-year results are encouraging for
feasibility and safety and appear to have a favourable clinical effect. An ongoing
large clinical trial will provide a definitive assessment of the efficacy and usefulness
of chronic VS in HF patients. From these data they concluded that chronic vagal
stimulation is safe and tolerable in symptomatic patients with congestive heart fail-
ure with marked clinical subjective improvements associated with objective long-
lasting favourable changes. The preservation of these effects at 1-year follow-up
strongly argues against a major role of a possible placebo effect. Several mecha-
nisms of action may have contributed to the beneficial effects of vagal stimulation
in patients with heart failure (Gao et al. 2005; Hamdan et al. 2002). The modest
changes in heart rate are unlikely to have played an important role in mediating the
clinical effects, and two studies in heart failure models found beneficial effects of
vagal stimulation in the absence of any heart rate change. Heart rate-independent
effects may include antiadrenergic effects at ventricular level due to sympathetic—
parasympathetic interaction, antiapoptotic effects, and the anti-inflammatory reflex
postulated by Tracey. In a model of ischaemia reperfusion in rats, vagal stimulation
markedly reduced infarct size and markers of inflammation without changes in heart
rate. From this small multicentre study, we concluded that it was time to design a
controlled clinical trial with an adequate patient population aimed at definitely
assessing whether or not chronic vagal stimulation may usefully represent a novel
non-pharmacological approach to the treatment of symptomatic patients with heart
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failure. This is now being done with the ongoing trial called INOVATE-HF, which
aims at enrolling up to 650 patients from 80 sites and to randomise them in a 3:2
ratio in order to receive either active treatment or standard optimal medical therapy.
Overall, this sequence of experimental and clinical studies, not unmindful of the
role of the autonomic nervous system in heart failure, seems to represent a good
example of translational cardiology (Adamson et al. 2003).

2.6.6 Renal Denervation

Our better understanding of the interplay between the kidney and sympathetic ner-
vous system elucidates the importance of the sympathetic nervous system in blood
pressure control and the pathogenesis of hypertension. In addition, the desirable
results of sympathetic denervation in animal models and in patients who have
undergone nephrectomies, together with the recognition of the favourable location
of the sympathetic fibres and their exquisite sensitivity to radiofrequency, have
resulted in the development of catheter-based radiofrequency ablation of the renal
sympathetic nervous fibres. In a human feasibility, safety, and efficacy trial
(Symplicity-1 [Catheter-based renal sympathetic denervation for resistant hyperten-
sion: a multicentre safety and proof-of-principle cohort study]), 45 patients with
drug-resistant hypertension underwent bilateral application of radiofrequency to the
renal arteries. A significant blood pressure reduction at 1-month follow-up of 14
and 10 mmHg (systolic and diastolic, respectively) was followed by a sustained
response with a pronounced systolic and diastolic blood pressure reduction of 27
and 17 mmHg, respectively, at 12 months. Antihypertensive medication was
adjusted in 13 patients at follow-up with a reduction in the number of antihyperten-
sive medications in nine patients and an increase in four. Importantly, a significant
blood pressure reduction remained even after excluding those four patients from the
analysis whose antihypertensive medications were intensified. In 13 % of patients,
no favourable blood pressure response occurred. In 10 patients who underwent
renal norepinephrine spillover measurements, a significant reduction in renal nor-
epinephrine spillover was shown, confirming the intended reduction in sympathetic
drive to the kidney. In addition, total body norepinephrine spillover decreased sig-
nificantly, lending support to the hypothesis that, by a reduction in afferent renal
sympathetic signalling, the overall sympathetic tone can be reduced. In one patient,
renal norepinephrine spillover, total body norepinephrine spillover, the plasma renin
level, and muscle sympathetic activity decreased after renal denervation. In addi-
tion, the cardiac muscle mass assessed by cardiac magnetic resonance imaging
decreased by 15 g. Registry data, including patients from Symplicity-1 who have
completed 24-months follow-up (n=18), demonstrate a sustained blood pressure
reduction (33/14 mmHg). More recently, in the Symplicity HTN-2 (renal sympa-
thetic denervation in patients with treatment-resistant hypertension) trial, 106
patients with resistant hypertension were randomised to catheter-based therapy in
addition to conventional antihypertensive medications, vs. antihypertensive
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medications only, in a 1-to-1 fashion. The transcatheter techniques were similar to
the previously described study. The primary endpoint was systolic blood pressure at
6-month follow-up. There was a significant difference in blood pressure changes
from baseline between patients treated with catheter-based renal sympathectomy
(reductions 0of 32/12 £23/11 mmHg) and those treated medically (0/1 £21/10 mmHg),
with a mean blood pressure difference of 33/11 mmHg between the groups at 6
months. A systolic blood pressure improvement of at least 10 mmHg was observed
in 84 % of patients in the interventional group and in 35 % in the medically treated
control group. On 24-h ambulatory blood pressure monitoring, a significant blood
pressure reduction was seen in patients who underwent renal sympathectomy
(11/7+15/11 mmHg), whereas the blood pressure was unchanged in patients with
medically managed hypertension only. Importantly, the blood pressure reduction
measured by 24-h ambulatory monitoring was less pronounced than that reported
during office visits. Seven patients developed transient bradycardia requiring atro-
pine administration. The renal function and urine—albumin—creatinine ratios
remained unchanged at follow-up in both groups. The importance of the renal sym-
pathetic nervous system activity in hypertension and its modulation are well estab-
lished. Several aspects deserve further exploration. First, it has become apparent
that this procedure does not cause universal blood pressure lowering. The reason for
the response variability remains to be determined. One potential cause may be
incomplete denervation. It is also possible that renal sympathetic activity has a sub-
ordinate role in the genesis and maintenance of hypertension in subsets of hyperten-
sive patients with normal renal sympathetic tone. The renal sympathetic tone is not
uniformly increased. Instead, there appears to be variability in renal efferent sympa-
thetic nerve activity in hypertensive patients. For example, in patients older than 60
years, though skeletal muscle sympathetic activity is increased, renal norepineph-
rine spillover is frequently normal, whereas in patients with the metabolic syn-
drome, renal and overall sympathetic overactivity is frequently very pronounced.
Thus, it would be very important to identify parameters that may predict the response
to renal denervation and help in patient selection. Second, the sympathetic nervous
system activity appears to be of most importance in the earlier stages of hyperten-
sion (Zhang et al. 2009; Schwartz et al. 2008). Early modification of sympathetic
nervous system activity in these patients may bring a curative treatment for essential
hypertension within reach. Thus, trials, including patients with milder forms of
hypertension are warranted. Exploration of the impact of renal denervation in
patients with secondary forms of hypertension, such as primary hyperaldosteronism
that cannot be treated with surgical intervention, should also be considered. Third,
obesity and insulin resistance are frequent companions of hypertension. Sympathetic
overactivity has been observed with obesity, insulin resistance, and the metabolic
syndrome, and improvements in glucose metabolism and insulin resistance have
been reported after renal sympathetic denervation. A compromised skeletal muscle
microcirculation has been suggested to be present in patients with hypertension.
Sympathetic denervation may enhance skeletal muscle blood flow mediated by a
reduction in adrenergic al-receptor stimulation, increased skeletal muscle-capillary
density, and a change in muscle fibre types, thereby potentially improving glucose
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uptake in the skeletal muscle. In addition, a decrease in glucagon secretion and
gluconeogenesis and reduced activity of the renin—angiotensin system may contrib-
ute to the beneficial effects of renal denervation on glucose metabolism and insulin
resistance. Although our current understanding of the preceding findings is far from
complete, given the high incidence of cardiovascular events in patients with insulin
resistance and impaired glucose metabolism and the favourable impact of reduced
sympathetic drive, lower event rates after renal denervation are conceivable. Studies
to this effect evaluating the impact of sympathetic denervation on diabetes control
and cardiovascular events are ongoing (De Ferrari et al. 2011). In addition, further
exploration of the impact of renal sympathectomy on the development of diabetic
nephropathy is warranted as increases in glomerular filtration of up to 25-50 % have
been described early in the course of (type 1) diabetes, perhaps contributing to the
development of glomerulosclerosis and diabetic nephropathy, and prevention of
glomerular hyperfiltration has been reported after renal sympathetic denervation in
an animal model. Similarly, moxonidine, a central sympathetic inhibitor has been
associated with a reduction in microalbuminuria in patients with (type 1) diabetes.
Further supporting a potentially protective effect on renal function beyond that
expected due to blood pressure reduction, the natural decline in estimated glomeru-
lar filtration rate expected depending on blood pressure at any given time was
smaller than predicted at early follow-up, even after taking the blood pressure
reduction into account, after renal denervation in 153 hypertensive patients (includ-
ing those enrolled in Symplicity-1). However, in a small number of patients who
completed later (up to 24 months) follow-up, the reduction in estimated glomerular
filtration rate was more pronounced than that observed in a study examining the
effect of ramipril, telmisartan, or both on renal function. Given these findings, fur-
ther studies of the long-term impact on renal hemodynamic and function, particu-
larly comparing renal denervation in a controlled fashion to conventional medical
therapy, are warranted before a final statement regarding either a protective, neutral,
or harmful effect can be made. Fourth, the impact of renal denervation on the reno-
renal reflex particularly in conditions affecting only one kidney is not clear
(Hauptman et al. 2012). For example, whether during urinary obstruction of one
kidney a compensatory diuresis of the contralateral kidney can be expected in the
same magnitude as would occur in the absence of renal denervation remains to be
determined. Fifth, the autonomic nervous system affects nearly every part of the
body. Given the myriad effects of an overactive SNS beyond blood pressure control,
many of which are detrimental, renal denervation in some conditions associated
with sympathetic overactivity requires further investigation. For example, in light of
increased sympathetic nervous system activity in patients with systolic heart failure,
its association with increased mortality, and the well-established benefits of
-adrenoreceptors blockade and modification of the renin—angiotensin system, the
concept of renal denervation to reduce overall sympathetic drive in heart failure is
intriguing. Along this line, a reduction in left ventricular filling pressures and
improved left ventricular systolic function following renal denervation has been
shown in animal models of heart failure. Similarly, a potential benefit in patients
with hepatorenal syndrome characterised by sympathetic nervous system
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overactivity is possible. Lastly, an increased sympathetic drive has been described
in patients with sleep apnoea, together with a favourable impact on the apnoea—
hypopnea index after catheter-based renal sympathetic denervation. Hypothetically,
this may be related to a reduction in fluid shifts to the neck with recumbent position-
ing after renal denervation based on the observation that a greater fluid shift from
the lower extremities to the neck occurs in patients with uncontrolled vs. well-con-
trolled hypertension (Krum et al. 2009). The reported improvements in sleep apnoea
with aldosterone antagonists further support a potential deleterious effect of exces-
sive nocturnal rostral fluid shifts. Studies examining the mechanism and impact of
sympathetic denervation in patients with sleep apnoea are ongoing. Finally, it should
be mentioned that catheter-based renal denervation is not the only device-based
therapy available aiming to reduce the sympathetic nervous tone. Similar to renal
sympathetic denervation, baroreceptor stimulation reduces the overall sympathetic
nervous system activity and has been shown to lower blood pressure in a safety and
feasibility trial. Recently, the results of a phase III trial comparing baroreceptor
stimulation to conventional medical therapy in patients with resistant hypertension
were published demonstrating a significant blood pressure reduction. However, it
failed to meet one of the two primary efficacy endpoints (blood pressure responder
rate at 6 months) likely related to an underestimation of blood pressure improve-
ments in the control group. Importantly, as expected with the implantation of any
foreign body, some adverse events occurred (4.8 % nerve injury with residual deficit
and 2.6 % wound complications) (Esler et al. 2010). Further studies will determine
this concept’s role in hypertension treatment. We have entered an exciting era with
the ability to modulate the sympathetic nervous system and achieve an improvement
in blood pressure control with percutaneous renal denervation and potentially ben-
eficial effects on a plethora of other conditions associated with sympathetic overac-
tivity. Renal denervation has become a routine in some countries. Nevertheless, we
should maintain our quest to further improve our understanding of the sympathetic
nervous system in the pathogenesis of hypertension and some other disorders
(Schlaich et al. 2009).

Conclusion

The interaction between the heart and brain becomes increasingly important as
the underlying mutual mechanisms become better understood. The specialty that
deals with the brain—heart connection has become known as neurocardiology.
Neurocardiology refers to (patho)physiological interplays of the nervous and
cardiovascular systems. A better understanding of the risks, mechanisms, and
treatments is required. The usefulness of imaging the cardiac sympathetic ner-
vous system is increasingly supported by prospective clinical studies. The future
success of this molecular imaging technique, however, will depend on careful
design of additional trials. But preclinical and clinical use requires a thorough
understanding of the underlying biology, which defines the relationship between
neuronal tracer kinetics, disease mechanisms, and appropriate study interpreta-
tion. Although imaging of the cardiac autonomic nervous system has entered
large-scale clinical trials that will ultimately lead to approval as a clinical tool,
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the basic science behind this methodology remains important. Specifics of the
used tracers and preclinical animal models need to be considered for translation.
Establishment of quantitative measures for global and regional innervation will
be important. The latter can be avoided only if previous knowledge from basic
science is appropriately incorporated into translational study design.
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Abstract

Heart failure is a clinical syndrome that develops in response of a cardiac insult,
resulting in a decline of cardiac performance. Several neurohormonal mecha-
nisms are activated in response to the underlying myocardial dysfunction, includ-
ing the autonomic nervous system. Patients with heart failure are characterized
by an abnormally activated sympathetic and altered parasympathetic tone, with
also attenuated cardiovascular reflexes and a maladaptive downregulation of
adrenergic nerve terminals. During exercise, an inappropriate rise in ventilation
occurs as well as an enhanced peripheral vasoconstriction in order to preserve an
adequate blood pressure level. Although the activation of these systems can
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initially compensate for the depressed myocardial function, their long-term
activation results in a further impairment of cardiac function leading to progres-
sion of heart failure with fatigue and dyspnea being major barriers for exercise
tolerance. Medication, in particular beta-blocker and ACE-inhibitor therapy,
influences both the sympathetic and parasympathetic tone. The sympathetic tone
may also be modulated by cardiac resynchronization therapy whereas vagus
nerve stimulation may increase the parasympathetic activity. Through its impact
on the periphery, physical exercise is also able to influence both the sympathetic
and parasympathetic nervous system..

Abbreviations

['2I]-MIBG  Iodine-123 metaiodobenzylguanidine

ANS Autonomic nervous system

CNS Central nervous system

CcO Cardiac output

CRT Cardiac resynchronization therapy
nNOS Neuronal nitric oxide synthase

NO Nitric oxide

PSNS Parasympathetic nervous system
RAAS Renin-angiotensin-aldosterone system
SNS Sympathetic nervous system

3.1 Introduction

Heart failure is a clinical syndrome that develops in response of a cardiac insult,
resulting in a decline of cardiac performance. Several neurohormonal mechanisms
are activated in response to the underlying myocardial dysfunction, including the
sympathetic nervous system (SNS) and the renin-angiotensin-aldosterone system
axis (RAAS axis). Although the activation of these systems can initially compen-
sate for the depressed myocardial function, their long-term activation results in a
further impairment of cardiac function leading to progression of heart failure and
cardiac decompensation (Mann and Bristow 2005; Triposkiadis et al. 2009).

As pointed out by Parati and Esler (2012), sympathetic activation occurs subse-
quently to the development of heart failure and then impacts adversely on clinical
outcome. This is in contrast to essential hypertension where SNS activation is
already important in the initiation and the maintenance of hypertension. Also, there
is now clear evidence that besides sympathetic activation, also reduced vagal func-
tion plays a role in the development of heart failure (Bibevski and Dunlap 2011). In
this chapter we will briefly review the normal cardiovascular actions of the auto-
nomic nervous system (ANS) and then discuss the pathophysiology and potential
therapeutic implications of sympathetic hyperactivity and reduced vagal function in
heart failure.
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3.2 The ANS and Normal Cardiac Function

In the normal heart, the SNS has different cardiovascular actions, including accel-
eration of the heart rate, increase in cardiac contractility, reduction of venous
capacitance, and constriction of resistance vessels. The cardiac sympathetic nerve
fibers are located subepicardially and travel along the major coronary arteries
(Triposkiadis et al. 2009; Zipes 2008). The sympathetic outflow to the heart and
peripheral circulation is regulated by cardiovascular reflexes. Afferent fibers are
carried towards the central nervous system (CNS) by autonomic nerves, whereas
efferent impulses travel from the CNS towards different organs. The main reflex
responses originate from the aortic arch and carotid baroreceptors (SNS inhibition),
cardiopulmonary baroreceptors (including the Bezold-Jarish reflex, SNS inhibi-
tion), cardiovascular low-threshold polymodal receptors (SNS activation), and
peripheral chemoreceptors (SNS activation) (Malliani et al. 1983). As already sum-
marized by Van Stee (1978), the effect of SNS activation on the periphery is medi-
ated by 4 pathways: (1) norepinephrine-releasing neurons through the right stellate
ganglion reaching the sinus and atrioventricular nodes (resulting in an increase in
heart rate and shortening of atrioventricular conduction) and through the left stel-
late ganglion reaching the left ventricle (resulting in an increase in contractile
strength), (2) epinephrine released in circulation by the adrenal cortex affecting
both the myocardium and peripheral vessels, (3) direct effect on peripheral vessels
through local release of epinephrine and norepinephrine, and (4) circulating norepi-
nephrine which can act on multiple locations (e.g., increase in heart rate during
exercise in heart transplant recipients). Norepinephrine and epinephrine bind to
specific adrenergic receptors, of which there are at least nine subtypes (3 a1-receptor
subtypes, 3 a2-receptor subtypes, and 3 p-receptor subtypes). In the human heart,
activation of B1- and P2-adrenergic receptors is the most powerful physiologic
mechanism to acutely increase cardiac performance and the B-adrenergic receptor
density is greatest at the apical myocardium (Leineweber et al. 2002). Approximately
80 % of norepinephrine released by the sympathetic nerve terminals is recycled by
the norepinephrine transporter 1, whereas the remainder clears into the circulation
(Feldman et al. 2005).

The parasympathetic nervous system (PSNS) affects the cardiovascular system
by slowing heart rate through vagal impulses. The parasympathetic fibers run with
the vagus nerve subendocardially and are mainly present in the atrial myocardium
and less abundantly in the ventricular myocardium (Triposkiadis et al. 2009; Zipes
2008). Acetylcholine released from postganglionic cardiac parasympathetic nerves
reduces heart rate by binding to muscarinic cholinergic receptors (primarily M2
subtype) on sinoatrial nodal cells (Brodde et al. 2001; Katona et al. 1977).
Parasympathetic-mediated changes in heart rate are initiated primarily in the CNS
or originate from activation or inhibition of sensory nerves. Stimulation of arterial
baroreceptors, trigeminal receptors, and subsets of cardiopulmonary receptors with
vagal afferents reflexively increases cardiovagal activity and decreases heart rate. In
contrast, stimulation of pulmonary stretch receptors with vagal afferents and subsets
of visceral and somatic receptors with spinal afferents reflexively decrease
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cardiovagal activity and increase heart rate (Chapleau and Sabharwal 2011).
Importantly, the PSNS and the SNS are often working interactively with opposing
resulting effects.

3.3  Heart Failure and Sympathetic Hyperactivity
3.3.1 Pathophysiology

Patients with heart failure are characterized by an abnormally activated sympathetic
and altered parasympathetic tone, with also attenuated cardiovascular reflexes and a
maladaptive downregulation of adrenergic nerve terminals (Himura et al. 1993;
Liang et al. 1989). In the early changes of heart failure, there is a selective cardiac
change in the autonomic regulation with a decrease in heart rate variability and a
selective increase in cardiac norepinephrine spillover in order to preserve cardiac
output (CO). Chronic persistent myocardial dysfunction is associated with a more
generalized sympathetic hyperactivity. Evidence for this increased sympathetic
activity in patients with heart failure includes increased central sympathetic outflow
and increased norepinephrine spillover to plasma from activated sympathetic nerve
fibers and consequently increased plasma norepinephrine levels. Besides the
increased muscle sympathetic nerve activity and norepinephrine spillover, patients
with heart failure and reduced ejection fraction may also have a decreased neuronal
density and a decreased neuronal function resulting in decreased norepinephrine
concentration within the cardiomyocytes. Compared with myocardium of healthy
individuals, the myocardium of patients with chronic left ventricular dysfunction is
also characterized by a significant reduction of presynaptic norepinephrine uptake
and postsynaptic pl-adrenergic receptor density (Caldwell et al. 2008; Ungerer
et al. 1993). This latter phenomenon has been documented in patients after acute
myocardial infarction where it contributes to adverse left ventricular remodeling, in
patients with heart failure due to dilated cardiomyopathy as well as in patients with
hypertrophic cardiomyopathy who develop left ventricular dilatation and heart fail-
ure (Choudhury et al. 1996; Merlet et al. 1993; Spyrou et al. 2002). The increase in
norepinephrine levels apparently results in a decrease in Pl-adrenergic receptor
density and a f1-adrenergic receptor desensitization which appears to be a predomi-
nantly protective adaptation. The role of cardiac f2- and p3-adrenergic receptors as
well as cardiac al-adrenergic receptors in heart failure has not been fully elucidated
yet (Triposkiadis et al. 2009).

3.3.2 Effects During Exercise

3.3.2.1 Hemodynamic Effects

During exercise, cardiovascular and respiratory responses are regulated by the ANS
in order to provide a sufficient oxygen supply to the working muscles (Decherchi
et al. 2007). The balance between parasympathetic and sympathetic nerve activity
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is mediated by the interaction between the central command, originating from the
central motor areas, and peripheral feedback afferents, including the baroreflex,
chemoreflex, and ergoreflex (Decherchi et al. 2007; O’Leary 2006). Sensory input
from these cardiovascular afferents is projected to the nucleus tractus solitarius in
the medulla oblongata, which plays a pivotal role in integrating and referring this
information to other regions of the CNS with an impact on the sympathetic-
parasympathetic outflow (Dampney et al. 2002).

Activation of the SNS during exercise normally induces a rise in heart rate and
contractility resulting in an increased CO (Triposkiadis et al. 2009). Together with
local metabolic vasodilatation, increased CO amplifies the blood flow to the work-
ing muscles. Local vasodilatation is, however, partially restrained by an SNS-
mediated vasoconstriction in order to maintain an adequate level of blood pressure
(Khan and Sinoway 2000).

Baroreceptors, located in the aortic arch and carotid sinuses (Kougias et al.
2010), and ergoreceptors, group III and IV skeletal muscle afferents (Kaufman et al.
1983) are both responsible for these hemodynamic changes. Once activated, the
main function of these baroreceptors is to maintain the arterial blood pressure at an
adequate level (set point) by increasing or decreasing peripheral vasoconstriction
(Kougias et al. 2010). During exercise, a rapid resetting of this set point occurs
(towards a higher level) in order to allow a higher arterial pressure and increased
blood flow to adjust to the increased metabolic demands (Dampney et al. 2002).
Importantly, in a significant number of patients, additional nonbaroreflex-mediated
excitatory stimuli, including coexisting sleep apnea, myocardial ischemia, obesity,
and inflammation, may elevate the set point for central sympathetic outflow or
neurotransmitter release at rest and during exercise.

As metabolites accumulate during exercise and signal insufficient oxygen supply
to the exercising muscles, ergoreceptors become activated and provide a rise in
arterial pressure and blood flow primarily via an increased ventricular contractility
and stroke volume with a resultant increase in CO (Crisafulli et al. 2003, 2006;
O’Leary 2006). The effect of the ergoreflex on heart rate has been a matter of debate.
Some authors suggested that the ergoreflex has only a minor influence on HR
(Piepoli et al. 1995). However, when the mean arterial pressure is elevated, arterial
baroreflex should decrease heart rate to lower mean arterial pressure (Nishiyasu
et al. 1994). As heart rate remains unchanged, the influence of the ergoreflex on
heart rate regulation is thought to be masked by counterregulation of the arterial
baroreflex (Iellamo et al. 1999). During severe exercise the ability of the ergoreflex
to elicit further increases in CO becomes limited. Pressor responses are then medi-
ated via peripheral vasoconstriction but are smaller in comparison with the contri-
bution of CO regulation (Augustyniak et al. 2001). In normal healthy subjects,
ergoreflex activity is buffered by the arterial baroreflex. If this reflex is left unbuf-
fered, then instead of a rise in CO, peripheral vasoconstriction in the active skeletal
muscle is induced as a response to ergoreflex activation (Kim et al. 2005b).

Due to a chronic left ventricular dysfunction, a catabolic state is seen in heart
failure with metabolic changes and chronic underperfusion of the skeletal muscle.
A shift from type I to type IIb muscular fibers has been reported with a decrease
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in oxidative enzyme capacity and a concomitant rise in lactate and lactate dehy-
drogenase activity (Mancini et al. 1989; Schaufelberger et al. 1997). Skeletal
muscle apoptosis has also been described in heart failure and is thought to be trig-
gered by proinflammatory cytokines (Vescovo and Dalla Libera 2006; Vescovo
et al. 2000).

This altered muscle metabolism may elicit an accumulation of metabolic byprod-
ucts which results in a chronic activation of the ergoreceptors and subsequently
sympathetic hyperactivity. Whereas in normal conditions the ergoreflex increases
CO, a shift towards peripheral vasoconstriction is seen in heart failure, further limit-
ing blood flow and exacerbating skeletal muscle abnormalities and fatigue com-
plaints (Clark et al. 1996; Hammond et al. 2000). The loss of the CO response likely
reflects the impaired ability to increase ventricular function (Augustyniak et al.
2001; Hammond et al. 2000; O’Leary 2006), and the shift towards a peripheral
vasoconstriction indicates a reduced baroreflex buffering in pathologic situations
(Kim et al. 2005a).

3.3.2.2 Ventilatory Effects

Apart from hemodynamic changes, ergoreceptors are also thought to take part in
ventilatory responses during exercise. However, the role of these receptors in
modulating ventilation in healthy subjects has been questioned due to conflicting
results in the literature (Piepoli et al. 1995, 1999; Scott et al. 2000). On the other
hand, in patients with heart failure, an overactive ergoreflex mechanism has been
demonstrated resulting in an excessive increase in ventilation and symptoms of
breathlessness. A disruption of this reflex has been shown to correlate with several
prognostic exercise parameters, including the peak VO, and the ventilatory slope
(Piepoli et al. 1996, 1999; Ponikowski et al. 2001b).

Chemoreceptors may also play a critical role in the increased ventilatory response
in heart failure (Chua et al. 1996; Ponikowski et al. 2001b). According to their loca-
tion, they are subdivided into central medullary and peripheral carotid afferents with
the former being particularly sensitive to changes in CO, while the latter are acti-
vated in hypoxic conditions (Dampney et al. 2002). In patients with heart failure,
enhanced hypoxic and central hypercapnic chemosensitivity has been described
(Chua et al. 1996; Ponikowski et al. 1997, 2001b). This hypersensitivity is associ-
ated with a higher incidence of arrhythmias and Cheyne-Stokes respiration and indi-
cates a poor prognosis (Ponikowski et al. 2001a).

When the chemoreflex and ergoreflex are combined, the response to ventilation
is greater than the sum of the two responses separately, suggesting that their interac-
tion has an additional stimulatory effect on ventilation (Lykidis et al. 2009).

In conclusion, in a generalized sympathetic state which is seen in patients with
heart failure, an enhanced peripheral vasoconstriction occurs during exercise in
order to preserve an adequate blood pressure level. Consequently, this limits blood
flow in the exercising muscle and thereby further exacerbates muscular abnormali-
ties. Concerning the ventilatory aspect, an inappropriate rise in ventilation is seen
which is related to the complaints of breathlessness and indicates a poor prognosis.
As such, sympathetic hyperactivity contributes to the downward vicious cycle
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characteristic for heart failure, with fatigue and dyspnea being the major barriers for
exercise tolerance.

3.3.3 Therapeutic Implications

3.3.3.1 Medication

Several classes of medication can interact with the SNS and inhibit its activity in patients
with heart failure. Chronic beta-blocker therapy has been extensively evaluated in
patients with heart failure. Several large scale clinical trials have shown that bisoprolol,
carvedilol, metoprolol succinate, and nebivolol reverse left ventricular remodeling,
reduce the risk of hospitalization and improve survival in patients with chronic heart
failure (McMurray et al. 2012). This protective effect of beta-blockers is multifactorial
and related to several factors, including the inhibition of catecholamine cardiotoxic
effects, p1-adrenergic receptor upregulation, attenuation of the RA AS-axis, subendocar-
dial coronary flow enhancement, and restoration of the reflex control on the heart and
circulation (Adamson and Gilbert 2006; Triposkiadis et al. 2009). A meta-analysis in
almost 20,000 patients demonstrated that the cardiovascular risk reduction with beta-
blockers in patients with systolic heart failure was predominantly due to heart rate
reduction achieved by beta-blockade rather than the type of beta-blockade, the dose of
the beta-blockade, the underlying course of heart failure, and many other potential con-
founders (McAlister et al. 2009). The RAAS axis is upregulated in heart failure, and the
resulting angiotensin II and aldosterone production enhances the release and inhibits the
uptake of norepinephrine at nerve endings. Because of this interaction with the SNS, a
part of the beneficial effect of angiotensin-converting enzyme inhibitors and aldosterone
antagonists in heart failure can probably be attributed to their effect on norepinephrine
(Adamson and Gilbert 2006). However not all medications that interact with the SNS
have shown beneficial effects in patients with heart failure. Prazosin, for example, inhib-
its the al-receptor but causes an increase in cathecholamine levels which probably
explains a worse outcome in clinical trials (Cohn et al. 1986). Also, moxonidine that acts
through both o2- and imidazolidine receptors and causes a marked dose-related reduc-
tion in plasma norepinephrine was associated with an increased mortality in clinical
trials (Cohn et al. 2003).

3.3.3.2 Device Therapy

Cardiac resynchronization therapy (CRT) is an effective therapy in patients with
advanced heart failure and electrical/mechanical dyssynchrony. Several large
outcome studies have shown that this device therapy is associated with an improve-
ment of symptoms, quality of life, and survival (McMurray et al. 2012). Cha et al.
(2011) recently reported that CRT modulates sympathetic function by upregulating
presynaptic receptor function as evidenced by increased iodine-123 metaiodoben-
zylguanidine (['*I]-MIBG) imaging. Importantly, the reversal of neuronal remodel-
ing in response to CRT appeared to be beyond that achieved by medical therapy.
Also, patients with a less impaired presynaptic adrenergic preservation (or a better
sympathetic reserve) showed a better response to CRT.
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3.3.3.3 Physical Exercise

Physical exercise has been demonstrated to improve exercise tolerance and quality
of life and reduce hospitalizations in heart failure (Flynn et al. 2009; O’Connor
et al. 2009). There is also limited evidence that exercise reduces mortality. One of
the responsible mechanisms for these beneficial effects is the counteraction of the
sympathetic hyperactivity. Heart rate variability, beat to beat variations in time of
consecutive heartbeats expressed in a normal sinus rhythm, is frequently used to
evaluate the ANS (McMillan 2002). Training has been shown to improve heart rate
variability, indicating that the ANS and the sinoatrial node respond dynamically to
environmental changes (Larsen et al. 2004; Malfatto et al. 2002; McMillan 2002;
Murad et al. 2012; Roveda et al. 2003).

Regular exercise reverses sympathetic hyperactivity in favor of exercise toler-
ance, through its influence on the different receptors which mediate the sympathico-
vagal balance.

Training effects have traditionally been attributed to peripheral rather than cen-
tral adaptations. A (partial) reversal of structural abnormalities in skeletal muscle
such as a decreased oxidative capacity, an impaired leg muscle blood flow with
endothelial dysfunction, and a glycolytic fiber type distribution has been demon-
strated after physical exercise (Hambrecht et al. 1995, 1997, 1998; Sullivan et al.
1988). This reshift towards an aerobic metabolism may result in a decreased ergore-
flex activity with a concomitant reduced activation of the sympathetic outflow
(Piepoli et al. 1996; Wang et al. 2010, 2012). Another effect of physical exercise is
the restoration of the blunted baroreflex sensitivity (Gademan et al. 2007; Iellamo
etal. 2011). The baroreflex is known to buffer the ergoreflex-mediated vasoconstric-
tion (Kim et al. 2005b). This buffering mechanism together with a reduced trigger-
ing of the ergoreceptors results in an improved skeletal muscle blood flow which
has a positive effect on fatigue complaints.

As ergoreflex activity is also known to influence ventilation, a decrease in its
activation through physical exercise has a positive impact on the prognostic impor-
tant ventilatory inefficiency, typically seen in patients with heart failure (Piepoli
et al. 1996). Physical exercise also reduces chemoreceptor activity, another media-
tor of the ventilatory drive (Li et al. 2008).

Through its impact on the periphery, physical exercise is able to influence the
ANS thereby dealing with the two main reasons for exercise intolerance, dyspnea,
and fatigue.

3.4 Heart Failure and Reduced Vagal Function

3.4.1 Pathophysiology

Dysfunction of the PSNS has been documented extensively in heart failure in both
animal studies and humans. Already in 1971, Eckberg et al. (1971) showed that arte-

rial baroreflex control of heart rate was reduced in patients with left ventricular dys-
function. Moreover, altered vagal control of heart rate appears to be present early in
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the development of left ventricular dysfunction (Kinugawa and Dibner-Dunlap 1995)
and is associated with a poor prognosis in patients post myocardial infarction and in
heart failure post myocardial infarction (Kleiger et al. 1987; La Rovere et al. 1998).
Despite the recognition of a reduced vagal control in heart failure and its association
with worse outcomes, the precise anatomical sites and mechanisms of abnormal vagal
control are not very clear (Bibevski and Dunlap 2011). The overall (limited) evidence
suggests that the anatomical level of dysfunction seems to lie at the level of the gan-
glion since postganglionic mechanisms are upregulated and functional (Bibevski and
Dunlap 2011). Different non-invasive techniques can be used to measure vagal nerve
activity including resting heart rate, heart rate variability, baroreflex sensitivity, and
heart rate turbulence (for an extensive review, see Chapleau and Sabharwal 2011).

3.4.2 Effects During Exercise

In normal subjects, vagal control results in a reduction in resting heart rate through
its inhibitory effect on the SNS and hyperpolarization of the sinus nodal cells. Via a
NO pathway, parasympathetic activation can cause vasorelaxation, but vasocon-
striction through its action on vascular smooth muscle has also been described
(Olshansky et al. 2008). Apart from the bradycardic effect, a negative inotropic
effect resulting in a decreased myocardial contractility has been demonstrated after
vagal nerve stimulation (Lewis et al. 2001). As such, parasympathetic activity
decreases the cardiac work and myocardial oxygen demand (Buch et al. 2002).

Vagal function is blunted in heart failure (Binkley et al. 1991; Kinugawa and
Dibner-Dunlap 1995; Nolan et al. 1992) and is thought to originate from a with-
drawal of baroreflex activity. As blood pressure falls in heart failure, baroreflex
activity is reduced resulting in a decrease in the inhibitory input to adrenergic con-
trol (Clark and Cleland 2000). Whereas in normal conditions, baroreceptor activity
modulates chemoreceptor (Heistad et al. 1975; Somers et al. 1991) and ergoreflex
activation (Kim et al. 2005b), this inhibition is impaired in heart failure, with a
resultant increase in ergoreflex-mediated vasoconstriction (Kim et al. 2005a) and a
hyperventilatory response during exercise (Chua et al. 1996; Piepoli et al. 1996;
Ponikowski et al. 2001b).

3.4.3 Therapeutic Implications

While beta-blockade has found its place as a cornerstone therapy for heart failure
that impacts the SNS, far less is known about medication and interventions that aug-
ment parasympathetic function.

3.4.3.1 Medication

Since there is a close interaction between the sympathetic and vagal nervous sys-
tem, medical therapy that influences the SNS may also have an effect on the vagal
nervous system. This has been shown both experimentally and clinically for
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beta-blockers in heart failure. They can augment the vagal nerve control of heart
rate by blocking the cardiac sympathetic pre-junctional P2-adrenoreceptor that
facilitates norepinephrine release (Kubo et al. 2005). Also, they can increase the
density of M2 receptors especially in the endocardial tissues of the left ventricle free
wall and change heart rate variability measurements, suggesting increased parasym-
pathetic function (Goldsmith et al. 1997; Xu et al. 2006). Accordingly, studies with
ACE inhibitors and angiotensin receptor blockers suggest an additional protective
role by their reduction of angiotensin II, which potentiates sympathetic activity and
blunts vagal inhibitory action. Also, spironolactone might have sympatholytic
effects. In contrast, loop diuretics inducing transient disturbances in fluid balances
may cause a greater suppression of parasympathetic tone (for an in depth review of
this issue see Desai et al. 2011).

3.4.3.2 Device Therapy

The association between impaired vagal reflexes and increased cardiac mortality
raised the possibility that increasing vagal activity could have a protective effect.
This has been shown in different animal models by direct electrical stimulation of
the right cervical vagus (Li et al. 2004; Sabbah et al. 2010; Zhang et al. 2009). The
first human experience of chronic vagal stimulation in patients with heart failure
suggests that this treatment is feasible, safe, and tolerable and leads to a subjective
clinical improvement (Schwartz et al. 2008). Potential mechanisms of a favorable
effect include a heart rate-mediated effect, antiadrenergic effects (that may occur
at the central level and at the peripheral level), antiapoptotic effects, increase in
NO, and antiinflammatory effects (De Ferrari and Schwartz 2011; Olshansky
et al. 2008). Larger clinical trials are currently ongoing to further evaluate the
safety and efficacy of vagus nerve stimulation in patients with heart failure
(Hauptman et al. 2012).

3.4.3.3 Physical Exercise
Numerous studies have demonstrated that physical exercise increases heart rate
variability and baroreflex sensitivity, indicating a restoration of the baroreflex func-
tion and the concomitant vagal activity (Adamopoulos et al. 1995; Coats et al. 1992;
Tellamo et al. 2011; Kiilavuori et al. 1995; Murad et al. 2012; Radaelli et al. 1996).

These training effects are thought to be related to the mediation of different neu-
romodulators of the parasympathetic nerve activity. A decrease in neuronal nitric
oxide synthase (nNOS) has been shown in heart failure and may be involved in the
parasympathetic withdrawal (Nihei et al. 2005). Another modulator is angiotensin
II, which is known to inhibit vagal function through its action on the baroreflex
function and to facilitate sympathetic activity (Mousa et al. 2008; Townend et al.
1995). Physical exercise increases NO bioavailability and endothelial function and
suppresses angiotensin II, thereby improving vagal function (Hambrecht et al. 2000;
Kingwell 2000; Mousa et al. 2008).

By restoring baroreflex function, physical exercise limits the detrimental effects
of ergoreflex and chemoreflex activity which results in improvements of exercise
tolerance in patients suffering heart failure.
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Abstract

Significant advances have been made in recent years to elucidate the neural
mechanisms involved in the genesis of cardiac arrhythmias during acute myocar-
dial ischemia and infarction. The cellular and molecular processes whereby the
sympathetic nervous system serves as a trigger for arrhythmia, and those respon-
sible for the protective effect of vagus nerve activity, have been extensively char-
acterized. Mounting evidence supports the importance of neural remodeling
following myocardial infarction, which has provided valuable clues regarding
factors that impact risk for sudden cardiac death. Promising nerve stimulation
strategies including vagus nerve activation and spinal cord stimulation have pro-
gressed from animal testing to clinical trials.
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Abbreviation

ICD Implantable cardioverter defibrillator

4.1 Introduction

Neural influences play a major role in determining whether an acute myocardial
ischemic event or myocardial infarction culminates in ventricular fibrillation, the
arrhythmia responsible for sudden cardiac death. It has been argued that, in many
cases, malignant ventricular arrhythmias in patients with coronary artery disease
are in fact the consequence of heterogeneous neural remodeling or “frayed
nerves.”

During acute myocardial ischemia, powerful cardio-cardiac reflexes are acti-
vated that are adaptive with respect to maintaining contractility but have deleterious
consequences because of the highly arrhythmogenic impact of heightened catechol-
amine levels (Malliani et al. 1969). The facts that sudden cardiac death exhibits a
circadian pattern of heightened risk in the early morning hours (Muller et al. 1987),
that pf-adrenergic blockade (Olsson et al. 1992) and left stellectomy (Schwartz et al.
1992, 2004; Wilde et al. 2008; Coleman et al. 2012) reduce sudden cardiac death
risk, and that, in 20-30 % of events, intense emotions, particularly anger, have been
linked to myocardial infarction (Mittleman et al. 1995) and life-threatening arrhyth-
mias as evidenced by implantable cardioverter defibrillator (ICD) discharge
(Lampert et al. 2002) attest to the pivotal role of neural factors in malignant
arrhythmias.

New evidence suggests that myocardial infarction profoundly disrupts, or
“frays,” cardiac nerves, setting the stage for heterogeneous reinnervation, which is
conducive to sustained reentrant ventricular arrhythmias (Zhou et al. 2004; Verrier
and Kwaku 2004). Thus, the concept has emerged that neural remodeling following
myocardial infarction should be considered an important element in risk for sudden
cardiac death along with remodeling of the myocardial substrate.

The main goal of this review is to discuss both the enduring and the new concepts
that underlie our current understanding of the role of neural influences in myocar-
dial ischemia- and infarction-induced ventricular tachycardia and fibrillation.

4.2  AdrenergicInfluences on Cardiac Arrhythmia
Vulnerability

Adrenergic inputs constitute an important trigger for ventricular arrhythmias dur-
ing acute myocardial ischemia and infarction. Demonstration of the triggering
role of sympathetic nerve discharge in spontaneous ventricular tachycardia and
fibrillation was provided by direct recording of left stellate ganglion nerve activity
in ambulatory dogs with chronic myocardial infarction (Fig. 4.1) (Zhou et al.
2008). Such striking surges in sympathetic nerve activity also occur within a few
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Fig.4.1 Example of increased left stellate ganglion nerve activity (SGNA) preceding ventricular
fibrillation (VF) and sudden cardiac death (Zhou et al. 2008). (a) Increased low-amplitude burst
discharge activity (LABDA) resulted in accelerated idioventricular rhythm. (b) VF occurred
approximately 40 s later. Panels (a) and (b) are continuous. (¢) A 6-s recording from panel (b). INA
integrated nerve activity in millivolts, P P wave, which is dissociated from ventricular activation
due to complete AV block (Reprinted with permission from Elsevier)

seconds of experimental left anterior descending coronary artery occlusion
(Malliani et al. 1969) and are associated with a fall in ventricular fibrillation
threshold (Lombardi et al. 1983), as well as by a marked increase in spontaneous
occurrence of ventricular tachycardia and fibrillation and correlated increase in
T-wave alternans magnitude (Nearing et al. 1991, 1994). With reperfusion, a sec-
ond peak in ventricular arrhythmia vulnerability and T-wave alternans occurs,
likely provoked by washout of by-products of cellular ischemia (Lombardi et al.
1983; Nearing et al. 1991, 1994; Corbalan et al. 1976). Left stellate ganglionec-
tomy significantly attenuates the surge in vulnerability to ventricular fibrillation
during occlusion but enhances its magnitude during reperfusion (Schwartz et al.
1976; Nearing et al. 1991).

4.3  Role of Adrenergic Receptor Activation

Enhanced sympathetic nerve activity increases vulnerability to ventricular arrhyth-
mias in the ischemic heart by complex processes. Multifold direct arrhythmogenic
effects on cardiac electrophysiologic function are primarily mediated through f;-
adrenergic receptors. They include derangements in impulse formation, conduction,
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Fig.4.2 The cardiac f-adrenergic signaling system mediating ventricular arrhythmogenesis. The
central pathways include links between cyclic adenosine 3’,5’-monophosphate (cAMP), cytosolic
calcium, and specific calcium-mediated electrophysiologic abnormalities that predispose to ven-
tricular tachycardia (VT) and ventricular fibrillation (VF) (Modified from Opie (2004) and used
with his permission). The lowest panel is based on Lee et al. (1988), indicating that simulated
ischemia results in alternation in calcium transients, which appears to underlie action potential
alternans (Reprinted with permission from Lippincott Williams & Wilkins)

repolarization alternans, and heterogeneity of repolarization, with the potential for
culmination in ventricular tachycardia and fibrillation (Fig. 4.2) (Opie 2004; Lee
et al. 1988). Indirect effects include impairment of oxygen supply—demand ratio
resulting from increased cardiac metabolic activity, alpha-adrenergically mediated
coronary vasoconstriction, especially in vessels with damaged endothelium, and
changes in preload and afterload.

Increased levels of catecholamines stimulate p-adrenergic receptors, which in
turn alter adenylate cyclase activity and intracellular calcium flux. These effects are
probably mediated by the cyclic nucleotide and protein kinase regulatory cascade,
which can alter spatial heterogeneity of calcium transients and consequently pro-
voke T-wave alternans and heterogeneity of repolarization (Verrier et al. 2011).

In the setting of myocardial ischemia, a-adrenergic blockade may alleviate coro-
nary vasoconstriction and reduce platelet aggregability, but in the normal heart,
a-adrenergic receptor stimulation or blockade does not appear to affect ventricular
electrical stability, as evidenced by the fact that administration of an a-adrenergic
agonist such as phenylephrine or methoxamine does not influence excitable proper-
ties when the pressor response is controlled to prevent reflex changes in autonomic
tone (Verrier et al. 1974; Kowey et al. 1983).
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Fig. 4.3 Interaction between parasympathetic and sympathetic systems at a cellular level may
involve two opposing cyclic nucleotides, cyclic adenosine 3’,5’-monophosphate (cAMP) and
cyclic guanosine 3’,5’-monophosphate. Many effects of vagal stimulation can best be explained by
the inhibitory effect on the formation of cAMP, including formation of the inhibitory G protein G;
in response to M,-receptor stimulation (Reprinted from Opie (2004) and used with his
permission)

4.4  Sympathetic-Parasympathetic Nerve Interactions

Vagus nerve influences are contingent on the prevailing level of adrenergic tone
(Lown and Verrier 1976). When sympathetic nerve activity is augmented by thora-
cotomy, sympathetic nerve stimulation, myocardial ischemia, or catecholamine
infusion, vagus nerve activation exerts a protective effect on ventricular vulnerabil-
ity. But, vagus nerve stimulation alone is without effect on ventricular vulnerability
during p-adrenergic blockade. Levy and Blattberg (1976) termed this phenomenon
“accentuated antagonism” (Fig. 4.3) (Opie 2004). The basis for this antagonism of
adrenergic effects is presynaptic inhibition of norepinephrine release from nerve
endings and muscarinically mediated action at the second messenger level, attenuat-
ing the response to catecholamines at receptor sites (Levy and Blattberg 1976).
Vagus nerve influences also provide indirect protection against ventricular fibrilla-
tion during both myocardial ischemia and reperfusion by reducing excess heart
rates, which can otherwise critically compromise diastolic perfusion time to increase
the ischemic insult (Zuanetti et al. 1987). However, the beneficial effects of vagus
nerve activity may be annulled if profound bradycardia and hypotension ensue.
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4.5 Nerve Degeneration and Regrowth in Response
to Myocardial Infarction

Myocardial infarction can elicit extensive damage to the afferent and efferent
innervation of the heart (Minardo et al. 1988) (Fig. 4.4). The resulting heteroge-
neous reinnervation, supersensitivity to catecholamines, and loss of antiarrhythmic
effects of vagus nerve activity converge to enhance susceptibility to ventricular
arrhythmias during the acute phase of myocardial infarction (Table 4.1) (Zipes and
Miyazaki 1990).

Chen and coworkers (2001) demonstrated a significant correlation between
increased sympathetic nerve density as reflected in immunocytochemical markers
and history of ischemia in native hearts of human transplant recipients. In a canine
model, they documented increased incidence of ventricular tachycardias and sud-
den cardiac death following induction of nerve sprouting with nerve growth factor.
Episodes of T-wave alternans also occurred (Tsai et al. 2002), consistent with this
parameter’s capacity to track arrhythmia vulnerability in humans as well as animal
models (Verrier et al. 2011). The predisposition to arrhythmias was also linked to
immunocytochemical evidence of a heterogeneous pattern of sympathetic nerve
reinnervation (Zhou et al. 2004; Verrier and Kwaku 2004) (Fig. 4.5), prompting the

Control Myocardial infarction

Denervation Reinnervation
at 7 weeks at 14 weeks

Fig. 4.4 MIBG scintigraphic images of sympathetic innervation before and after myocardial
infarction in dogs (Minardo et al. 1988). Left panel: Left lateral preoperative metaiodobenzylgua-
nidine (MIBG) image showing homogeneous uptake. Middle panel: MIBG images obtained 7
weeks after latex injection showing anteroapical defect (arrow). Right panel: MIBG images at 14
weeks after latex injection showing homogeneous uptake (Reprinted with permission from
Lippincott Williams & Wilkins)

Table 4.1 Autonomic effects of myocardial infarction

Hours: Damage to efferent and afferent autonomic nerve supply
Days, weeks:
Heterogeneous re-innervation (14 weeks)
Denervation supersensitivity (>17 weeks)
Risk for arrhythmias
Desensitization to cardiac pain, due to damage to afferent fibers
From Zipes and Miyazaki (1990)
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Fig.4.5 Nerve sprouting after myocardial infarction. Panels (a) and (b) demonstrate TH-positive
nerve fibers (arrowheads) in injured areas or around coronary arteries and in a patient with coro-
nary artery disease (Cao et al. 2000). Panel (c) signaling of neural remodeling after myocardial
infarction (Verrier and Kwaku 2004). Myocardial injury (shaded area) results in early local nerve
growth factor (NGF) release, presumably from damaged cells, followed by upregulated NGF and
growth-associated protein 43 (GAP43) expression, especially in the infarct area (/). These signal
proteins are then retrogradely transported (2) to the nerve cell bodies in the ganglia (3) where they
stimulate the sprouting of new cardiac nerve endings in the heart (4), predominantly in nonin-
farcted regions, leading to heterogeneous hyperinnervation (Reprinted with permission from
Lippincott Williams & Wilkins)

suggestion that the term “neural remodeling” should be employed alongside
“myocardial remodeling” in the conceptual framework of the pathophysiology of
acute myocardial infarction.

4.6 Nerve Stimulation as an Antiarrhythmic Strategy

Electrical stimulation of the cardiac nerve supply has been reported to reduce
ventricular tachyarrhythmias. Spinal cord stimulation, which is both sympatholytic
and enhances cardiac vagus nerve tone, is capable of decreasing ischemia-induced
arrhythmias in canines (Issa et al. 2005) and T-wave alternans in patients with
ischemic cardiomyopathy (Ferrero et al. 2008). Chronic vagus nerve stimulation
prevented ventricular fibrillation and sudden cardiac death in conscious dogs with
a healed myocardial infarction (Vanoli et al. 1991). In humans, chronic vagus nerve
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stimulation improves left ventricular function in patients with advanced heart
failure (De Ferrari et al. 2011), suggesting the potential for concurrent improve-
ment in mechanical function and reduction in arrhythmia risk.

Conclusion

Our comprehension of the role of the autonomic nervous system has continued
to evolve in an intriguing and productive manner. Activation of the sympathetic
nervous system is an important factor in the genesis of ischemia- and infarction-
induced ventricular arrhythmias. Increased vagus nerve activity is protective by
inhibition of norepinephrine release and cyclic nucleotide-mediated antagonism
at the adrenergic receptor level. The pattern of local neurocircuitry critically
influences heterogeneity of repolarization, a fundamental factor in arrhythmo-
genesis. Especially important is the neural remodeling that occurs in the post-
myocardial infarction period. A number of promising therapeutic approaches
based on pharmacologic and electrical targeted neuromodulation to decrease
cardiac sympathetic while augmenting vagus nerve tone are being pursued.
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Abstract

The sympathetic nervous system is the primary extrinsic control of heart rate and
contractility and is activated during periods of stress to compensate for increased
cardiovascular demand. Signal transduction by the neurotransmitter norepineph-
rine via postsynaptic f-adrenoceptors and second messenger pathways increases
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calcium supply in the myocardium, leading to enhanced contractile function.
Clinical evidence demonstrates elevated sympathetic tone in cardiovascular dis-
ease, resulting in altered expression patterns of multiple proteins involved in sym-
pathetic neuronal transmission. Molecular imaging techniques have been developed
targeting these proteins by single-photon emission computed tomography (SPECT)
or positron emission tomography (PET). A number of radiotracers have been
developed, evaluated, and deployed targeting presynaptic neuronal function
(uptake-1 norepinephrine reuptake pathway), postsynaptic a- and f-adrenoceptor
density, and second messenger systems (adenylate cyclase/cyclic adenosine mono-
phosphate (cAMP) and phospholipase C/inositol trisphosphate cascades). While
the majority of clinical applications to date have utilized analogues of norepineph-
rine including !*I-metaiodobenzylguanidine (['*I]-MIBG) with SPECT and
"C-meta-hydroxyephedrine ([!'C]-mHED) with PET, recent studies have demon-
strated added value to multitracer approaches, providing insight not only into neu-
ronal function but also into receptor binding and downstream signaling. In this
chapter, the physiology of sympathetic neuronal signaling is discussed with atten-
tion to specific targets of current radiotracers in molecular imaging. A summary of
the available tracers that have been evaluated in preclinical and clinical settings is

provided, with particular attention to those tracers currently utilized in patients.

Abbreviations

AC Adenylate cyclase

AR Adrenoceptor

ATP Adenosine triphosphate

BNP B-type natriuretic peptide

cAMP Cyclic adenosine monophosphate
COMT Catechol-O-methyltransferase
DA Dopamine

DDC DOPA-decarboxylase

DOPA Dihydrxoyphenylalanine

DpH Dopamine-f-hydroxylase

Epi Epinephrine

ICD Implantable cardioverter-defibrillator
1P3 Inositol trisphosphate

IPKI Isoquinolinesulfonamide protein kinase inhibitor
MAO Monoamine oxidase

NE Norepinephrine

NYHA New York Heart Association
PDE Phosphodiesterases

PDE4 Phosphodiesterase-4

PET Positron emission tomography
PKA Protein kinase A

PKC Protein kinase C

PLC Phospholipase C



5 Tracers for Sympathetic Cardiac Neurotransmission Imaging 89

PMNT Phenylethanolamine methyltransferase
SNARE Soluble N-ethylmaleimide-sensitive factor attachment protein receptor
SPECT Single-photon emission computed tomography

TH Tyrosine hydroxylase
t-SNARE  Target-SNARE
Tyr Tyrosine

VMAT2  Vesicular monoamine transporter 2

5.1 Introduction

In the last decades, several tracers have been developed to image the sympathetic
system in the heart using PET or SPECT. The tracers aim at molecular targets at the
presynaptic and postsynaptic side as well as second messenger systems thereby
covering the overall signal transduction. This book chapter describes the functional-
ity of the different parts of the sympathetic system followed by a summary of avail-
able tracers that have been used in humans.

5.2  Cardiac Sympathetic Nervous System

Cardiac rhythm and contractility is maintained by the intrinsic conduction system
comprising pacemaker cells, bundle branches, and Purkinje fibres. The autonomic
nervous system provides primary extrinsic control of heart rate and contractility
(Armour 2004). The heart is under tonic regulation by the parasympathetic vagus
nerve, maintaining homeostatic heart rate and pressure (Johnson et al. 2004). During
periods of high-energy demand, acute or chronic stress, signaling of the sympa-
thetic nervous system predominates, contributing to increased heart rate and con-
tractility (Ardell 2004).

5.2.1 Sympathetic Innervation

Sympathetic innervation consists of preganglionic and postganglionic efferent fibres.
Preganglionic efferent neurons originate in the locus coeruleus of the pons, projecting
to the hypothalamus, cranial nerves, and the intermediolateral tract of the spinal cord
(Ardell 2004). Exiting the spinal cord at T1-T5 rami, these efferent neurons synapse
within the paravertebral ganglia or at the adrenal gland. Postganglionic fibres project
to the heart from the stellate ganglion and other upper thoracic paravertebral ganglia
(Pardini et al. 1989). These neurons coalesce with the cardiac extensions of the vagus
nerve to form the cardiac neuronal plexus at the base of the heart. From this plexus,
sympathetic efferents follow the coronary vasculature to innervate the myocardium,
focused at the epicardium, whereas parasympathetic fibres penetrate the outer layers
to innervate the endocardium (Denn and Stone 1976). Sympathetic neurons are dis-
tributed in a relatively uniform manner throughout the atria and ventricles, with focal
innervation at sinoatrial and atrioventricular nodes (Wehrwein et al. 2008).
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Terminal release of neurotransmitter occurs from localized swellings of the
axons, termed varicosities or boutons, effectively the neuroeffector junctions of
the cardiac sympathetic nervous system (Fig. 5.1). Within the varicosity, nor-
epinephrine is stored in neuronal vesicles and synthesized from tyrosine in a
series of enzyme-catalyzed reactions: tyrosine is converted to dihydrxoyphenyl-
alanine (DOPA) by tyrosine hydroxylase; DOPA is converted to dopamine by
DOPA-decarboxylase; dopamine is converted to norepinephrine by dopamine
B-hydroxylase; norepinephrine is converted to epinephrine by phenylethanolamine-
N-methyltransferase. Following sympathetic nerve impulse, vesicles dock to the
axonal membrane of the varicosity via scaffolding proteins including #-soluble
N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) com-
plexes (Blanes-Mira et al. 2003; Jung et al. 2008). The contents of the vesicle
are released into a synaptic cleft that is wider than in the central nervous system
(Woolard et al. 2004).

5.2.2 Neuronal Reuptake

The sympathetic signal is terminated by the active recapture of norepinephrine to
the neuron via norepinephrine reuptake transporter (uptake-1). Approximately
80 % of neurotransmitter in the heart is synthesized by local neurons, with rela-
tively low reliance on circulating neurohormones synthesized by the adrenal
gland (Kopin and Gordon 1963; Esler et al. 1984). Uptake-1 is a saturable trans-
porter and is dependent on adenosine triphosphate (ATP) and sodium (Jaques
et al. 1987). A small proportion of secreted norepinephrine is taken up by post-
synaptic, non-saturable, ATP-independent uptake-2 (Russ et al. 1992). Whereas
uptake-1 is blocked by non-selective tricyclic antidepressants (e.g. desipramine)
or cocaine, uptake-2 is blocked by corticosteroids or sympatholytics (e.g. cloni-
dine) (Salt 1972; Esler et al. 1981; Raffel and Wieland 2001). Following recap-
ture, norepinephrine is packaged into storage vesicles by vesicular monoamine
transporter-2 or is subject to break down by monoamine oxidase and catechol-O-
methyltransferase. Reduced uptake-1 maximal velocity and expression has been
demonstrated in heart failure (Li et al. 2004; Sasano et al. 2008; Matsunari et al.
2010). Binding assays have demonstrated the highest uptake-1 density in the left
ventricle with lower binding observed in the right ventricle and atrial tissue
(Liang et al. 1989; Wehrwein et al. 2008). Immunoreactivity of uptake-1 is spe-
cific to sympathetic nerve fibres, as demonstrated by overlay fluorescence
microscopy and colocalization with tyrosine hydroxylase antibodies (Parrish
et al. 2008).

As evidenced by electron microscopy and immunoprecipitation studies, uptake-1
exists in two distinct pools: functional membrane-bound uptake-1 associated with
large protein scaffolds including syntaxin 1A and SNARE complexes (Geerlings
et al. 1998) and non-functional intracellular uptake-1 bound to lipid rafts within the
cytosol (Wong and Scott 2004). The expression of uptake-1 is modulated by a vari-
ety of factors including short-term internalization of membrane-bound uptake-1 to
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Fig.5.1 Schematic of sympathetic neuronal transmission in the myocardium. Within the neuro-
nal varicosity, norepinephrine (NE) is synthesized in a series of enzyme-catalyzed steps: tyrosine
(Tyr) is converted to dihydroxyphenylalanine (DOPA) by tyrosine hydroxylase (TH), DOPA is
converted to dopamine (DA) by DOPA-decarboxylase (DDC), DA is converted to NE by dopamine-
B-hydroxylase (DpH), and NE is converted to epinephrine (Epi) by phenylethanolamine methyl-
transferase (PMNT). NE is packaged in storage vesicles by vesicular monoamine transporter 2
(VMAT2). Upon docking to the neuronal membrane, NE is released into the synaptic cleft, where
it binds to a-adrenoceptors (a;,AR) or B-adrenoceptors (f;,AR). NE binding to o; AR expressed
by vasculature leads to vasoconstriction. NE binding to a, AR expressed at the neuronal varicosity
evokes negative feedback on sympathetic signal transduction. Activation of stimulatory (Gs) or
inhibitory (Gi) BAR leads to activation or inhibition of adenylate cyclase (AC), respectively. AC
converts adenosine triphosphate (ATP) to the second messenger cyclic adenosine monophosphate
(cAMP), which subsequently phosphorylates protein kinase A (PKA). cAMP is hydrolyzed by
phosphodiesterases (PDE4) to adenosine monophosphate (AMP). Sympathetic signal is termi-
nated by active recapture of NE by presynaptic uptake-1 (up-1) or postsynaptic uptake-2 (up-2)
pathway. NE is metabolized by catechol-O-methyltransferase (COMT) or monoamine oxidase
(MAO) (Adapted from Thackeray et al. (2012))

lipid rafts and longer-term control of gene expression. Chronic KCl depolarization,
neurotrophins, and tyrosine hydroxylase cofactors stimulate increased uptake-1
translocation to the neuronal membrane (Ren et al. 2001; Miner et al. 2003;
Habecker et al. 2006). By contrast protein kinase C (PKC) activation, cyclic



92 JT.Thackeray et al.

adenosine monophosphate (cAMP) elevation, norepinephrine exposure, and chronic
pharmacological uptake-1 blockade have been shown to reduce uptake-1 density
and V.« (Bryan-Lluka et al. 2001; Mardon et al. 2003; Wong and Scott 2004; Mao
et al. 2005). Studies of heart failure rats reported impaired norepinephrine reuptake,
contributing to increased catecholamine spillover to the circulation (Backs et al.
2001). Moreover, systemic knockout of uptake-1 evokes a marked increase in circu-
lating and decrease in myocardial tissue catecholamine levels, resulting in cardiac
exercise intolerance (Keller et al. 2004).

5.2.3 Postsynaptic Signaling

Sympathetic signaling is conducted postsynaptically by neurotransmitter stimula-
tion of G protein-coupled adrenoceptors expressed at the target tissue surface
(Fig. 5.1). Adrenoceptors comprise two major subtypes and multiple isoforms.
Alpha-adrenoceptors exist in two isoforms: o;-adrenoceptors which are localized
mainly in the vasculature and a,-adrenoceptors of which the a,5-adrenoceptors are
localized on presynaptic neurons. Beta-adrenoceptors are found in three well-
characterized isoforms: p;-adrenoceptors found in the highest quantity in the car-
diac and skeletal muscle and adipose tissue, ,-adrenoceptors found in the greatest
concentration in bronchioles, and fs;-adrenoceptors predominantly expressed by
adipocytes (Armour 2004).

Both f;- and p,-adrenoceptors are coupled to the stimulatory G protein (Gy).
Dissociation of the a-subunit of G activates adenylate cyclase and generates the
second messenger cAMP. Subsequent activation of protein kinase A (PKA) phos-
phorylates a series of proteins involved in Ca?* regulation including ryanadine
receptor, sarcoplasmic reticulum Ca** ATPase, and L-type calcium channels. This
signal culminates in an influx of Ca*" which, by binding and inactivating the regula-
tory protein calmodulin, facilitates the interaction of actin and myosin at the sarco-
mere and effectively increases the force of cardiomyocyte contraction (Brodde
1991; Wehrens et al. 2006). B,-Adrenoceptors are also coupled to the inhibitory G
protein (G;). The dissociated a-subunit of G; inhibits adenylate cyclase, resulting in
areduction of cAMP production. This counters the action of G, stimulation and acts
as a regulator of cardiac contractility. Cardiac ;-adrenoceptors have been shown to
contribute to negative inotropic effects in reducing the amplitude and accelerating
the repolarization phase of the cardiac action potential in isolated ventricular myo-
cytes (Gauthier et al. 1996). In the healthy human heart, p-adrenergic subtype
expression patterns are roughly 62 % f,, 30 % ,, and 8 % f; adrenoceptors (Bristow
et al. 1986).

Continuous stimulation of B-adrenoceptors evokes uncoupling of sympathetic
signaling from calcium regulation. Seven day infusion of epinephrine resulted in a
decrease in B-adrenoceptor B, by dihydroalprenolol binding assay, and was asso-
ciated with an earlier shift in phospholipid composition of the sarcolemma
(Benediktsdottir et al. 1999). This observation supports the membrane clathrin pit
internalization model of f-adrenoceptor internalization and downregulation. Using
membrane preparations from failing human hearts post-transplant, Bristow and
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colleagues demonstrated a 50-56 % reduction in -adrenoceptor density and a sig-
nificant attenuation of muscle contractility (Bristow et al. 1982).

5.3  Tracers of the Cardiac Sympathetic Nervous System

The observed changes in sympathetic tone and postsynaptic receptor density have
led to the development of molecular imaging probes targeted to the cardiac sympa-
thetic nervous system. Though clinical experiences remain somewhat limited, a
number of sympathetic nervous system targeting radiotracers have been routinely
synthesized and evaluated over the last 25 years.

5.3.1 Neuronal Tracers

The majority of sympathetic nervous system radiotracers are based on the structure
of norepinephrine and other catecholamines, taking advantage of the endogenous
reuptake pathway to target sympathetic neurons (Fig. 5.2). This class of tracers
includes labelled neurotransmitters (e.g. [!®F]-dopamine, [''C]-epinephrine),
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[''C]-mHED [''C]-Phe ['"C]-NSX
['8F]-LMI1195 ['8F]-DA [''C]-RBX

Fig.5.2 Summary of presynaptic neuronal molecular imaging agents and their differing pharma-
cologic behaviour. ['*I]-MIBG, [''C]-mHED, and ["*F]-LMI1195 exhibit high selectivity for
uptake-1, with moderate vesicular packaging via VMAT?2, moderate passive diffusion across
vesicular and neuronal membranes, and active release from vesicles during signal transmission,
providing a dynamic picture of norepinephrine uptake and release. By contrast, 'C-epinephrine
(Epi), [''C]-phenylephrine (Phe), and ['*F]-dopamine (DA) exhibit higher vesicular packaging
with less passive diffusion from the neuron, but are susceptible to degradation by monoamine
oxidase and catechol-O-methyltransferase, providing a complete picture of norepinephrine uptake,
release, and metabolism. Experimental tracers [''C]-desipramine (DMI), [''C]-nisoxetine (NSX),
and [''C]-reboxetine (RBX) bind to uptake-1, reflecting transporter density alone (Adapted from
Raffel and Wieland (2001))
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substrate analogues termed ‘false neurotransmitters” (e.g. ['*’I]-MIBG,
[F]-LMI1195, ['C]-mHED, [!C]-phenylephrine, ['!C]-phenethylguanidines),
and uptake-1 inhibitors (e.g. [''C]-methylreboxetine, ['!C]-desipramine). The most
widely utilized tracers in clinical practice are ['*’I]-MIBG and [''C]-mHED, with
expanding preclinical but limited clinical experience with several other candidate
tracers. Each tracer exhibits unique uptake and retention characteristics, providing
information on some combination of neuronal reuptake, uptake-1 density, vesicular
packaging, vesicular release, and catecholamine metabolism. Chronic sympathetic
activation drives a decrease in neuronal reuptake, including internalization and
downregulation of uptake-1 and increased synaptic norepinephrine content and
spillover. Ideal characteristics of sympathetic neuronal tracers include specificity
and selectivity for uptake-1 over other reuptake transporters; high affinity for
uptake-1 to minimize competition with endogenous norepinephrine for reuptake;
long neuronal retention time potentially with vesicular packaging by vesicular
monoamine transporter-2 and/or low lipophilicity; and metabolic stability and resis-
tance to endogenous catecholamine breakdown to facilitate kinetic modelling.

5.3.1.1 ['#l]-Metaiodobenzylguanidine

The most widely used radiotracer for evaluation of sympathetic innervation is the
SPECT norepinephrine analogue ['**I]-MIBG. First developed to image neuroendo-
crine tumours, early studies identified uptake in the myocardium, prompting further
exploration. A study in pheochromocytoma patients reported an inverse correlation
between myocardial uptake of therapeutic ['*'I]-MIBG and concentration of plasma
and urinary catecholamines (Nakajo et al. 1983), suggesting an influence of sympa-
thetic tone on tracer retention. ['**I]-MIBG shows high affinity for uptake-1 with
extended neuronal retention time with evidence for a significant extraneuronal
uptake-2 accumulation as well (Dae et al. 1995; Degrado et al. 1995). Uptake is fol-
lowed by vesicular packaging and active release of neurotransmitter with endoge-
nous catecholamines during sympathetic activation. As such, the rate of ['**I]-MIBG
washout, in conjunction with early and late measurements of myocardial contrast,
provides an estimation of sympathetic tone (Narula and Sarkar 2003). As a non-
catechol, ['**I]-MIBG is resistant to monoamine oxidase and catechol-O-methyl-
transferase, rendering it metabolically stable for semi-quantitative imaging. Recent
large-scale clinical trials have identified an independent prognostic value for
['2I]-MIBG imaging in the identification of heart failure patients at the greatest risk
of progression (Bax et al. 2008; Boogers et al. 2010; Kasama et al. 2011).
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5.3.1.2 [V"C]-Meta-Hydroxyephedrine

In PET, the most routinely used radiotracer for sympathetic neuronal imaging is
['!C]-mHED. As an analogue of norepinephrine devoid of postsynaptic activity,
['!C]-mHED is actively transported by uptake-1 where it is partially packaged to
vesicles, released with neurotransmitter, or passively diffused back to the synaptic
cleft. ["'C]-mHED is not susceptible to monoamine oxidase breakdown. As such,
retention of [!!C]-mHED reflects complete presynaptic function of the sympathetic
neuron. Structure activity relationship experiments identified selectivity of
['!C]-mHED for uptake-1 over the dopamine reuptake transporter (1:10) and sero-
tonin reuptake transporter (1:71) (Foley et al. 2002). Synthesis of [!!C]-mHED is
achieved by the N-''C-methylation of metaraminol freebase in high specific activity
and yield (Rosenspire et al. 1990; Law et al. 1997). Distribution studies demon-
strated high and prolonged retention of [!!C]-mHED in tissues with complex adren-
ergic networks including the heart, adrenal glands, and spleen, with gradual
accumulation in the liver. Treatment with selective inhibitors of uptake-1 reduced
retention by up to 80-95 % in the heart, with a consequent increase in hepatic activ-
ity, reflecting accumulation of metabolites (Rosenspire et al. 1990; Law et al. 1997,
Thackeray et al. 2007; Tipre et al. 2008; Law et al. 2010). Myocardial accumulation
of ['!C]-mHED is reduced by increasing concentrations of true or false neurotrans-
mitters, to a maximal decrease of 90 %, consistent with competition for uptake-1
sites (Degrado et al. 1995; Law et al. 1997; Thackeray et al. 2007; Thackeray et al.
2013). Cardiac sympathetic denervation by phenol or 6-hydroxydopamine estab-
lished a direct relationship between uptake-1 B, and [''C]-mHED accumulation
(Raffel et al. 2006). High-performance liquid chromatography metabolite analysis
in guinea pigs and rats established the presence of multiple labelled metabolites in
the liver and plasma (~75 % of total activity) by 30 min after injection, but no pres-
ence of labelled metabolites in the myocardium (<0.5 % of total activity) (Rosenspire
et al. 1990; Law et al. 1997; Thackeray et al. 2007). Similar plasma accumulation
was described in human subjects, with a rapid accumulation of [''C]-labelled
metabolites in the blood over 10-20 min after injection (Link et al. 1997).
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5.3.1.3 [""C]-Epinephrine

Epinephrine is an endogenous neurotransmitter synthesized from norepinephrine with
high affinity for a-adrenoceptors and a prominent role in peripheral blood pressure
homeostasis. Synthesis is carried out by N-methylation of norepinephrine, providing
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[''C]-epinephrine in high specific activity and radiochemical yield (Nguyen et al.
1997; Tipre et al. 2008). [''C]-Epinephrine has a high affinity for uptake-1 that is
effectively blocked by administration of inhibitors (Raffel and Chen 2004; Tipre et al.
2008). Structurally identical to the endogenous neurotransmitter, ''C-epinephrine
exhibits more natural physiological behaviour than [''C]-mHED, with a greater pro-
portion of vesicular packaging and susceptibility to monoamine oxidase metabolism
(Nguyen et al. 1997; Munch et al. 2000). High vesicular uptake translates to reduced
loss of tracer to passive diffusion and a lower overall washout rate of tracer (Raffel and
Wieland 2001). Labelled metabolites greatly contribute to the radioactivity signal in
the myocardium, necessitating metabolite correction for quantitative imaging.
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5.3.1.4 ["*F]-LMI1195

More recently, a PET analogue of MIBG has been developed and analyzed, attempt-
ing to capitalize on the clinical experience with the iodinated SPECT analogue and
the higher spatial resolution of PET. The compound N-[3-bromo-4-(3-['¥F]fluoro-
propoxy)-benzyl]-guanidine (LMI1195) which can be easily labelled by direct
[®F]-fluorination of a brosylate precursor has undergone preclinical testing, in
which cardiac uptake was well defined compared to the liver. Imaging studies in
rabbits with desipramine blockade or 6-hydroxydopamine denervation demon-
strated a correlation between ['8F]-LMI 1195 retention and uptake-1 density without
a corresponding difference in myocardial blood flow for either model (Yu et al.
2011). The radiotracer has recently entered clinical phase-1 trials, with initial
reports of favourable dosimetry (Lazewatsky et al. 2010) and proposed progression
to a commercial product.
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5.3.1.5 Other Compounds

In addition to these well-characterized compounds, a number of other neuronal
radiotracers have been synthesized. [!!C]-Phenylephrine exhibits selectivity for
uptake-1, but shows a greater membrane permeability than either [!!C]-mHED or
[!!C]-epinephrine, and is highly susceptible to breakdown by monoamine oxidase
and catechol-O-methyltransferase, resulting in a high proportion of radiolabelled
metabolites (Raffel et al. 1996; Tipre et al. 2008). [**F]-Fluorodopamine has been
extensively used in brain imaging studies, demonstrating selective uptake and vesic-
ular packaging, though intraneuronal conversion to ['®F]-fluoronorepinephrine and
endogenous metabolite generation complicate quantitative image analysis (Raffel
and Chen 2004). A series of [!!C]-phenethylguanidines have been synthesized and
tested in vitro, exhibiting favourable kinetic modelling characteristics including
lower uptake-1 transport rate, reduced membrane permeability, and greater vesicu-
lar transport, resulting in a more static uptake profile (Raffel et al. 2007). The suit-
ability of [!!C]-phenethylguanidines for in vivo imaging has not been fully
elucidated. Additionally, a number of tracers based on selective uptake-1 inhibitors
have been synthesized to circumvent the complex modelling inherent to labelled
true and false neurotransmitters. These include [''C]-nisoxetine, [!!C]-desipramine,
and [!!C]-reboxetine compounds (Haka and Kilbourn 1989; Van Dort et al. 1997,
Ding et al. 2005). In vivo experiments with these tracers in the heart have provided
mixed results.

5.3.2 Adrenergic Receptor Antagonists

The second major category of sympathetic nervous system radiotracers are labelled
adrenoceptor antagonists (Fig. 5.3). The challenge in the design of adrenergic recep-
tor antagonist ligands is to restrict binding to cell membrane receptors, such that
tracer binding is sensitive to receptor desensitization, internalization, and down-
regulation. Therefore, these antagonists should have a hydrophilic character in order
to only bind to cell surface functional receptors. Due to altered sympathetic tone to
the myocardium in cardiovascular disease, labelled adrenoceptor antagonists facili-
tate non-invasive longitudinal tracking of the progression of left ventricular remod-
elling and have been hypothesized to predict patient response to beta-blocker
therapy (Tsukamoto et al. 2007; Naya et al. 2009).

5.3.2.1 ["'C]-CGP-12177

The best characterized adrenergic receptor antagonist is (S)-(3’-fert-butylamino-2'-
hydroxypropoxy)-benzimidazol-2-[''C]-one ([!!C]-CGP-12177). It exhibits a high
affinity for p;- and p,-adrenoceptors, with lower affinity and partial agonist activity
for Ps;-adrenoceptors (Ky=0.3, 0.9, 80.0 nM, respectively). Pretreatment with
B-adrenergic antagonists propranolol or unlabelled CGP-12177 blocked tracer bind-
ing by 80-90 % (Delforge et al. 1991; Van Waarde et al. 1992; Thackeray et al.
2011). Further, the low lipophilicity of the compound ensures binding only to cell
surface receptors and not to internalized receptors in the cytosol (van Waarde et al.
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Fig.5.3 Summary of postsynaptic sympathetic imaging agents and their molecular targets in the
adrenergic signaling cascade. [''C]-GB67, [''C]-CGP-12177, and [''C]-CGP-12388 bind to
membrane-bound adrenoceptors (AR). [''C]-Diacylglycerol (DAG) measures the flux of
Gg-activated phospholipase C (PLC) and phosphatidylinositide-4,5-bisphosphate in converting
DAG to inositol trisphosphate (/P3). Radiolabelled forskolin measures activity of adenylate
cyclase (AC) in converting ATP to second messenger cAMP. [''C]-Rolipram and [''C]-RAL-01
target phosphodiesterases (PDE) which hydrolyze cAMP to AMP under the regulation of cAMP,
providing an indirect index of cAMP levels. Labelled isoquinolinesulfonamide protein kinase
inhibitor (/PKI) target protein kinase A (PKA)

2004). Ex vivo studies in rats demonstrated that chronic treatments with adrenergic
receptor agonists decrease the binding potential of [!!C]-CGP-12177 due to reduced
adrenoceptor B, (Thackeray et al. 2011). Wide deployment of [''C]-CGP-12177
has been limited by the complex synthesis route involving the [!'C]-phosgene inter-
mediate. Several institutes experienced laborious procedures in combination with
variable-specific activities or radiochemical yields. Recent advances in the genera-
tion of ['C]-phosgene have resulted in higher yield reliable production of
['!C]-CGP-12177 and more frequent application in basic and clinical settings
(Nishijima et al. 2002; Nishijima et al. 2004).
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5.3.2.2 ["'C]-CGP-12388

The complicated synthesis of [''C]-CGP-12177 was overcome by the use of an
alternative labelling approach, generating the analogous (§)-4-(3-(!!C-
isopropylamino)-2-hydroxypropoxy)-2H-benzimidazol-2-one ([!!C]-CGP-12388).
Instead of using [''C]-phosgene, the labelling synthon [!!C]-acetone was used to
prepare [''C]-CGP-12388 via a one-pot reductive alkylation reaction. The prepara-
tion of ['C]-acetone requires anhydrous trapping of ['C]-CO, in a solution of
methyl lithium under argon atmosphere. The binding -characteristics of
[!!C]-CGP-12388 are similar to its analogue [''C]-CGP-12177, with selective bind-
ing to B;-, P»-, and Ps;-adrenoceptors with myocardial standardized uptake values of
approximately half that of [!!C]-CGP-12177. Binding was blocked by administra-
tion of propranolol (Elsinga et al. 2001; Momose et al. 2004). Preliminary clinical
tests have established good contrast for heart and lung binding of [!!C]-CGP-12388,
slow generation of labelled metabolites, and low plasma protein binding (de Jong
et al. 2005).
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5.3.2.3 ["'C]-GB67

In addition to f-adrenoceptors, evaluation of myocardial a-adrenoceptor density has
been thought to provide insight on the progression of cardiovascular disease. The
chemical structure of [!!C]-GB67 is based on the binding moiety of the selective
ay-adrenoceptor antagonist prazosin. Characterization experiments demonstrated
high uptake in the myocardium that was blocked by prior and displaced by subse-
quent administration of prazosin (Law et al. 2000; Park-Holohan et al. 2008). A
compartmental modelling approach evaluated in pigs indicated that specific binding
of [''C]-GB67 to myocardial a;-adrenoceptors accounted for approximately half of
the total tracer volume of distribution. Moreover, [!!C]-GB67 was metabolically
stable, showing no accumulation of labelled metabolites in the cardiac tissue (Law
et al. 2000). No studies have yet been carried out in human subjects.
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5.3.3 Second Messenger Systems

The frequency of p-blocker therapy in the heart failure population limits the utility
of adrenoceptor radioligands, as accurate quantitative imaging necessitates discon-
tinuation of this therapy. As such, there has been exploration of the potential to
image signal transduction following adrenergic receptor stimulation (Fig. 5.3).
While few of these compounds have yet been evaluated in a clinical setting, the
preclinical evidence supports long-term development of multitracer studies, includ-
ing candidate radiotracers of intracellular signaling.

5.3.3.1 (R)-[""C]-Rolipram

Norepinephrine stimulation of G,-coupled adrenoceptors leads to the activation of
adenylate cyclase and the production of the second messenger cAMP and PKA. In
the heart, phosphodiesterase-4 (PDE4), under regulation of downstream PKA (via
cAMP), hydrolyses cAMP and terminates second messenger signaling (Kenk et al.
2007). The selective PDE4 inhibitor and antidepressant rolipram has been investi-
gated for both brain and heart imaging purposes. Studies in rats have demonstrated
selectivity of (R)-!'C-rolipram for PDE4 in the heart (Lourenco et al. 2006; Kenk
et al. 2007), with a favourable metabolite profile for compartmental modelling
(Kenk et al. 2008; Thomas et al. 2011; Lortie et al. 2012). In healthy animals, bind-
ing of (R)-[!!C]-rolipram to PDE4 is enhanced by ~30 % following acute localized



5 Tracers for Sympathetic Cardiac Neurotransmission Imaging 101

noradrenergic stimulation by uptake-1 inhibition (Lourenco et al. 2006). This
response is diminished or lost in animal models of obesity (Greene et al. 2009) and
Adriamycin-induced cardiotoxicity (Kenk et al. 2010), supporting further studies in
basic and clinical cardiology.
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5.3.3.2 PKA Imaging Agents

Other radiotracers have been developed to image various components of the PKA
signaling axis. Candidate tracers have included [''C]- and ['®F]-forskolin to image
adenylate cyclase (Sasaki et al. 1993; Kiesewetter et al. 2000), [!!C]-RAL-01 an
analogue of sildenafil to image phosphodiesterase-5 (Jakobsen et al. 2006), and
isoquinolinesulfonamide protein kinase inhibitor analogues to image PKA (Vasdev
et al. 2008). Experience with these compounds, particularly in myocardial applica-
tions, is limited at present.

[""CIRAL-01 O'1CH,
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5.3.3.3 ["'C]-Diacylglycerol

Norepinephrine and epinephrine stimulation of G protein-coupled adrenoceptors
leads to the activation of inositol trisphosphate, diacylglycerol, and PKC. The phos-
phoinositide pathway is involved in ventricular remodelling after infarction. Studies
evaluating 1-[1-!'C]-butyryl-2-palmitoyl-rac-glycerol ([!!C]-DAG) demonstrate
metabolism to active intermediates of the phosphoinositide cycle in both the brain
and heart (Imahori et al. 1992; Chida et al. 2000). Accumulation of [''C]-DAG was
enhanced by cholinergic stimulation and suppressed by angiotensin-converting
enzyme inhibitor captopril, suggesting an indirect index of phosphoinositide signal-
ing (Imahori et al. 1992; Kagaya et al. 2002). The myocardium to left atrial chamber
(i.e. blood pool) ratio of [''C]-DAG was significantly higher in the left ventricle of
patients post-myocardial infarction as compared to healthy controls and correlated
with left ventricular dilatation, systolic dysfunction, and plasma B-type natriuretic
peptide (BNP) levels (Otani et al. 2005).
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5.4  Future Perspectives

The added value of sympathetic neuronal imaging in cardiovascular disease has
been elucidated by prospective clinical trials in recent years. In the ADMIRE HF
trial, significantly lower accumulation of ['**I]-MIBG was independently associated
with progression of heart failure in NYHA class IIT and I'V patients (Jacobson et al.
2010). Substudies have recently demonstrated similar added value in identifying
patients at risk for diabetic heart disease (Gerson et al. 2011) and lethal ventricular
arrhythmias (Boogers et al. 2010). The ADMIRE HF findings facilitated the US
Food and Drug Administration approval of ['*’I]-MIBG as an imaging agent, which
will allow a wider deployment and more routine application of ['**[]-MIBG SPECT
in stratification of cardiac patient risk. The PAREPET trial identified a prognostic
value of regional heterogenous [!!C]-HED uptake (denervation) and [!!C]-HED/
['*N]NH3 mismatch (perfused and denervated) for subsequent ventricular arrhyth-
mia manifesting as sudden cardiac death or implantable cardioverter-defibrillator
(ICD) discharge (Fallavollita et al. 2013). The regional abnormalities reported in
this study suggest a benefit for PET imaging, in which spatial resolution permits
more thorough evaluation of segment innervation. Small-scale trials suggest that
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postsynaptic p-adrenoceptor imaging may be used to identify patients who will
most benefit from targeted p-blocker therapy with carvedilol (Naya et al. 2009).
These trials demonstrate the potential for sympathetic neuronal imaging in advanced
management of cardiac patients, to identify at-risk patients, and to guide therapeutic
interventions in a sophisticated manner.

There remain challenges with the routine application of currently available
radiotracers of the sympathetic nervous system. The complex kinetics of neuronal
agents, including some combination of reuptake, vesicular storage, metabolism,
active release, and passive diffusion, limits the true quantification of sympathetic
neuronal integrity. While retention indices, heart to background ratios, or washout
rates provide rudimentary data, the accuracy, repeatability, and reproducibility of
these measurements can be questionable. Development of novel neuronal tracers
with more favourable kinetics, such as the phenethylguanidine series, may over-
come some of these challenges and provide more concrete measurements for clini-
cal practice. Second, the majority of PET tracers currently available are labelled
with carbon-11, necessitating on-site production for clinical application. Continued
development of ['®F]-labelled alternatives, particularly ['*F]-LMI1195, would over-
come these rollout issues to generate a wider clinical relevance. Third, imaging of
[-adrenoceptors is complicated by application in a patient population that is fre-
quently treated with chronic B-adrenoceptor blockade. This complication under-
scores the value of developing novel tracers targeting intracellular second messengers
and response elements of the signal cascade. Continued research and development
with radiotracers targeting adenylate cyclase, c(AMP, PKA, regulatory proteins, and
other specific downstream targets not only overcome the complication of B-blockade
but also may provide invaluable information on compensatory cardiac function
under medical therapy. Alternatively, future tracer development may be targeted
upstream of adrenergic signaling, aiming at systems and receptors that modulate
sympathetic activity in the heart, such as the renin-angiotensin system or the para-
sympathetic nervous system. Further development of tracers targeting angiotensin
receptors, muscarinic and nicotinic acetycholine receptors, and other targets could
contribute to a more complete picture of autonomic regulation of myocardial
contractility.

Taken together, while great strides have been made with sympathetic neuronal
tracers, many opportunities for molecular imaging remain to be confronted.

Conclusions

Altered sympathetic nervous system signaling is a hallmark characteristic of left
ventricular remodelling and progressive cardiovascular disease, including myo-
cardial infarction and ischemia, arrhythmia, cardiomyopathy, and heart failure.
Disturbances in myocardial sympathetic neuronal signaling have also been
reported in systemic disorders such as diabetes, parkinsonian syndromes, and
other neurodegenerative diseases. At present, a wide array of radiotracers is
available for the non-invasive evaluation of sympathetic function, with a variety
of molecular targets including presynaptic neuronal integrity (uptake-1), vesicu-
lar packaging (VMAT?2), postsynaptic receptor expression (adrenoceptors), and
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intracellular second messenger systems (phosphodiesterase, adenylate cyclase).
Few of these candidate tracers have yet been established in routine clinical use.
As small animal imaging technologies advance, the capacity to identify best can-
didate tracers within the existing armamentarium will be expedited, potentially
accelerating translation from preclinical development to clinical application.

To date, the vast majority of clinical applications have been targeted to the
neuron uptake-1 site, using ['?’I]-MIBG in SPECT and [''C]-mHED in
PET. However, clinical studies in recent years have expanded to include non-
neuronal targets, providing insight on the regulation of receptors and second
messengers of the adrenergic signal cascade. In particular, development and
application of p-adrenoceptor antagonists have played a prognostic role in
identifying heart failure patients most likely to benefit from beta-blocker ther-
apy. Multitracer studies with novel radiotracers targeting multiple sites of the
sympathetic signal cascade provide a more comprehensive understanding of
the adaptive and maladaptive changes during the development of disease.
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Abstract

Parasympathetic tone plays a critical role as modulator of the cardiac sympa-
thetic nervous system the healthy and diseased heart and has a major impact
upon the occurrence of arrhythmias and sudden death. Decreased parasympa-
thetic tone is an important prognostic factor in heart failure. Abnormalities of
both systems, sympathetic and parasympathetic, have been shown to be either
global or regional. This represents a major rationale for the use of imaging tech-
niques to measure autonomic nervous system function, particularly as the other
clinical tools such as heart rate variability are of limited value.

Positron emission tomography (PET) imaging with short half-life positron-
labeled specific ligands allows this evaluation. However, PET measures the
labeled ligand concentration, but the quantification of the receptor density and
affinity requires mathematical modeling to simulate the kinetics of the labeled
molecule in the tissue, with the use of compartmental analysis and complex pro-
tocols. These protocols include injection not only of the tracer but also of phar-
macological doses of the cold ligand for co-injection or displacement
experiments.

PET imaging with [!!C]-methyl-quinuclidin-3-yl benzilate has been validated
as an accurate tool to measure muscarinic receptor density and affinity constants
in patients with heart failure, including postinfarction patients. A novel (oyp,)
nicotinic acetylcholine receptor PET ligand, 2-['¥F]-F-A-85380, was also used in
patients for evaluation of left ventricular and arterial wall nicotinic receptors.

Although limited today to research centers, PET imaging of the cardiac para-
sympathetic innervation provides new insight into pathophysiological processes
and can be used for the evaluation of new drugs. In the future, it could emerge as
a reference for validation of more simple tools and of easier imaging protocols
and for early diagnosis, monitoring of treatment, and determination of individual
outcome.

Abbreviations

ACh Acetylcholine

DCM Dilated cardiomyopathy

DMSO  Dimethyl sulfoxide

ECG Electrocardiogram

FAP Familial amyloid polyneuropathy
FDG Fluorodeoxyglucose

HPLC High-performance liquid chromatography
mAChR  Muscarinic acetylcholine receptor
MR See mAChR

MSA Multiple system atrophy

nAChR  Nicotinic acetylcholine receptor
NMS N-Methylscopolamine

PET Positron emission tomography
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QNB 3-Quinuclidinyl benzilate (or quinuclidin-3-yl benzilate)

ROI Region of interest
SD Standard deviation
SE Standard error

SPECT  Single-photon emission computed tomography
SPET See SPECT

SUvV Standardized uptake value

TBP Tributyl phosphate

TFA Trifluoroacetic acid

TTR Transthyretin (gene)

6.1 Introduction

The parasympathetic—or vagal—autonomic nervous system, in balance with the
adrenergic system, plays a key role in the regulation of the rate and force of contrac-
tion of the heart (Van Zwieten 1991; Brodde et al. 2001). It is involved in the patho-
physiology of major cardiac diseases (Olshansky et al. 2008). In the clinical setting,
markers of decreased vagal activity are associated with poor prognosis and increased
risk of sudden death (Frenneaux 2004; La Rovere et al. 1998; Vanoli and Schwartz
1990; Schwartz et al. 1992; Brack et al. 2013) and represent a target for therapeutic
intervention (Townend and Littler 1995; Olshansky et al. 2008).

Previous studies reported that ventricular parasympathetic innervation was spare
compared to the sympathetic one. This view is now completely outdated, and mod-
ern histological techniques revealed a dense and intricate network of parasympa-
thetic nerves running over the epicardial and endocardial surface of both ventricles
with a widespread distribution of muscarinic receptors (mAChR or MR) (Brodde
et al. 2001; Kawano et al. 2003; Nenasheva et al. 2013).

The endogenous neuromediator acetylcholine (ACh) is synthesized from choline
and acetyl-CoA, taken into storage vesicles by specific transporters, and released
into the synapse during parasympathetic stimulation. The parasympathetic signal
acts on target tissue via nicotinic and muscarinic receptors, mainly the M,-MR in
the myocardium. MRs are G;-protein-coupled receptors that mediate the response to
acetylcholine released from parasympathetic nerves. There are 5 subtypes of MR
(M,-Ms), 3 of them are found within the heart (M,, M3, and M,). The M,-MR is the
most abundant, found on cardiomyocytes and intracardiac ganglia. They are essen-
tial for the physiologic control of cardiovascular function through activation of
G-protein-coupled inwardly rectifying potassium channels and indirect effects on
adenylate cyclase activity and are of particular interest because of their extensive
pharmacological characterization (Stengel et al. 2002). The structure and mode of
action of the M,-MR is still a matter of extensive research (Haga et al. 2012; Miao
et al. 2013). Muscarinic receptors were initially defined biochemically as proteins
that specifically bind 3-quinuclidinyl benzilate (QNB) and N-methylscopolamine
(NMS), this being at the origin of tracers developed for imaging. M,-MR was more
recently described. The location and pathophysiological role of M;-MR in the car-
diovascular system have been extensively studied, and many pathways involved
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have been uncovered. They are linked with Gg-proteins. Recently, many new find-
ings regarding the relationship between M3;-MR and cardiac diseases have emerged,
including cardiac ischemia, pathological cardiac hypertrophy, cardiac arrhythmias,
cardiac conduction, and heart failure (Abramochkin et al. 2013; Hang et al. 2013).
Finally, the parasympathetic nervous system acts also by the binding of ACh to
neuronal nicotinic receptors (nAChR), which are ligand-gated ion channel receptors
present in the ventricular myocardium as well as on nerve fibers innervating the
blood vessel (Sullivan et al. 1996). Vagal stimulation triggers vascular protection
through the cholinergic anti-inflammatory pathway by activating a7 nAChR (Zhao
etal. 2013).

Global and regional molecular imaging of parasympathetic function is, as for
sympathetic function, of major interest regarding the importance and heterogene-
ity of neuronal functional alterations in the diseased heart. However, while the
myocardial presynaptic and postsynaptic sympathetic innervations were exten-
sively studied with single-photon computed emission tomography (SPECT) and
positron emission tomography (PET) tracers on a broad clinical basis, few clinical
studies have been conducted to evaluate the parasympathetic system with PET,
offering a large field for future research. To date, very few tracers for imaging this
parasympathetic pathway achieved a clinical validation. No radiolabeled com-
pounds have been successfully synthesized for non-invasive imaging of the pre-
synaptic parasympathetic innervation, and few tracers are available for PET
imaging allowing absolute quantification and tracer kinetics modeling of nicotinic
and muscarinic receptors. Ligands based on the structure of vesamicol, a selective
antagonist of the vesicular ACh transporters, have been developed for imaging of
presynaptic targets, but to date none have been made available for human use
(DeGrado et al. 1994). Evaluation of parasympathetic neuronal activity by quanti-
fication of the postsynaptic MRs is the most validated technique. In spite of this
postsynaptic receptor, PET imaging provides major and new information into
mechanisms of heart disease, since it provides non-invasive, repeatable, regional
in vivo quantification of autonomic nerve function in the human heart. In particu-
lar, it has the potential to evaluate both the sympathetic and parasympathetic bal-
ance in a given pathology, providing profound insights into molecular
pathophysiology, monitoring of treatment, and determination of individual
outcome.

This chapter will summarize the major tools, requirements for accurate quantifi-
cation, and clinical applications of molecular imaging of the parasympathetic func-
tion in patients.

6.2  Radiotracers for PET Imaging

Two radiotracers have been clinically used to date for PET imaging of the parasym-
pathetic innervation, (R, S)-N-[!!C]-methyl-quinuclidin-3-yl benzilate ([''C]-Me-
QNB) and 2-['®F]-fluoro-3-[2(S)-2-azetidinylmethoxy]pyridine (2-[ *F]-F-A-85380)
(Fig. 6.1).
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Fig.6.1 Chemical structures b
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6.2.1 The Radioligands of Interest

6.2.1.1 The MR Antagonist [''C]-MQNB

[!!C]-MQNB is an isotopically labeled carbon-11 version of MQNB, a well-known
hydrophilic, non-metabolized, and highly specific MR antagonist. This radiotracer
of reference for the in vivo imaging of the myocardial MRs using PET and labeled
with a short-lived positron emitter (carbon-11, Ty,: 20.38 min) (Fig. 6.1a) is derived
from QNB (quinuclidin-3-yl benzilate), a structure itself related to the deliriant
drugs atropine and scopolamine. It distinguishes itself from the three latter by fea-
turing a quaternary ammonium function, the positive charge of which impairs any
brain penetration. Its potential for non-invasive quantification of ventricular MRs
was demonstrated and validated in dogs (Delforge et al. 1990a; Valette et al. 1995,
1997) but also in humans (Delforge et al. 1993, 1995). [''C]-MQNB has therefore
been used for the assessment of the myocardial MR density and affinity constants in
heart transplant patients (Le Guludec et al. 1994), in patients with chronic idio-
pathic dilated cardiomyopathy (Le Guludec et al. 1997), or in familial amyloid neu-
ropathy patients (Delahaye et al. 1999).

The preparation of ['C]-MQNB includes a carbon-11 methylation reaction
(Fig. 6.2), which is by far the most frequently used method for the introduction of
this short-lived positron emitter into organic molecules. As such, these processes
require first the preparation of a carbon-11-labeled reagent, [''C]-methyl iodide
([**C]-CHa]) or [''C]-methyl triflate ([!!C]-CH;0(SO,)CF; or [''C]-CH;0Tf) (Roeda
et al. 2007), both prepared from cyclotron-produced [''C]-carbon dioxide ([''C]-
CO,, produced by the “N(p,alpha)!''C nuclear reaction, Fig. 6.2a, b).

['!C]-MQNB was first synthesized from the corresponding desmethyl precursor
(QNB) using [''C]-CH;I (Fig. 6.2¢) (Maziere et al. 1983). No yields were reported,
but the conditions include the use of tributyl phosphate (TBP) as solvent and 8 min
of reaction at 100 °C. Later on, a more exhaustive study was performed using the
same desmethyl precursor (QNB) and solvent (TBP). Decay-corrected yields of
about 23 %, based on starting [!!C]-CH;l, were then reported for the conditions
mentioned above. Improved conditions that notably include the use of [!!C]-CH;OTf
at the same temperature (100 °C) but with reduced heating time (1 min only) were
also reported with decay-corrected yields of about 49 %, based on starting
[!!C]-CH;OT{. Using the latter conditions, large quantities (important for the above-
mentioned multi-injection protocol) of ['!C]-MQNB (6.8+1.1 GBq, occasionally
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Fig.6.2 Carbon-11 production (a), [''C]-CH;I (a) and/or [''C]-CH;OTf (b) preparation and radio-
synthesis of N-[!!C]-methyl-quinuclidin-3-yl benzilate ([!!C]-MQNB) (c¢)

up to 13 GBq, starting from 55 GBq of [''C]-CO,) could be synthesized in 28-min,
high-performance liquid chromatography (HPLC) purification included (Dollé
et al. 2001). Very recently, further optimization of the preparation of [''C]-MQNB
was proposed (Gémez-Vallejo et al. 2012) including the use of SepPak® cartridge
purification thus replacing the final HPLC purification, and the use of the so-called
captive solvent methodology. Complete separation from the precursor QNB is of
utmost importance since the latter is a potent MR ligand too that, in contrast to
MQNB, enters the brain and may have delirious effects.

6.2.1.2 The Nicotinic Agonist 2-['®F]-F-A-85380
2-['8F]-F-A-85380 (Fig. 6.1b) is a fluorine-18-labeled fluoroanalogue of A-85380,
the lead compound of a series of 3-pyridyl ethers developed by Abbott laboratories
(Sullivan et al. 1996) as potent and selective ligands for the human oy, nAChR
subtype. This series not only possesses subnanomolar affinity for brain nAChRs and
differentially acts on subtypes of neuronal nAChR but also shows a satisfactory
safety profile. Indeed, the structural features of these ligands retain the high potency
of epibatidine (a natural compound, isolated from the skin of the Ecuadorian poison
frog Epipedobates tricolor, also characterized as a very potent high-affinity nAChR
agonist) and impart a subtype selectivity not observed with the latter.
2-['8F]-F-A-85380 is probably the most used radiotracer for the in vivo imaging
of the nicotinic (oyf,) receptors in the brain using PET and as such a radioligand of
reference, despite its slow kinetics demanding very long scanning times and its low
signal-to-noise ratio. Its potential for non-invasive quantification of the o,p,, nAChR
subtype was validated in monkeys and in humans (Bottlaender et al. 2003; Gallezot
et al. 2005). A multi-injection protocol, based on mathematical compartmental
ligand-receptor modeling and a kinetic approach, was developed in order to analyze
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b
O‘ K[18F]F-K222 0‘ Oﬁ
7 N\ K2CO3 7 N\ TFA 7 N\
N 0 — = N o — N o< __
Boc —N DMSO Boc =N CH.Cl, H N
~N* 145 °C, 2 min 18 RT, <1 min 18
7\ or (not isolated) then 18
CF3SOs Microwave activation HPLC purification 21{"FIF-A-85380
100 W, 1 min

Fig. 6.3 Fluorine-18 production (a), K['®F]-F-K,,, preparation (a) and radiosynthesis of
2-["¥F]-fluoro-3-[2(S)-2-azetidinylmethoxy]pyridine (2-['*F]-F-A-85380) (b)

and fit the PET data. 2-['®F]-F-A-85380 has been extensively used in clinical and
preclinical studies on addiction to smoking (Brody et al. 2006; Valette et al. 2003),
Alzheimer’s disease (Ellis et al. 2008) and Parkinson’s disease (Kas et al. 2009),
epilepsy (Picard et al. 2006), and normal aging (Ellis et al. 2009). Also it can be
used in the assessment of parasympathetic innervation in the human heart, the only
non-brain application reported thus far (Bucerius et al. 2006a; b). Please however
note that the radiotracer name was misspelled by the authors (2-['*F]-F-A-85380 is
the correct nomenclature and not 2-deoxy-2-['#F]-fluoro-n-glucose-A85380).

2-['8F]-F-A-85380 is one of the first reported examples of a radioligand for
which the introduction of fluorine-18 was performed using a nucleophilic hetero-
aromatic radiofluorination reaction (Dollé 2005). These reactions usually involve
no-carrier-added (high-specific-radioactivity) ['®F]-fluoride as its K['®F]-F-Ky,
complex, the latter nowadays prepared from cyclotron-produced ['®F]-fluoride (via
the 80O(p,n)'8F nuclear reaction), potassium carbonate (K,CO3), and Kryptofix®222
(4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane) using a well-
established procedure (Fig. 6.3a) (Dollé et al. 2008).

2-['8F]-F-A-85380 was first synthesized in two radiochemical steps from an
N-Boc-protected nitro-precursor and was obtained in 49-64 % overall decay-
corrected radiochemical yield in 105-110-min total synthesis time (Dollé et al.
1998). The nucleophilic heteroaromatic substitution with fluorine- 18 was performed
using K["¥F]-F-K,,, and conventional heating in dimethyl sulfoxide (150 °C for
20 min) or microwave activation (100 W for 1 min), leading to the radiofluorinated
intermediate with 70 %, and occasionally up to 90 % radiochemical yield, followed
by quantitative trifluoroacetic acid (TFA) removal of the N-Boc protective group.
This radiochemical two-step process using the same N-Boc-protected nitro-
precursor was later on simplified, and 2-['®F]-F-A-85380 was obtained with compa-
rable yields but in only 55-60-min total synthesis time (Liu et al. 2002).
2-['8F]-F-A-85380 was also synthesized in two radiochemical steps from the N-Boc-
protected iodoprecursor but was obtained in only 21 % overall decay-corrected
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radiochemical yield in 120-min total synthesis time (Horti et al. 1998). Attempts to
perform a one-step radiosynthesis from the corresponding non-protected iodopre-
cursor failed, due to thermal instability of the radiotracer in the rather drastic condi-
tions used (Horti et al. 1998). Nowadays, 2-['®F]-F-A-85380 is still synthesized in
two radiochemical steps but from a more reactive, N-Boc-protected, trimethylam-
monium precursor (see Fig. 6.3b). Overall decay-corrected radiochemical yields of
62-68 % were reported with a total synthesis time not exceeding 55 min (Dollé
et al. 1999). The nucleophilic heteroaromatic substitution with fluorine-18 was per-
formed using K['®F]-F-K,,, and conventional heating in dimethyl sulfoxide (DMSO)
at 145 °C for 2 min (or microwave activation, at 100 W for 1 min). Using the latter
conditions, 2-['*F]-F-A-85380 production batches of 3.5-3.7 GBq of >99 % radio-
chemical purity were routinely obtained in 50-55 min, with specific radioactivities
of 111-222 GBg/pmol. Overall decay-corrected radiochemical yields with respect
to initial ['F]-fluoride ion were 68—72 %. Later on, this radiochemical two-step
process was also simplified and the total synthesis time shortened to only 35 min,
notably by replacing the final HPLC purification by a SepPak® cartridge method
(Schmaljohann et al. 2004, 2005).

6.3 The Modeling of Ligand-Receptor Interactions

PET measures the labeled ligand concentration, but it does not allow the direct
measurement of the receptor concentration and the ligand affinity. To estimate these
parameters, a mathematical model must be developed to simulate the kinetic of the
labeled molecule in the tissue. These physiological parameters will appear as model
parameters which have to be identified from the experimental PET curves, often
simultaneously with other model parameters (usually kinetic rate constants).

6.3.1 The Ligand-Receptor Model

6.3.1.1 The Model Structure

The complexity of the model, that is to say, of simulated physiological processes,
varies a great deal, depending on the organ, the tracer used, the receptor type, and
the available experimental data. However, all the in vivo approaches of the ligand-
receptor interactions are based on a mathematical model which includes at least two
steps:

1. A transport of the ligand from the blood to a free ligand compartment (a neces-
sary step since the labeled ligand is injected intravenously)
2. A classical ligand-receptor interaction similar to that used in in vitro studies

Thus, one obtains the usual three-compartment model shown in Fig. 6.4.

In this model, C*,(¢) is the concentration of free ligand in the blood (usually, the
plasma concentration of the ligand non-metabolized and unbound to the proteins).
F*(#) and B*(¢) are the quantities of ligand per unit volume of tissue which are free
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Fig. 6.4 Compartmental ligand-receptor model used in analysis of myocardial tissue data
obtained after intravenous injections of ['!C]-MQNB. The upper part represents the model describ-
ing labeled ligand kinetics (quantities denoted by an asterisk) and the lower part the same model
associated with the unlabeled ligand. The three compartments represent the free ligand in the
plasma, the free ligand, and specifically bound ligand in the tissue, respectively. All transfer prob-
abilities of ligand between compartments are linear except for binding probability which depends
on the bimolecular association rate constant and on local concentration of free receptor sites. PET
experimental data correspond to the sum of the two tissular compartments and of a fraction F, of
plasma compartment. The unlabeled ligand compartments are not directly observable from PET
data, but the concentration of specifically bound ligand (B(#)) has an effect on the local concentra-
tion of free receptors and consequently on the binding probability of free labeled ligand

in the exchangeable pool and specifically bound to receptor sites, respectively. The
PET data correspond to the sum of these two concentrations, plus a fraction of the
blood ligand concentration (denoted by F, and corresponding to the fraction of
blood present in the tissue volume).

In some cases, it is needed to introduce a possible nonspecific binding assumed
linear, and related to the free ligand compartment. Thus, one obtains a four-
compartment model.

6.3.1.2 The Reaction Volume
The reaction volume has been introduced to take into account a possible heteroge-
neity of the free ligand concentration in the tissue (Delforge et al. 1996). Indeed, the
free ligand concentration in the receptor site vicinity may not be equal to the mean
free ligand concentration in 1 mL (F*(#)), which is the concentration used in the
mathematical model and estimated by modeling the PET data.

Therefore, the reaction volume Vy is defined as the volume in which the free
ligand mass present in 1 mL of tissue (F*(f)) would have uniformly distributed with
the same concentration as in the vicinity of the receptor sites.

6.3.1.3 The Ligand-Receptor Interactions
The parameter B’ represents the unknown concentration of receptor sites avail-
able for ligand binding. At any time ¢, the concentration of the free receptor sites is
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equal to B',,,—B*(t), where B*(f) is the quantity of labeled ligand bound to receptor
sites in one mL of tissue.

The probability of binding of a free ligand is given by (ko/Vi) (B max—B*(2))
where k,, is the association rate constant, the concentration of the free ligand in the
vicinity of the receptor sites being F* (£)/Vy by definition of the reaction volume.
The equilibrium dissociation rate constant K is given by the ratio ky/k,,. In vivo,
only the product K;Vy can be estimated.

It is important to mention that the receptor concentration can be separately esti-
mated only if B* is significant compared to B',,,,. Indeed, if the receptor occupation
is negligible, one can only estimate the product (k,./Vr) (B’ max)-

6.3.1.4 Influence of the Endogenous Ligand
In most of the quantification studies, the effect of the endogenous ligand is neglected.
As a consequence, the estimated parameters can be biased.

However, a previous study (Delforge et al. 2001) shown that, by assuming only
the equilibrium state of the endogenous ligand, all model parameters (including
B'...0) are correctly estimated (without bias), except the estimated apparent affinity
which is biased following the same relationship obtained in the in vitro studies
(Farde et al. 1995; Endres et al. 1997).

6.3.2 Estimation of the Ligand-Receptor Model Parameters

6.3.2.1 The Multi-injection Approach

The major interest of PET studies of the ligand-receptor interactions is the absolute
quantification of both the receptor concentration and the ligand affinity. The best
approach, but the more difficult one, is to identify all model parameters from PET
data. This complete model identification avoids introducing some simplifying
hypotheses, which are difficult to justify without a good understanding of the ligand
kinetics and which can lead to bias in the numerical results. Moreover, the complete
knowledge of the model parameters is necessary in order to make simulations,
which permit detailed studies of the ligand kinetics in each compartment (Delforge
et al. 1990b), validation of simplified methods (Delforge et al. 2002), and optimiza-
tion of experimental protocols (Delforge et al. 1989).

Because of the large number of parameters, the only possibility is to use a proto-
col including multiple injections of labeled and/or unlabeled ligand.

The injection of unlabeled ligand has no direct effect on the PET data which
measures only labeled ligand concentration. However, the kinetics of the unlabeled
ligand affects the local concentration of free receptor sites and therefore effects the
labeled ligand kinetics. Therefore, the model described in Fig. 6.4 contains two
parts: the upper part represents the possible model describing the kinetics of the
radioligand (with quantities denoted with a star superscript), and the lower part is
associated with the unlabeled ligand kinetics. The two parts of the model have the
same structure and the same parameters. However, the quantity of free ligand is now
given by (B'.x—B*) where B* is the receptor concentration occupied by unlabeled
ligand.
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6.3.2.2 Parameter Estimation

The model parameters are estimated by means of minimization of the usual weighted
least-square cost function. For each data set and for each parameter, it is possible to
estimate the standard errors (SE) (Delforge et al. 1989). Using the numerical results
obtained with different data sets, it is possible to calculate the usual standard devia-
tion (SD) for each model parameter. Usually, SE and SD obtained for a parameter
have the same order of magnitude.

6.3.3 The Multi-Injection Experimental Protocols

6.3.3.1 The Experimental Protocols in the Multi-Injection Approach

The experimental protocols used with the multi-injection approach can be very dif-
ferent depending on the kinetic characteristics of the studied molecule and of the
practical experimental possibility. This protocol is based on three typical injections
performed during a single experiment:

1. A tracer injection with a high specific activity, such as the receptor occupancy
remains less than 5 %.

2. A tracer injection with low specific activity, also called a co-injection since the
low specific activity is often obtained by a mixture of labeled ligand with high
specific activity and an adapted dose of unlabeled ligand. The doses are chosen
such as the receptor occupancy is situated between 50 and 70 %.

3. Aninjection of a large dose of unlabeled ligand, also called displacement injection,
to obtain a maximum receptor occupancy, more than 95 % if this is possible.

6.3.3.2 The MQNB Experimental Protocol Used in Animal

The first example of this multi-injection approach is the study of the binding of
MQNB to MRs in dog hearts (Delforge et al. 1990a). The first attempts to identify
the model parameters from data obtained with a single tracer injection led to disap-
pointing numerical results, since most of the parameters had to be considered
unidentifiable.

The possibility of improving parameter estimation using a new experimental design
consisting of a first tracer injection followed 30 min later by an injection of the unla-
beled ligand (displacement experiment) was then investigated. This second protocol,
however, led to two very different numerical solutions (Delforge et al. 1990b). The
biologically valid solution was determined by adding a third injection (a co-injection).

A fourth injection (a displacement injection) allowed the identification and esti-
mation of irreversible and nonspecific binding (Delforge et al. 1990b).

6.3.3.3 The MQNB Experimental Protocol Used in Humans
In the first study in humans (Delforge et al. 1993), three kinds of experimental pro-
tocols were used in three distinct subsets of subjects.

1. A three-injection protocol, which included three injections of [!!C]-MQNB and/
or MQNB performed: a tracer dose at time 0, unlabeled MQNB (from 0.2 to
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0.4 mg) at time 30 min, and a co-injection of [''C]-MQNB and MQNB (from 0.2
to 1 mg) at time 60 min. The total experiment lasted 90 min.

2. A co-injection protocol which included only an initial tracer injection followed
30 min afterwards by a simultaneous injection of labeled and unlabeled MQNB
(from 0.15 to 0.4 mg, respectively). The total experiment duration was 70 min.

3. A double-displacement protocol which involved, after the initial tracer injection,
two injections of unlabeled MQNB (0.3 mg) at 30 min and 60 min, respectively.
The entire experiment lasted 90 min. This protocol has been used to estimate in
human the order of magnitude of the nonspecific binding.

6.3.3.4 Optimization of the Human Experimental Protocol

To set up the best protocol, it is possible to use the experimental design optimization
(Delforge et al. 1989). It has been proved that a judicious selection of sampling
times, injected ligand doses, injection time, and other degrees of freedom can have
a significant effect on parameter estimate uncertainties.

For example, in (Delforge et al. 1993), the uncertainties on B, have been esti-
mated as a function of the unlabeled MQNB dose for the co-injection and displace-
ment protocol. The simulations prove that the smallest uncertainty on B’ obtained
using a co-injection protocol is two times smaller than the best value obtained with
the displacement protocol. However, the most important result is that this smallest
uncertainty is obtained with the co-injection protocol by using only 0.2 mg of unla-
beled ligand dose, whereas the best result with the displacement protocol implies to
use about 1 mg. Taking into account the influence of the unlabeled ligand dose on the
heart rate, this result is a very strong argument in favor of the co-injection protocol.

However, the three-injection protocol has been used in the first studies on cardiac
diseases (Le Guludec et al. 1994; Delahaye et al. 2001) since this protocol gives the
best numerical values of parameters. The effect of unlabeled ligand dose on the heart
rate can be corrected by a variable blood flow in the model (Delforge et al. 1993).

6.4 Clinical Applications

In recent years, the importance of alterations of cardiac autonomic nerve function in
the pathophysiology of heart diseases has been increasingly recognized. Muscarinic
cholinergic receptors in balance with f-adrenergic receptors play a key role in the
regulation of the rate and force of heart contraction as well as in the pathophysiol-
ogy of arrhythmias. Changes in receptor’s number and affinity have been reported in
many clinical conditions including heart failure, arrhythmias, ischemic heart dis-
ease, heart transplantation, amyloidosis, and diabetes. These changes are recognized
to be predictive of outcome (Frenneaux 2004; La Rovere et al. 1998; Folino et al.
2005; Brack et al. 2013). PET and SPECT imaging have the potential to evaluate
both the sympathetic and parasympathetic balance in a given pathology provides
profound insights into molecular pathophysiology, monitoring of treatment, and
determination of individual outcome. This is of major interest considering the limi-
tations of the other tools such as heart rate variability (Kleiger et al. 2005).
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6.4.1 Muscarinic Receptors in the Normal Human Left Ventricle

[!!C]-MQNB, which is a non-metabolized, hydrophilic antagonist which binds only
to the cell surface receptors and is not internalized, offers the opportunity to quan-
tify only the active receptors at the surface of the myocytes in vivo. Using this
potential with PET and a mathematical model, the first clinical study aimed to
quantify the density and affinity constants in the normal human heart and then to
evaluate potential changes in density and/or affinity during pathological
conditions.

6.4.1.1 Parameter Estimations

This study was conducted in 11 normal subjects (mean age 32 +6 years old), free of
any cardiac disease on the basis of clinical electrocardiogram (ECG) and echocar-
diography examinations. The use of a left ventricular region of interest instead of
plasma radioactive concentration measurements was validated in five controls.

Figures 6.5 and 6.6 show examples of experimental curves obtained using three-
injection and two-injection protocol, respectively. Fitting the complete mathemati-
cal model to experimental data provided values for kinetic rate constants and
receptor densities as shown in Table 6.1. The final quality of the fits was satisfac-
tory, as can be seen in Figs. 6.5 and 6.6. A study showed a presence of a small
irreversible nonspecific binding, but proved that the fit of the experimental data
without nonspecific binding compartment led to small and acceptable bias (Delforge
et al. 1993).

Table 6.1 shows that the standard deviations on the model parameters are signifi-
cantly smaller with the three-injection protocol except for the receptor concentra-
tion B’ which is similar. This proves the interest of the optimization of the
experimental protocol described in paragraph 6.3.3.4, since it has been optimized in
favor of B’ but as a consequence led to poorer quantification of other
parameters.
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Table 6.1 Model parameters estimated using the three-injection protocol (tracer dose, displace-
ment and co-injection) and using the two-injection protocol (tracer dose and co-injection)

Parameters Units Two injections Three injections
B’ ax pmol/mL 25+7 26+7

ky min~! 0.46+0.10 0.34+0.06

ka min™! 39+1.7 23+1.1

kon/ Vr mL/(pmol.min) 1.6x1.4 1.3+0.2

kor min~! 0.29+0.24 0.34+0.08

F, - 0.41+0.10 0.48+0.14
K,V pmol/mL 0.36+0.38 0.30+0.06

The receptor concentration was estimated to 26 +7 pmol/mL of myocardium. All
parameters in this series of normal volunteers are summarized in Table 6.1. No
difference in receptor constants was found across left ventricular walls, but one of
the limits of the study was the quite rough correction of partial volume effect using
echocardiographic thickness measurements, so some minor differences from one
wall to the other could have been underestimated.

6.4.1.2 MQNB Images After Tracer Injection

The plateau of [''C]-MQNB concentration observed in the myocardium when the
ligand is injected at high specific activity is thus due to a high probability of rebind-
ing and not to an irreversible binding. These findings must be applied cautiously
when interpreting PET images if the ligand used displays a high affinity for specific
binding sites.

These model parameters also prove that myocardial PET images obtained after a
single injection of a high-affinity ligand reflect the myocardial blood flow more than
the receptor density (Delforge et al. 1990a, b). The possible changes of concentra-
tion observed on the images are mainly the consequence of the local changes of



6 Imaging the Parasympathetic Cardiac Innervation with PET 125

blood flow. As a consequence, to study the distribution of receptor sites in the heart
(even with no quantification), it is thus necessary to use an experimental protocol
such as a significant part of the receptor sites are occupied (by using low specific
activity or by injecting non-labeled ligand).

6.4.1.3 The Reaction Volume Estimation

The volume of reaction Vg is not identifiable from the PET data. Because MQNB is
a very hydrophilic molecule, V can be considered close to the fraction of extracel-
lular fluid estimated at 0.15 mL/mL tissue (Walker 1986). This value is in agree-
ment with the estimate obtained in the dog study by comparing the K;Vy value
found in vivo by PET (0.072+0.021 pmol/mL tissue) with the K; value from the
in vitro method (0.49+0.06 pmol/mL tissue), which led to a Vi value equal to
0.147 mL/mL (Delforge et al. 1990a).

A third estimate of this parameter can be obtained by assuming that exchanges
between plasma and free ligand compartments were passive. In this case, the
reaction volume can be estimated from the k/k, ratio. From the parameter values
given in Table 6.1, Vj is estimated by this method at 0.148 mL/mL.

The three estimates of Vi are close to 0.15 mL/mL. By using this value, the
equilibrium dissociation constant Kj is estimated at 2.0+0.5 pmol/mL tissue in the
normal human myocardium.

6.4.2 Muscarinic Receptorsin Heart Denervation

Myocardial denervation can occur in different pathological conditions with differ-
ent consequences on receptor changes. Denervation generally induces a supersensi-
tivity to agonists that has been lost and an increase in receptor density. However, we
will see that the mechanism of denervation can modify these receptor’s changes.
Heart transplantation induces a surgical parasympathetic denervation at the pregan-
glionic level, in contrast with sympathetic denervation, with no changes in postgan-
glionic nerves. In contrast, denervation observed in patients with familial amyloid
polyneuropathy (FAP) is due to amyloid deposition all along the pre- and postgan-
glionic neurons and nerve terminals. PET studies have shown the difference in these
two types of denervation in both B-adrenergic receptor and MR changes.

6.4.2.1 Muscarinic Receptors in Heart Transplantation
Myocardial denervation in transplant patients leads to important clinical, physiolog-
ical and pharmacological alterations such as elevated basal heart rate, silent isch-
emia, arrhythmias, and difference in drug efficiency (Bristow 1990). Changes in
B-adrenergic receptor density have been correlated with an increased total number
in dogs but not in patients, suggesting species differences (Vatner et al. 1985). The
question of MR changes in transplanted patients was not elucidated.

After determination of normal values, the PET evaluation with [''C]-MQNB was
applied to 6 patients 2—7 months (mean 4.7+2.3) after heart transplantation. As
expected, the baseline heart rate was significantly higher in patients than controls.
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The heart rate remained constant until the end of the procedure in all patients, while
it increased significantly in normal volunteers. This discrepancy between controls
and patients is explained by the absence of tonic vagal input in patients: the heart
rate does not respond to innervation-dependant pharmacological stimulation such as
atropine or analogs. So, there was no more difference in heart rate between patients
and controls at the end of the procedure. However, no difference in the affinity con-
stants nor in the mean receptor density B',,x (24.4 vs. 26.7 pmol/mL) was found
between patients and controls. This absence of change in MR density is in agree-
ment with the unchanged sensitivity to MR agonists found in the denervated heart.
This may be due to the fact that surgical parasympathetic denervation is pregangli-
onic, in contrast with sympathetic denervation. This is concordant with the persis-
tence of parasympathetic innervation in cardiac allograft tissues.

The only difference between patients and controls in the study was in the volume
of reaction (Vy), reflecting an increase in interstitial water volume produced by
edema, even in the absence of acute rejection.

6.4.2.2 Muscarinic Receptors in Heart Denervation Observed
in Patients With Amyloidosis

FAP is a rare hereditary form of amyloidosis characterized by a progressive senso-
rimotor polyneuropathy with often severe autonomic neuropathy. It is due to amy-
loid deposition of a genetic variant transthyretin produced by the liver, with various
clinical presentations, as circa 100 mutations have been described. The only effec-
tive therapy is liver transplantation which can stop the disease progress, but since a
few years new drugs have been proposed that stabilize the abnormal transthyretin
and prevent amyloid deposit in the target organs (Adams et al. 2000), and gene
therapy is a fast developing therapeutic pathway as well.

Cardiac involvement has been demonstrated as a major prognostic factor, as car-
diac deaths are responsible for 40 % of mortality.

Cardiac autonomic neuropathy is the most frequent and earliest manifestation of
the cardiac amyloid deposit. Some forms of FAP create pure lesions of cardiac
denervation, with sympathetic denervation well demonstrated by MIBG imaging
showing a progressive decrease in the tracer uptake (Delahaye et al. 1999, 2000).
PET and MQNB were used in a series of 21 patients with genetic transthyretin
(TTR) FAP but no left ventricle systolic dysfunction evaluated before liver trans-
plantation (Delahaye et al. 2001). Cardiac -receptor functional efficiency was stud-
ied by heart rate response to intravenous isoproterenol. The mean MR density was
significantly higher in patients than in control subjects (B’ 35.5+8.9 vs. 26.1+6.7
pmol/mL, p<0.003), without change in receptor affinity. The increase in heart rate
after injection of atropine as well as MQNB was lower in patients compared with
control subjects despite a similar basal heart rate, consistent with parasympathetic
denervation. Incremental infusion of isoproterenol induced a similar increase in
heart rate in patients and control subjects, while cardiac MIBG uptake was mark-
edly decreased in patients compared to controls, suggesting no changes in sympa-
thetic postsynaptic receptor density in spite of presynaptic denervation. The MR
density was higher in the septal wall of patients than in the anterior wall and higher
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in the anterior wall than in the lateral wall, suggesting regional differences, but the
wall thickness of patients was higher and more variable.

The absence of increased sensitivity to isoproterenol was consistent with the
absence of B-receptor-mediated supersensitivity despite sympathetic denervation.

This difference between muscarinic and f-adrenergic receptor regulation is prob-
ably due to the absence of circulating neuromediator for the parasympathetic sys-
tem. Although myocardial catecholamine release by sympathetic neurons is
impaired in patients with FAP, the persistence of catecholamine production by the
adrenal glands associated by the lack of reuptake by the sympathetic nerve termi-
nals in the myocardium seems sufficient to maintain the p-receptor stimulation.
However, the most accurate way to demonstrate this would be to quantify both
muscarinic and f-adrenergic receptors with PET in the same patients.

6.4.3 Muscarinic Receptors in Heart Failure

Congestive heart failure is associated with a marked imbalance of the autonomic
nervous system. This includes an increase in sympathetic drive, downregulation of
left ventricular B-adrenergic receptors, and selective loss of the myocardial contrac-
tile response to f-adrenergic stimulation (Bristow et al. 1990). Cardiac parasympa-
thetic control in patients with chronic heart failure has been less well documented,
even though the role of the parasympathetic system is increasingly suspected in
heart disease and in the events that characterize its outcome, especially sudden
death (Schmitz et al. 1996; Hermosillo et al. 1993; Brack et al. 2013). Several lines
of evidence suggest that the parasympathetic receptor-effector system is altered in
heart failure. A chronic attenuation of cardiac vagal tone has been inferred from
studies of heart rate variability in patients with cardiomyopathy (Binkley et al.
1991; Nolan et al. 1992). Congestive heart failure is associated with decreased stim-
ulated myocardial adenylate cyclase activity, increased amount or functional activ-
ity of G;u regulatory protein G;-binding protein, attenuated parasympathetic tone,
and increased modulation of B-adrenergic inotropic left ventricular stimulation by
parasympathetic agonists (Bohm et al. 1990). These data suggest that either the
density or affinity of receptors coupling with the inhibitory guanine nucleotide-
binding protein, which include MRs, is altered in the failing myocardium (Vatner
et al. 1996).

The density and affinity constants of myocardial MRs were evaluated by means
of PET with [''C]-MQNB in 20 patients with congestive heart failure due to idio-
pathic dilated cardiomyopathy (mean left ventricular ejection fraction, 22+9 %)
and compared with values in 12 normal subjects (Le Guludec et al. 1997). The mean
receptor concentration was significantly higher in patients than in control subjects
(B’ nax 34.5£8.9 vs. 25+7.7 pmol/mL, p<.005), with no changes in affinity con-
stants. The change in heart rate after injection of 0.6 mg of non-labeled MQNB was
lower in patients than in control subjects (34+20 % vs. 55+36 %, p<.05), and
receptor density correlated negatively with maximal heart rate in the patients
(r=.45, p<.05).
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This study clearly demonstrated that congestive heart failure is associated with
an upregulation of myocardial MRs (Fig. 6.7). This may be an adaptive mechanism
to P-agonist stimulation and should increase the number of potential targets for
pharmacological intervention.

6.4.4 Muscarinic Receptors in Postinfarct Patients

['!C]-MQNB was used to evaluate the impact of infarction on left ventricular MR
density. Myocardial ischemia and infarction drastically alters the autonomous ner-
vous system, and this alteration contributes to the susceptibility of the infarcted
regions to the occurrence of arrhythmias and sudden death (Frenneaux 2004;
La Rovere et al. 1998; Schwartz et al. 1992). Experimental and clinical data suggest
that decreased vagal activity is associated with an enhanced risk of ventricular
arrhythmias in patients after myocardial infarction, besides changes in postsynaptic
B-adrenergic receptors expression, with a reduction in density in the remote myo-
cardium correlated with remodeling parameters (Ohte et al. 2012). In addition, the
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Fig.6.8 Correlation between the maximal heart rate in patients after intravenous injection of non-
labeled MQNB (a MR antagonist equivalent to atropine) and the density of myocardial MRs
(B’ max) estimated by PET

role of the parasympathetic nervous system in cardioprotection by remote ischemic
preconditioning (Mastitskaya et al. 2013; Donato et al. 2013) as well as in preven-
tion of reperfusion injury (Katare et al. 2009) was extensively evaluated.

A group evaluated MR density using ['!C]-MQNB PET and a two-injection pro-
tocol (injection of labeled MQNB followed by co-injection of unlabeled and labeled
tracer) in 11 patients after their first myocardial infarction and in 9 healthy volun-
teers (Mazzadi et al. 2009). They demonstrated a localized twofold increase in
receptor density in the non-infarcted remote myocardium compared with normal
regions. The B, was similar in remote and potentially damaged regions, but
reduced in damaged regions compared to remote regions. In patients, the mean B,
per patient in remote regions was inversely correlated to the heart rate at baseline,
but not to the extent of infarction or the time after infarction (Fig. 6.8). This study
suggests that the myocardial vagal activity in chronic myocardial infarction is char-
acterized by an upregulation of MRs in remote non-infarcted regions, remaining
within normal values in damaged tissue. This upregulation of parasympathetic
receptors, resulting in increased endogenous P-blockade due to vagal stimulation,
could act as a mechanism attenuating the arrhythmogenic effects of increased and
heterogeneous sympathetic activity.

6.4.5 Nicotinic Receptors in the Left Ventricle

The role of the nAChRs in mediating the parasympathetic autonomic control of
cardiac function is less known. In a recent study, the assessment of cardiac nAChR
distribution with a novel (o) nAChR PET ligand (2-['¥F]-F-A-85380), misspelled
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by the authors, see Sect. 6.2.1.2) was performed in normal controls and neurologic
patients (Bucerius et al. 2006a, b). This agent was first used to detect nAChRs in the
brain, specifically those containing 2 subunits, showing a reduction in uptake in
patients with Parkinson’s disease consistent with histopathologic studies. By con-
trast, smokers presented with an increased neuronal uptake.

Five healthy volunteers without cardiac disease and six patients with either
Parkinson’s disease or multiple system atrophy without additional overt cardiac
disease were evaluated with 2-["®F]-F-A-85380 PET imaging to assess the cardiac
parasympathetic innervation and the putative impact of both disorders. Whole-
body PET scans were performed 75.4 min + 6.7 after IV injectionof 371.2 + 58.1 MBq
of the tracer. Average count rate density of left ventricle ROIs and a standard ROI
in the right lung were measured within three consecutive slices of 10.0 mm thick-
ness. The heart—as well as the lung—tracer uptake was almost constant through-
out all subjects leading to a good target-to-background ratio. Heart-to-lung ratios
were calculated in each volunteer and patient. These ratio were not different
between the volunteer group and patients suffering from Parkinson’s disease or
multiple system atrophy (MSA) (3.2+0.5 vs. 3.2+0.8 and 2.96+0.7, mean+SD),
respectively.

These first results suggested no impact of either Parkinson’s disease or MSA on
cardiac nAChRs, according to authors. However, in this study, no mathematical
model was used, and it is not evident that a simple activity ratio is accurate to evalu-
ate changes in nAChR density.

6.4.6 Nicotinic Acetylcholine Receptors in the Vascular Wall

It has been demonstrated that nAChRs exist in the vasculature and are stimulated by
endogenous ACh or exogenous nicotine. Nicotinic ACh receptors are presents in
nerve fibers innervating blood vessels and are activated by either endogenous ACh
produced in the vessel wall or by a direct effect of exogenous nicotine (Briiggmann
et al. 2002; Egleton et al. 2009). Recent studies have shown that nicotine (the addic-
tive component of cigarettes) binds to the high-affinity cell-surface nAChRs and
accelerates the atherogenic process. These receptors are expressed ubiquitously in
almost all cells existing in the blood vessels. A recent review summarizes the pro-
atherogenic effects of nAChR ligands such as nicotine and tobacco nitrosamines
and the contribution of different receptor subunits in plaque growth, progression,
and neovascularization (Santanam et al. 2012). This stimulation induces a trophic
effect on the endothelium and vascular smooth muscle, enhances cell proliferation
and survival, and releases vasoactive and growth factors that maintain vascular
homeostasis and repair. Excessive stimulation may contribute to pathological angio-
genesis such as that involved in atherosclerotic plaque neovascularization but also
tumor progression. This emphasizes the interest for new methods to evaluate den-
sity and activity of these receptors in vivo (Cooke 2012).

A recent study used the (oyf,) nAChR PET ligand (2-['®F]-F-A-85380) to evalu-
ate the nAChRs in the vascular wall in healthy volunteers and in patients with
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neurodegenerative disorders (Bucerius et al. 2012). The uptake of the ligand was
quantified in the ascending and descending aorta, the aortic arch, and the carotids in
5 healthy volunteers and 6 patients with either Parkinson’s disease or multiple sys-
tem atrophy. A relative quantification was performed in the same way as
['8F]-fluorodeoxyglucose (FDG) PET evaluation is usually performed, i.e., using
the maximum target-to-background ratio. The maximal standardized uptake value
(SUV), the single hottest segment, and the percent active segments of the ligand
uptake in the arteries were also assessed.

Maximum target-to-background ratio uptake values corrected for background
activity showed specific tracer uptake in the arterial wall, with significantly higher
uptake values in the descending aorta. Comparison between volunteers and the
patient group showed lower uptake in the last group when comparing single arterial
territories but not when all arterial segments were pooled together. Although this
marker may be of high interest, again no mathematical model was used, and it is not
evident that a simple activity ratio is accurate to evaluate changes in nAChR density.
Additional studies are needed to assess its accuracy in that setting.

Conclusions

There is large evidence that parasympathetic tone plays a critical role as modula-
tor of the cardiac sympathetic nervous system in both healthy and diseased heart
and has an impact upon the occurrence of arrhythmias and sudden death.
Decreased parasympathetic tone is an important prognostic factor after myocar-
dial infarction or in heart failure patients. Moreover, abnormalities of both sys-
tems, sympathetic and parasympathetic, have been shown to be distributed
regionally and heterogeneous in many circumstances. This represents a major
rationale for the use of imaging to measure autonomic nervous system function.
PET imaging together with [!!C]-MQNB has been validated as an accurate tool
to measure receptor’s density and affinity constants. It requires short half-life
positron-labeled compound that restrict their use to departments equipped with
cyclotrons. The use of compartmental analysis and multi-injection (at least two)
protocols is required for adequate quantification of density B, as well as Kj.
These requirements make PET imaging evaluation a major tool for pathophysi-
ological studies, but make broad clinical application difficult today. In the future,
it could emerge as a reference for validation of more simple tools and easier
imaging protocols and for early diagnosis, monitoring of treatment, and determi-
nation of individual outcome.
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Abstract

Next to aspects related to the imaging techniques, the quality of the used cardio-
vascular tracer is of major importance to produce reliable images, leading to
accurate diagnoses as well as outcome of research and imaging-correlated treat-
ment. We have built up this chapter on cardiovascular imaging according to the
athletic triple jump. Hop, step, and jump are used as metaphors for three subse-
quent steps in the application of cardiovascular tracers. First, hop addresses gen-
eral aspects as well as selection criteria of positron emission tomography (PET)
and single-photon emission computed tomography (SPECT) tracers for cardiac
innervation, myocardial perfusion, and heart failure. Second, step is focusing on
the kind of translational as well as good manufacturing practice (GMP) activities
needed to produce a clinical grade tracer. Third, jump, in which the relationship
between clinical implementation of a radiopharmaceutical and quality manage-
ment and good clinical practice (GCP) is presented.

Abbreviations
BET Bacterial endotoxin tests
CAD Coronary artery disease

cGRPP  Guidelines on current good radiopharmacy practice
COMT  Catechol-O-methyltransferase

EMA European Medicine Agency

FDA Food and Drug Administration

GCP Good clinical practice

GDP Good distribution practice

GMP Good manufacturing practice

GRPP Guidelines on good radiopharmacy practice
HF Heart failure

IEC Independent ethics committee

IMP Investigational medicinal product

IMPD Investigational medicinal product dossier
MA Marketing authorization

MAO Monoamine oxidase

MPI Myocardial perfusion imaging

MTD Maximum tolerated dose
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NOAEL No-adverse-effect level

PET Positron emission tomography

QA Quality assurance unit

QC Quality control

QP Qualified person

SOP Standard operating procedures

SPECT  Single-photon emission computed tomography
SSRP Small-scale radiopharmaceuticals

7.1 Introduction

The current chapter is dedicated to the translation of cardiovascular imaging tracers
towards clinical use. It is divided into three parts, according to the three stages (hop,
step, jump) of the athletic triple jump. Starting with “Hop,” a description of imaging
tracers, their selection, development, and validation of cardiovascular tracers is
given. Second, the section “Step” describes what kind of regulatory procedures
(GMP, toxicology) are needed for the clinical development of the tracer. Finally
“Jump” shows how the performance of clinical trials with cardiovascular tracers
(first in man and beyond) can take place.

7.2  Hop:Cardiovascular Tracer Selection and Validation
7.2.1 Tracer Selection

For the development of novel tracer molecules in general and cardiovascular imag-
ing pharmaceuticals in particular, the importance of property-directed selection
cannot be underestimated. In general, one should look at following features in order
to enable feasible tracer design (Elsinga and Dierckx 2014):

» Labeling suitability, design of the molecule, and choice of radionuclide.

* Depending on the interaction between these processes and the involved kinetics
of the tracer, the ideal isotope should be found which combines both chemical
properties as well as the optimal radionuclide half-life to ensure favorable imag-
ing results.

» Lipophilicity. To avoid too much aspecific binding, the lipophilicity of a mole-
cule should be not too high. Furthermore, there are some exemptions concerning
aspecific binding and its relation with lipophilicity. More research is required to
further decrease aspecific binding, in order to optimize imaging properties of
tracers in general. For cardiovascular tracers overall, their lipophilicity should be
low. The latter is correlated to a water/octanol partition coefficient <1. For brain
studies, however, a minimum amount of lipophilicity is needed to enable the
molecule passing the blood-brain barrier.
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» Target binding properties. When the target of a radiopharmaceutical is receptor
based, its affinity for the receptor should be high, especially when the receptors
are available at low concentrations. Regularly, affinities in the nanomolar range
are needed to detect receptors and proteins in an accurate way. For instance,
when the density of the target receptor population is low, the affinity of the inves-
tigated tracer should be high enough to enable imaging.

» Target binding specificity. It is essential to select a tracer with optimal specificity.
In some cases, this may not lead to a very selective tracer, but rather to tracers,
which are able to detect an optimal amount of targets for the intended purpose.

7.2.1.1 Selectivity Essentials for Cardiovascular Tracers

Regarding flow tracers, it is essential that hydrophilic molecules are used and iso-
topes with a very short physical half-life. For receptor-targeted cardiovascular trac-
ers, it must be stressed that the compounds should be generally highly selective for
a certain class of receptors, but maybe not too selective to enable adequate imaging
quality, e.g., for cardiac innervation imaging.

When implementing transporter substrate tracers, one should be aware that this
tracer should have the ability to accumulate in the target tissue. The latter means that
the tracer-specific activity can be lower than for the receptor-based tracers (Elsinga
and Dierckx 2014). An overview on the available cardiovascular tracers is given in
Table 7.1, and a description of these compounds is given in Sect. 7.2.2.

7.2.1.2 Tracer Development Toward Clinical Use

To develop a tracer towards clinical use, often many derivatives of a compound are
involved, especially for receptor-targeted tracers, but also for substrate-based trac-
ers. When a lead compound is selected in silico, the compound and some of its
nearly related derivates are tested first in vitro and thereafter in vivo using appropri-
ate animal models. When the proof of concept is established, both by binding stud-
ies using, e.g., blockers to proof that the tracers reaches the intended target, as well

Table 7.1 Tracers for cardiology applied in humans

Name Target Category

[*N]NH3 Perfusion Flow tracer
[>O]-water Perfusion Flow tracer
['*F]-flurpiridaz Perfusion Enzyme inhibitor
[**Rb]-rubidiumchloride Perfusion Flow tracer
[''C]-CGP-12177 Beta-adrenoceptor Receptor antagonist
[''C]-CGP-12388 Beta-adrenoceptor Receptor antagonist
['C]-MQNB Muscarinic receptor Receptor antagonist
[''C]-mHED Presynaptic NE transport Transporter substrate
[''C]-palmitate Fatty acid metabolism Enzyme substrate
[''C]-acetate Oxidative metabolism Enzyme substrate

Adapted from Elsinga and Dierckx (2014)
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as by in vivo studies to show that imaging using the new potential radiopharmaceu-
tical is feasible (Elsinga and Dierckx 2014). When both goals are achieved, the
tracer can be developed further as a radiopharmaceutical (see Sect. 7.2.6 and
onwards). Several animal models can be used for investigation of, e.g., receptor
binding properties, as well as perfusion imaging. First, the Langendorf model,
exploring a rodent heart for ex vivo perfusion as well as receptor binding/transporter
substrate effects can be used for initial suitability testing of novel tracers (Hillman
et al. 2014). Second, when ex vivo heart models like these demonstrate the feasibil-
ity of the investigated tracer, more complex and sophisticated models can be used
for a pilot study, e.g., investigating effects on perfusion and/or innervation using the
same tracers, eventually using both a perfusion as well as an innervation tracer.
Suitable animal models are mimicking heart failure by induction of blood pressure
overload, as caused by aortic constriction in, for instance, murine animal models
(Miihlfeld et al. 2013).

7.2.2 CardiacInnervation Imaging: An Overview on Currently
Available Radiopharmaceuticals

The cardiac nervous system in humans is innervated by sympathetic and parasym-
pathetic nerve systems. The main neurotransmitters responsible for this innervation
are norepinephrine and acetylcholine. It is known that alterations of this innervation
system can lead to various heart diseases, such as arrhythmias and heart failure
(Bengel and Schwaiger 2004). Therefore, visualizing innervation of the heart may
be an option for diagnosing heart diseases in an early stage. Available tracers for the
sympathetic neurons can be divided into two groups, radiolabeled catecholamines
and radiolabeled catecholamine analogues. The latter group is resistant to biotrans-
formation by monoamine oxidase (MAO) and catechol-O-methyltransferase
(COMT). Differences between the available tracers include their affinity and speci-
ficity for uptake-1 (a transport system allowing reuptake into nerve terminals) and
the storage of the tracer in vesicles. A limited number of tracers, e.g., ['*’I]-N-
methyl-4-iododexetimide, are available for the mapping of parasympathetic neu-
rons, because of the low density of these neurons in the myocardium and the high
specificity for acetylcholine in the uptake and storage system (Bengel and Schwaiger
2004; Langer and Halldin 2002; Kassiou et al. 1996).

7.2.3 ['2l]-metaiodobenzylguanidine

The most frequently used radiopharmaceutical for visualization of the sympathetic
system is ['%I]-metaiodobenzylguanidine (['*I]-MIBG), in combination with single-
photon emission computed tomography (SPECT) imaging. By processing the patient
images obtained after injection of the tracer, it is possible to calculate a heart-to-
mediastinum ratio, which is used as an estimation of the uptake of catecholamine
throughout the heart (Boersma et al. 2002; Weiland et al. 2010). In addition, the
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sympathetic tonus can be reflected by measuring the ratio of cardiac uptake between
early and delayed images. The latter is also called the washout rate (Bengel and
Schwaiger 2004; Bengel 2011). The washout rate and the heart-to-mediastinum ratio
indicate norepinephrine release and uptake from and into the nerve terminal.
Therefore, ['*I]-MIBG is a commonly used tracer for the assessment of sympathetic
innervation of the heart in heart failure (Tamaki and Yoshinaga 2011).

7.2.4 ["C]-metahydroxyephedrine

The most frequently used tracer when mapping sympathetic neurons with positron
emission tomography (PET) is carbon-11-metahydroxyephedrine (mHED). mHED
is a catecholamine analogue and therefore not metabolized by MAO or COMT. It
can be produced with sufficiently high specific activity to avoid measurable physi-
ologic effects, and it has low nonspecific binding. When reuptake of the neurotrans-
mitters into the nerve terminals in isolated perfused rat hearts is blocked with
desipramine, mHED shows an accelerated washout, indicating that the norepineph-
rine transporter is responsible for this reuptake. This is also proven by the acceler-
ated washout of mHED when norepinephrine is added to the perfusate. Because of
the increased washout in these situations, it is believed that mHED is released from
and transported back into sympathetic neurons continually. In contrast with
['2I]-MIBG, which has lower uptake in the inferior myocardium, mHED has homo-
geneous high uptake in the left ventricle throughout all myocardial segments
(Bengel and Schwaiger 2004).

7.2.5 Perfusion and Viability Tracers

Perfusion tracers are used to depict myocardial blood flow and are a tool to deter-
mine myocardial cell viability. Myocardial perfusion imaging tracers are regularly
radiolabeled molecules which are (partially) entrapped within the cardiomyocyte
(Candell-Riera et al. 2009; Di Carli et al. 2007). With this nuclear medicine proce-
dure, it is possible to illustrate the function of the heart muscle. This enables the
evaluation of several heart conditions from coronary artery disease (CAD) to hyper-
trophic cardiomyopathy and abnormalities in the motion (using gated PET) of the
myocardial wall.

PET myocardial perfusion imaging (MPI) is a very accurate technique in making
prognoses in patients with suspected or known CAD. MPI has an average sensitivity
and specificity of around 90 % for detection of angiographically significant
CAD. PET MPI has proven to be useful as the initial test for detection as well as the
extent and location of myocardial ischemia. Imaging with SPECT and PET can be
used for detecting obstructive CAD and/or to estimate viability of the myocard.
Identifying ischemia in patients with heart failure (HF) is an important step for
evaluation and renders prognostic information. According to Canadian HF guide-
lines, it is recommended to use radionuclide perfusion imaging, SPECT most



7 Tracer Application in Cardiovascular Imaging: A Triple Jump 143

commonly, for evaluating the presence of infarction, ischemia, and/or viability. The
most commonly used and available SPECT tracers are [*'T1], [*"Tc]-tetrofosmin,
and [*"Tc]-sestamibi (Paterson et al. 2013).

Comparing PET with SPECT, PET imaging has shown to be a more comprehen-
sive functional and anatomical assessment of the cardiovascular system. For
instance, PET has better spatial resolution, higher sensitivity, and ability to measure
distribution of tracers in absolute terms as a function of time (Anagnostopoulos
etal. 2013).

The most common positron-emitting radiopharmaceuticals for cardiac perfusion
imaging are rubidium-82 [®2Rb], ['*'N]NH3, and oxygen-labeled water (['*O]-water).
Among these tracers, the most widely used in clinical practice are [2Rb] and ['*N]
NH3 (Anagnostopoulos et al. 2013).

All three PET tracers have short half-lives (<10 min), making it possible to
repeatedly measure at stress and rest. Another major property of current perfusion
tracers is they have a high first-pass extraction fraction at different flow rates. Lower
extraction occurs at high flow rates, leading to a decrease in accuracy of ischemia
detection, representing an error source of underestimation (Rischpler et al. 2012).
PET imaging is able to quantify myocardial blood flow and flow reserve. This
results in better assessment of the functional importance of CAD in HF. Diagnostic
accuracy for PET to detect significant CAD is much higher than SPECT (sensitivity
91 % and specificity 91 %). ['®F]-FDG PET imaging is considered one of the gold
standards for viability imaging. It has a high accuracy for predicting functional
recovery, with a sensitivity of 85-90% (Paterson et al. 2013).

7.2.6 Product Development

Good manufacturing practice (GMP) comprises a defined set of regulations, defin-
ing all requirements needed for the correct development and manufacture of a
medicinal product under adequately controlled circumstances. According to GMP,
new medicinal products need to be thoroughly tested, evaluated and released before
it is allowed to administer them to humans (EU-GMP-website).

In most cases, such new medicinal product is classified as an investigational
medicinal product (IMP) and is tested during a controlled clinical trial. Then, an
ethics committee is involved to review and approve the clinical trial procedure and
to ensure the safety of the participating subjects (see Sect. 7.4).

When designing a new radiopharmaceutical, first of all the chemical synthesis of the
compound needs to be robust, safe, and reproducible. Furthermore, there is a need to
have an accurate quality control (QC) method to warrant correct QC results and thus
appropriate release of the tracer before administration (EU-GMP-website, annex 13).

Moreover, the produced radiochemical should be transformed into a radiophar-
maceutical. This process is called formulation. Usually, formulation is executed by
dilution of the radiochemical dissolved in, for instance, ethanol using water for
injections. This, and all requirements sustaining good quality of the radiopharma-
ceutical, will be discussed in the upcoming paragraphs.
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7.3  Step:What Is Needed to Ensure the Clinical Application
of a Tracer?

7.3.1 Animal Toxicity Testing

In order to study the toxicity of a newly developed radiopharmaceutical, the biodis-
tribution of the tracer in animals (rodents and non-rodents) has to be investigated.
To ensure the efficacious performance of animal experiments, a risk assessment can
help to determine the extent of animal studies needed. The biodistribution studies
include measurement of plasma levels of the tracer as well as its uptake in different
tissues, such as the kidneys or the liver, and the elimination route. Also, the stability
of the tracer in the animal plasma has to be determined. Furthermore, it should be
investigated which metabolites are formed as well as their excretion via the kidneys
and/or gut.

In order to study the acute toxicity of the tracer, it has to be administered in single
intravenous doses at different concentrations on day 1 and followed by observation
of the animals for 7 days. During this period, it is studied whether there are any
clinical signs that might point to toxicity such as changes in body weight, respira-
tory function, food consumption, eye toxicity, and after termination of the animal:
clinical pathology, organ weight, and/or macroscopic/microscopic organ picture.
These tests result in the determination of a no-adverse-effect level (NOAEL) and a
maximum tolerated dose (MTD). For low-dose radiopharmaceuticals (<100 pg of
tested substance in human volunteers), a microdosing approach can be used for
toxicity testing, which comprises of single dose toxicity testing at a 1,000-fold dose
(ICH M3-website).

7.3.2 Introduction into Good Manufacturing Practice (GMP)

GMP is a quality assurance system which is applied in the pharmaceutical
industry. Quality assurance is applied because it is impossible to analyze every
(bio)chemical or physical aspect of all pharmaceutical products used before
release of a tracer. Because the product quality is the core issue for pharmaceu-
ticals to ensure their efficacy and safety, GMP should be used at every stage of
the product life cycle: from the manufacturing of investigational medicinal
products, technology transfer, commercial manufacturing to product discontin-
uation. For pharmaceutical products manufactured by the holder of a manufac-
turing license, it must be ensured they are fit to their intended use. Authorization
for manufacturing is required for all pharmaceutical manufacturers in the
European Union, whether the products are sold or used within or outside of the
Union, or not.

The final pharmaceutical product must also comply with the requirements of a
marketing authorization or an investigational medicinal product dossier (IMPD),
and, when applicable, a clinical trial authorization, and does not place patients at an
unexpected risk due to inadequate quality or efficacy (EU-GMP-website).
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As stated above, GMP ensures that products are consistently produced and con-

trolled to the quality standards appropriate to their intended use and as required by the
marketing authorization (MA), clinical trial authorization, or product specification.
Both production and quality control are part of GMP. EMA (European Medicine
Agency) and FDA (Food and Drug Administration) are the respective regulators in the
EU and the USA. These bodies ensure the quality maintenance of all licensed phar-
maceuticals. Furthermore, the FDA serves as a pharmaceutical inspectorate as well.
Within the EU, inspectors are organized at a national level for each member state.

10.
11.

The basic requirements of GMP are as described below:

. All manufacturing processes are clearly defined, systematically reviewed

in the light of experience and shown to be capable of consistently manufac-
turing medicinal products of the required quality and complying with their
specifications.

. All necessary facilities for GMP are provided, including:

* Appropriately qualified and trained personnel

* Adequate premises and space

* Suitable equipment and services

¢ Correct materials, containers, and labels

* Approved procedures and instructions, in accordance with the pharmaceuti-
cal quality system

* Suitable storage and transport

. Instructions and procedures are written in an instructional form in clear and

unambiguous language, specifically applicable to the facilities provided.
Procedures are carried out correctly, and operators are trained to do so.

. Records are made, manually and/or by recording instruments, throughout the

manufacturing process, to demonstrate that all the steps required by the defined
procedures and instructions were in fact taken and that the quantity and quality
of the product was as expected.

Every change in critical processes is recorded and appropriately validated
according to an authorized change control procedure.

. Any significant deviations are fully recorded, investigated with the objective of

determining the root cause and appropriate corrective and preventive action
implemented.

Records of manufacture, including distribution (which enables to trace the
complete history of a batch), are retained in a comprehensible and accessible
form.

The distribution of the products minimizes any risk to their quality and is per-
formed in accordance with the guidelines concerning good distribution practice
(GDP).

A system is available to recall any batch of product, from sale or supply.
Complaints about products are examined, the causes of quality defects investi-
gated, and appropriate measures taken in respect of the defective products and
to prevent reoccurrence (EU-GMP-website).
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7.3.2.1 GMP Essentials for Radiopharmaceuticals

The preparation and use of radiopharmaceuticals are regulated by defined EU or
FDA guidelines and rules. Within the EU-GMP, annex 3 defines how production of
radiopharmaceuticals should take place. Guidelines, such as the EU-GMP intended
for the production of medicinal products, should also be used, but it must be taken
into consideration that some regulations do not cover special characteristics of
radiopharmaceuticals, such as:

* Short shelf life, due to short physical half-life radionuclide

e Small-scale preparations; these are defined as preparations resulting in <25
patient doses. This is typical for radiopharmaceutical production in a hospital

* Low or absent toxicity of final product, due to particular no-carrier-added
nature of radiopharmaceuticals or a low dose to be administered to each
patient

* Nuclear energy laws regulating some aspects of production requirements, such
as protection of the involved staff, which are not covered by GMP

For the production of radiopharmaceuticals, the “guidelines on good radiophar-
macy practice (GRPP)” and “guidelines on current good radiopharmacy practice
(cGRPP) for the small-scale preparation of radiopharmaceuticals” were developed.
These can be used for small-scale preparations at nonindustrial sites such as hospi-
tal pharmacies, nuclear medicine departments, and PET centers (Elsinga et al.
2010). Notwithstanding the application of cGRPP, the guidance of, for instance, of
EU-GMP annex 3 on radiopharmaceutical production and annex 1 on sterile manu-
facturing, is currently regarded as mandatory in EU member states. Although
national inspectorates will have different interpretations of these rules in their
respective countries, most countries in the western world as well as many other
states regard radiopharmaceuticals as regular medicinal products up until now
(EU-GMP-website). However, in April 2014, the European Parliament has accepted
new regulations towards production of radiopharmaceuticals (Anonymous 2014,
Publication of the EU-parliament). These will be operational from 2015 onwards.
One very important aspect is that for clinical trial use within a specific member
state, a GMP license is no longer required. This may implicate that cGRPP will
become more important as standard guidance for radiopharmaceutical production
within the EU. Nevertheless, this does not mean that the quality of radiopharmaceu-
tical products for clinical trial use should be less well defined after 2015. Furthermore,
the policies of inspectorates upon licensed and clinically used radiopharmaceuticals
are expected to remain unchanged.

In the USA, the situation is different compared to the EU. As of December 2011,
the US legislation on production of radiopharmaceuticals has been amended. In the
current situation, each production site for radiopharmaceuticals needs to have a lim-
ited license (abbreviated new drug application) for each PET radiopharmaceutical.
Furthermore, GMP regulations on PET drugs are given in Chapter <823 > of the
32nd Edition of the US Pharmacopeia. Other radiopharmaceuticals need to be
licensed or defined as new chemical entity to be part of a clinical trial. However, the
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FDA recognizes that many PET tracers have no commercial value and therefore
enforces less strict rules compared to otherwise classified pharmaceuticals (FDA-
Guidance PET Drugs 2011).

Moreover, when using new radiopharmaceuticals in clinical trials, cGRPP, and
the guidelines on good clinical practice should be followed in addition to GMP, and
cGRPP guidelines have a main focus on small-scale radiopharmaceuticals (SSRP).
In contrast to GMP, cGRPP also applies for the labeling procedures of licensed kit
radiopharmaceuticals.

The guidelines on cGRPP and GMP for positron emission tomography (PET)
and other locally prepared radiopharmaceuticals are summarized below (Elsinga
et al. 2010; EU-GMP-website).

Personnel and Resources

When working with radiopharmaceuticals, personnel needs to be trained in order to
acquire necessary practical education, training, regulatory knowledge, and experi-
ence with the resources. Furthermore, the entire staff should be trained on the qual-
ity control system. Main focus of the training should be on the aseptic techniques of
personnel throughout the handling of radiopharmaceuticals for injection. Another
primarily important focus is on radiation protection. The extent of radiation expo-
sure should be checked regularly with approved personal dosimeters (Anonymous
2007, cGRPP). Furthermore, extensive training in dealing with accidents is required
for the proper maintenance of each radiopharmacy.

For the preparation of small-scale radiopharmaceuticals under a GMP license,
there should be at least a qualified person (QP). Furthermore, a responsible person
could have most leading tasks related to production and release of radiopharmaceu-
ticals (Elsinga et al. 2010). In the USA, the role of the responsible pharmacist is
similar to that of the qualified person in the EU.

Under EU regulations, the QP generally is a licensed pharmacist or educated as
biologist or chemist. It is compulsory that the QP has several years of experience
working in pharmaceutical manufacturing operations and has knowledge about the
specific processes and products to be released. The responsible person has an equiv-
alent academic background to a QP, having at least 2 years practical experience in
radiopharmaceutical preparation (Elsinga et al. 2010; EU-GMP-website).

Responsibilities

Depending on the scale of production, the final responsibilities for production and QC
may rest with the responsible person, as in the case of small facilities. In general, most
sites will work with dedicated staff to perform production and dedicated staff to
perform QC.

One of the main responsibilities of the responsible person is reviewing the prepa-
ration batch records and records of laboratory control for accuracy and conformance
to established specifications. In the EU, the QP is responsible for the final release of
an under GMP produced radiopharmaceutical. Licensed kits can be prepared and
released under hospital conditions by a pharmacist. In the USA, the latter task is
performed by the responsible pharmacist.
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Furthermore, in most cases, the QP in cooperation with the responsible person is
held responsible for the approval of procedures, specifications, processes, and
methods including related SOPs (standard operating procedures).

Quality Assurance

For a radiopharmacy division, mostly operating as a subsection of a nuclear medi-
cine department, it is recommended to establish a quality assurance unit (QA), in
order to design and implement a QA system correctly. It is recommended to incor-
porate the principles of GMP as well as current good radiopharmacy practice
(cGRPP) and to consider appropriate risks to justify all items which may differ from
standard regulations (Elsinga et al. 2010; EU-GMP-website). The person responsi-
ble for QA bears the responsibility to verify if all documentation is written and
administrated correctly and to conduct periodic audits. Furthermore, it should be
stressed that, although GMP-production of radiopharmaceuticals can be a very fast
process, all deviations are to be covered based on predefined risk assessments. The
role of QA in defining the risk stratification is essential.

Equipment and Facilities

When working with radiopharmaceuticals, the facilities should be adequate to
ensure prevention of cross contamination and mix-up of materials and equipment.
In addition, only authorized personnel should have access to work areas and
approval for working with open radioactive sources within the room is needed.
Spread of radioactivity from controlled areas should be prevented by taking appro-
priate measures, such as the use of hot cells (see Fig. 7.1). For sterile radiopharma-
ceuticals, the working area should be provided with a laminar flow workstation
delivering HEPA-filtered grade A air. The microbiological quality of workstations
and environment should be monitored frequently. The surfaces within the working
area should be easy to clean or decontaminate in case of radioactive spill. Sinks for
cleaning should be located outside the preparation area (Anonymous 2007, cGRPP).

Fig.7.1 Example of a
GMP-clean room for the
production of PET
radiopharmaceuticals
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Nuclear energy laws give guidance to waste management. The latter will not be
discussed in this chapter, but it must be stressed that adequate waste management is
essential for the effective operation of each radiopharmaceutical production site.

Equipment must be suitable and qualified for its intended purposes. It therefore
should be installed and maintained properly and produce valid results (Elsinga et al.
2010).

According to GMP, adequate validation procedures as well as a validation master
plan are required. See annex 15 of the EU-GMP for more information
(EU-GMP-website).

Furthermore, the QA or QC section is responsible for putting up a system of
planned preventive maintenance and calibration of all GMP critical equipment, in
order to ensure all equipment for the preparation of radiopharmaceuticals operates
accordingly. To ensure this, it is required to keep records and logbooks of performed
maintenance and calibration (Anonymous 2007, cGRPP; EU-GMP-website).

When preparing radiopharmaceuticals a variety of equipment is needed, “pro-
duction equipment” and “quality control equipment” (see Fig. 7.2). Table 7.2 lists
all equipment predominantly wused for the production and QC of
radiopharmaceuticals.

For small-scale radiopharmacies, one room can be used for more than one pur-
pose. With increasing complexity, more measures should be taken to avoid

Fig.7.2 Example of a GMP synthesis module for PET radiopharmaceuticals
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Table 7.2 Equipment used for the production and QC of radiopharmaceuticals

Item
Hot cells

Analytical weight balance

Monitoring systems

Radiopharmaceutical dispensing
systems

Modules for radiopharmaceutical
production (mainly used for the
production of PET tracers)

Gas chromatography equipment
HPLC/UPLC equipment
Dose calibrator

Chromatogram scanner
Multichannel analyzer

Definition

Hot cells are qualified (grades A, B, or C) boxes shielded
with lead bricks or lead layers of suitable thickness. Hot
cell airtightness and the radiation monitor should be
monitored as part of the maintenance. Both for radiation
safety reasons and product quality, production of
radiopharmaceuticals using high amounts of radiation will
take place in hot cells with an appropriate air classification
Precision instrument used for the very accurate
measurement of (small) masses. Their use for the
preparation of radiopharmaceuticals as well as tracers is
essential

Temperature, pressure, and humidity of clean rooms, dry
heat oven, refrigerator, freezer, and incubator should be
recorded. For this automated recording, devices and
software can be used

Dispensing systems, e.g., located in hot cells can be used to
fill all needed syringes before administration to the patients

These modules can be either dedicated to the production of
one radiopharmaceutical, or multipurpose modules for the
production of several radiopharmaceuticals

QC assay equipment

QC assay equipment

Precision instrument used for the accurate measurement of
an amount of radiation

QC assay equipment

Used for the determination of radiochemical purity

mixing-up and contamination. Areas for different operations should clearly be iden-
tified and separated, avoiding mixing-up and unintended use.

Documentation
Quality assurance consists of a documentation system, including different authorized
documents such as standard operating procedures (SOP) and records in relevance to
any step in the process of radiopharmaceutical preparation. This is in order to ensure
that each preparation will be traceable by means of a system of documentation, start-
ing from prescription to the administration of the individual patient doses.
According to GMP, written records should be archived for at least 15 years.
However, archiving time may vary between countries according to their own regula-
tions, and as well for other reasons than GMP, such as government archiving laws
(Elsinga et al. 2010; EU-GMP-website).

Production and Process Controls
Documenting any deviation from production protocols is necessary to identify
trends and to ensure that corrective or preventive action will take place. It is
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advisable to maintain a deviation system and a change control system. Within this
system, all deviant items should be described which are regarded to GMP critical.
Furthermore, all correction to the event and preventive actions to ensure reoccur-
rence is less likely than in the past. A change control system enables documentation
of all prospective GMP critical changes in order to assure that these are imple-
mented in an appropriate way (EU-GMP-website).

All relevant production environment parameters like air pressure parameters, room
temperatures, and radioactive levels should be monitored, to ensure that all materials
are controlled before other necessary tests or verification have been completed. For
microbial control, the bioburden of all starting materials should be kept as low as pos-
sible. The latter can be achieved by using as much as possible presterilized starting
materials. Furthermore, a grade A LAF-hood is preferable as a working environment
for the aseptical assembly of, e.g., nonradioactive synthesizer modules.

Most “in-house” manufactured radiopharmaceuticals are passed through a
0.22 pm filter under aseptic circumstances before administration to patient. The
used filters must demonstrate compatibility with the products for which they are
applied. The membrane filter should be tested for integrity after filtration to ensure
that the filter has performed adequately according to its specifications. Even auto-
claving a radiopharmaceutical may be an option when chemical stability of the
tracer allows this, and the isotope half-life is long enough (>2 h), and the amount of
radioactivity produced for the respective batch is large enough to make terminal
heat sterilization feasible (Elsinga et al. 2010; EU-GMP-website).

Laboratory Controls

Requirements for laboratory controls by QC of the radiopharmaceutical include
information about stability and physical/chemical properties. QC should make use
of SOPs for each test as well as for documenting results. It should be assured that
starting materials and other components comply with the required quality criteria.
Proper labeling is desired to show identity and composition of starting materials and
reagents, solutions, and supplies used for testing.

The methods used for testing materials should be validated to prove that they are
sensitive, specific, accurate, and reproducible. Furthermore, it is required to keep
complete records of all tests, ensuring compliance with previously established
specifications.

Any deviation from procedures or specifications should be written down and
justified. These deviations should be investigated and documented afterwards. After
analysis of materials, results of the tests should be reviewed by QC and released by
a designated person responsible for QC (Elsinga et al. 2010; EU-GMP-website).

Starting Materials
For controlling the starting materials, several procedures should be followed, includ-
ing selection and auditing of vendors, checking receipts of materials, and the release
of materials.

It is preferable that only qualified vendors should be used for supplying materi-
als. However, for radiopharmaceuticals, it is not always possible to qualify each
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supplier at the same level. It has been shown that especially the large suppliers of
not-for human use substances are difficult to approach in order to receive a filled out
supplier questionnaire. Nevertheless, sometimes starting materials from this kind of
companies are needed. In order to be qualified, vendors should show evidence to
support their ability to supply materials meeting all quality specifications. Based on
a physical or paper audit of the supplier, the vendor can be qualified. The qualifica-
tion procedure and results should be documented.

All GMP-critical incoming starting materials should be assessed before use and
released by a QP or responsible person. When the material meets the specifications,
it can be released and used for the intended purpose. Release of materials should be
documented, and documents of testing and examination data should also be main-
tained. When materials are approved, they should be labeled with “Released,” when
rejected with the label “Rejected.” After rejection, materials should be disposed of
properly, and these actions should be taken up in records. Released materials should
be stored according to the previously defined and documented conditions (Elsinga
et al. 2010; EU-GMP-website).

Validation Master Plan

All processes regarding production and analysis of radiopharmaceuticals should be
validated. Validation policies are described in the validation master plan (EU-GMP-
website, annex 15). When a small-scale radiopharmacy has a history of radiophar-
maceutical preparation, validation processes may be carried out using historical
batch records. Some of the positron-emitting radionuclides have a short half-life.
When validating the process, it should be taken into consideration that the radio-
pharmaceutical should be released before all QC tests are done. Furthermore, it is
recommended that validation includes a careful risk assessment. This is in order to
show that the used methods are robust and reliable to justify the pre-release of the
radiopharmaceutical. This means that the release will be done before finishing all
tests. These actions should be documented and approved by the QP and/or respon-
sible person (Elsinga et al. 2010; EU-GMP-website).

Finished Product Controls

Before a radiopharmaceutical is released, it should be tested to ensure that it meets
all predefined acceptance criteria. The acceptance criteria for the analytical methods
applied should meet with the criteria defined in monographs of the European
Pharmacopoeia or another recognized pharmacopeia (United States Pharmacopeia,
Japanese Pharmacopeia). When specific monographs are not available, it is neces-
sary to validate the used analytical methods. For radiopharmaceuticals such as [*N]
NH3, which have a short half-life, it is possible to produce several batches on the
same day. If a batch of a radiopharmaceutical does not meet the acceptance criteria,
it might be reprocessed in this case. However, this is only allowed when the accurate
production and process control procedures are followed, to ensure that the finished
product complies with the specifications before finally releasing the product. The
overall of this procedure should be documented including all conditions in a report
describing the deviation. An example of reprocessing could be removing an
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impurity by passing through a purification column for the second time. Another
example is to let it pass through another filter, when the original filter has failed to
meet criteria of the integrity test (Elsinga et al. 2010; EU-GMP-website).

Certain radiopharmaceuticals ([''C]- and ["*N]-based compounds) may have
extremely short shelf lives, due to inherent short half-life of radionuclide, when
compared to other drug products. Radiation-related radiolysis may affect the stabil-
ity of radiopharmaceuticals allowing rapid chemical changes of the compound.
Because of these effects, it is needed to evaluate appropriate parameters to ensure
and to document the stability under the suggested storage conditions. The radio-
chemical identity and purity, appearance, and pH are examples of the stability
parameters that can be evaluated. Appropriate stability indicating methods should
be operational in order to evaluate the stability in a proper manner and to show any
signs of degradation and impurities. It is recommended to test the stability of a
radiopharmaceutical at the highest radioactive concentration, taking into consider-
ation that the expiry time of a radiopharmaceutical could be altered after adequate
testing (Elsinga et al. 2010; EU-GMP-website).

Small-scale radiopharmacies should use appropriate reference standards, when
analyzing final products, as identified in the used analytical procedure, SOP or as
described in a pharmacopoeia. When small-scale radiopharmacies have established
in-house reference standards, data confirming material purity and identity should be
established and documented. The supplier of the raw material may also provide data
that prove the identity and purity of the reference, for example, in the form of refer-
ence spectra (Elsinga et al. 2010; EU-GMP-website).

Testing the sterility of the final product should be conducted as soon as possible
after completing the production. It is preferred that a licensed laboratory carries out
the test on sterility of the products, using aseptic conditions and techniques, as well
as standards complying with the standards of the European Pharmacopoeia (Elsinga
et al. 2010; EU-GMP-website).

Sterile radiopharmaceuticals, which are intended for injection, should be tested
for the absence of bacterial endotoxins. To measure endotoxins, gel-clot or rapid
photometric methods can be used, as described by the European Pharmacopoeia. It
is required that results of endotoxin tests comply with the prospectively defined
acceptance criteria, before human administration of the product has taken place.
However, for radiopharmaceuticals, this is not always feasible due to the limited
half-life. Therefore, endotoxin tests should be part of each validation program.

When results of a bacterial endotoxin tests (BET) do not meet the acceptance
criteria, a deviation is to be written, and a complete investigation should take place
as soon as possible (Elsingaetal. 2010; EU-GMP-website, European Pharmacopoeia,
Edition 8.0).

Labeling and Packaging

Labels for products and containers are ideally generated using a computerized sys-
tem. Most of the labels will be prepared in advance. The QP will conduct a final
check to ensure that labels affixed on the container and shield are filled out correctly
and completely (Elsinga et al. 2010; EU-GMP-website).
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Internal Audits

It is required to have an internal inspection conducted by QA frequently, e.g., every
month, to monitor compliance with the QA system. At least two persons from QA
should perform an internal audit. When the audit reveals any failures, this should be
documented along with appropriate measures to correct them and prevent them
from occurring again in the future. Records of all inspections have to be docu-
mented and filed (Elsinga et al. 2010; EU-GMP-website).

Records

All records, such as test results and inspection data, should be stored at a location
that is accessible and available for further inspection (internal as well as external
inspection). It is also allowed to store data electronically, but only when appropriate
measurements have been taken regarding protection and backup strategies. It is
required to store records for at least 15 years according to EU-GMP as well as
according to patient care regulations. However, the length of storage may vary
between countries, regions, or states (Elsinga et al. 2010; EU-GMP-website).

7.3.3 Reflection on GMP:What'’s in It for Us?

Considering all care taken for both safety of the product and safety of personnel,
many questions can be raised about the number of measurements in relation to
costs and burden to the organization. The first question of many people concerns
the burden and the overkill. GMP is often seen as a “paper monster” which only
causes burden to the organization and does not add to the safety of the final
product.

Of course, it is not the intention of GMP to add more paper than is strictly neces-
sary. The latter is to be assessed with the radiopharmacy organization. GMP aims
not only to ensure quality and safety of a product but can be regarded as an aware-
ness creating system. GMP creates awareness for the following situations:

e GMP demands the registration of all deviations. This creates a proper overview
on the GMP-related white spots in the organization.

* Asall deviations are documented, awareness is increased regarding prevention of
a documented event. During the implementation of a deviation system, it is evi-
dent that the organization follows a learning curve. Retrospectively, staff mem-
bers will notice that the issues of concern, about which they were initially
unaware, become less abundant over time.

* Deviations exemplify that technical maintenance of the facility is a critical cor-
nerstone in operating a radiopharmacy. It is not only an important source of
deviations but also the basis for prevention of such events. Having an accurate
SOP on technical maintenance, many pitfalls turn out to be preventable.
Unfortunately, it is impossible to give a clear description of a technical mainte-
nance SOP, as the contents may show great variation, depending on the
organization.
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Another aspect to which GMP may contribute to a large extent is the cooperation
with the pharmaceutical industry. Many radiopharmacies and sometimes even phar-
maceutical industries are unaware of the fact that they may cause major financial
and liability risks to a large pharmaceutical company when they collaborate in a
project. This is particularly the case when a radiopharmacy produces radiopharma-
ceuticals under the sponsorship of a pharmaceutical company. When GMP is inap-
propriately implemented in a radiopharmacy and deviations are missed, it may, for
instance, harm a new pharmaceutical product of the industry. It may even lead to the
failure of a new drug product. This is an important reason why (especially) large
pharmaceutical companies are extremely cautious in working with external contract
partners. The industry’s apparent “overkill approach” on GMP is based on these
principles. Every radiopharmacy that is selected by a large pharmaceutical company
for outsourcing should be fully aware of this and be able to ensure sufficient capac-
ity to meet the contract agreed upon.

7.4  Jump: Good Clinical Practice

When conducting research trials involving human subjects, strict adherence to the
rules and principles of good clinical practice (GCP) is necessary. From clinical tri-
als, the safety and efficacy of an IMP can be demonstrated. To guarantee the ethical
and scientific soundness of clinical trials, international standards have to be applied
(GCP-website).

7.4.1 Principles

Among the most sensitive aspects of clinical trials are the safety, well-being, and
rights of the trial subjects. Therefore, the principles of GCP are based on the
Declaration of Helsinki (Declaration of Helsinki website 2013). Before a trial with
an IMP can be started, it has to be determined whether the benefits for the individual
subject and society outweigh the possible risks involved in participating in the trial.
Also, a protocol has to be drawn first, according to which the study will be carried
out. This protocol needs approval by an independent ethics committee (IEC). If
there is already any clinical information about the IMP, the study’s approval request
should be supported with this information. As well, nonclinical information, such as
details of the manufacture process and the pharmaceutical quality of the IMP should
be documented. The latter is always necessary to submit. Furthermore, within the
EU, an investigational medicinal product dossier should be submitted to the compe-
tent authority in the country. This document contains all relevant and available phar-
maceutical information concerning the IMP. After approval of the study protocol,
the study can be opened by starting patient enrolment. First, the investigator deter-
mines whether a subject is eligible for inclusion according to the in- and exclusion
criteria of the study protocol. Then, the patient is to be asked to participate in the
study and subsequently informed about all possible consequences of study
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enrolment. Finally, selected trial subjects have to individually and voluntarily give
their written informed consent to be included in the study. If the study protocol
allows for inclusion of incapacitated subjects, for whatever reason, informed con-
sent can be obtained from a legal representative. Once the study has started, the
subject has the right to withdraw its consent and thereby leaving the study.

7.4.1.1 Investigator

The medical care needed during a trial should be provided by qualified physi-
cians. The physicians involved have adequate experience in conducting trials,
gained by education and/or training. Personnel releasing prepared radiopharma-
ceuticals should have adequate experience with the quality systems and be famil-
iar with the regulatory requirements specific for radioactive products. Also, the
investigators should be familiar with handling the IMP under conditions as speci-
fied in the protocol. Whenever the sponsor of the trial has to monitor the trial or
to carry out checks on it, this has to be facilitated by the investigators. If the
investigator wishes to delegate any trial-related duties to other qualified investiga-
tors, she should make a document containing information such as names, func-
tions, and delegated duties about them, and keep this document updated during
the trial. The final responsibility for the study, however, always remains with the
coordinating principal investigator. All data gathered during the trial should be
stored such that verification is possible, regardless where the study is conducted.
However, stored data should be protected if it is possible to identify subjects with
this information.

Regarding staff capacity and resources needed to carry out the trials, the investi-
gator should guarantee a sufficient available capacity for the foreseen duration of
the trial. Documentation of their names, functions, qualifications, and education is
mandatory.

7.4.1.2 Independent Ethics Committee (IEC)

Before a clinical trial can be started, it has to be approved by the IEC. The IEC
controls whether the trial meets all requirements they (and they national authorities)
have set for it. Their main purpose is to safeguard the rights and dignity of the trial
subjects. Depending on national regulations, other issues they take into account
include the competence of the investigator to conduct a trial of and the question
whether the balance between benefits and risks is equally divided between all sub-
jects. In some countries, such as the Netherlands, also the scientific soundness of a
study is evaluated by the IEC. If the requirements are not met, the IEC can request
changes, suspend the trial, or deny permission for it. In addition to the IEC, the
radiation protection authority must approve the clinical trial when a radiopharma-
ceutical is involved. Because the IEC has an important role in granting permission
for a clinical trial, it needs to have access to all documentation related to the study.
This includes trial protocols, informed consent forms, CVs of the investigators, and
patient information. For clinical trials involving radiopharmaceuticals, the informa-
tion is additionally judged based on three basic principles of radiological
protection:
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* Use of dose limits (dose constraints). For cardiovascular applications, a dose of
<10 mSv per scan is regarded as safe for the indication. For certain oncological
protocols, higher doses may be allowed, in view of the sometimes shorter life
expectancy.

» Justification of activities that could cause or effect radiation exposure.

* Optimization of protection to keep doses as low as reasonably achievable.

The investigator is only allowed to deviate from the protocol without approval
from the IEC when there is an immediate hazard potential to the trial subjects. In
most cases, the protocols will cover all known hazards in order to create the ability
that the patient can always be treated within the protocol. Reasons for inserting
changes into the protocol have to be submitted as soon as possible after it has
become clear that the change is necessary (GCP-website; Verbruggen et al. 2008).

7.4.1.3 Informed Consent

Informed consent has to be obtained by the investigator. Its purpose is twofold; firstly,
the investigator can ensure the IEC that the subjects participating in the trial do this
voluntarily, and secondly the investigator can ensure that the research is consistent with
the subject’s preferences, interests, and values. To ensure that the subjects participating
in the study make a rational and voluntary choice, the given information should be clear
and set up in such a way that it is fully understandable for the subject.

7.4.2 Trial Design/Type

The trial type determines the trial design. There are several types of trials, which are
divided into therapeutic or diagnostic, combined with the disease category to be stud-
ied, for example, diagnostic cardiovascular. In clinical trials investigating regular
pharmaceuticals, the FDA and EMA require that IMPs are not allowed to have an
acute toxic effect in preclinical studies at doses that are a hundred times higher than
the anticipated clinical dose. In the first phase of these safety studies, information on
pharmacokinetics, biodistribution, and radiation dosimetry is provided. The latter
has to be measured for each organ structure as well as for whole-body exposure. In
the second phase, the clinical efficacy of diagnostic imaging agents is validated.
Parameters like dose, dosing schedule, post injection time to image, image projec-
tions and views, and reconstruction algorithms are varied to optimize the images’
diagnostic content and the safety profile. The optimal parameters are to be used in the
third phase. In this last phase, data is collected and analyzed. These data can be used
to support the New Drug Application for its intended clinical use (Rollo et al. 2010).

Conclusions

Many radiotracers are currently under investigation as potential clinical radio-
pharmaceuticals for indications involving cardiac function and innervation.
Before clinical implementation is feasible, all required GMP regulations have to
be met. Upon production, release, and administration of the radiopharmaceutical,



158 F.M. de Roo et al.

GMP adherence is likewise essential. In the near future, the role of cGRPP will
become more clear. For the proper conduction of clinical trials using radiophar-
maceuticals, GCP regulations are to be followed in order to ensure patient safety
and adequate data collection for scientific research.
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Abstract

Non-invasive imaging of myocardial innervation using positron emission tomog-
raphy (PET) and positron emission tomography/computed tomography (PET/
CT) is a valuable methodology in cardiac imaging. Although it never entered the
clinical arena in an extent as single-photon emission computed tomography
(SPECT) imaging for this purpose did, its technical advantages, the excellent
properties of the imaging agents, and the availability of tools for quantification
combine into an occasionally underrated approach.
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This chapter covers a rather wide range of topics and tries not to repeat
information provided in other chapters of this book. Consequentially, the focus
is to emphasize where all three elements — imaging technique, tracers, and
analysis — have to interact to form a viable workflow.

Abbreviations

BGO Bismuth germanate

COMT Catechol-O-methyltransferase
CT Computed tomography

ECG Electrocardiogram

EPI Epinephrine

GSO Gadolinium oxyorthosilicate
H/M Heart-mediastinum ratio

HTX Heart transplant surgery

ID Injected dose

LOR Line of response

LSO Lutetium oxyorthosilicate

LV Left ventricle

LVEF Left ventricular ejection fraction
MAO(-A) Monoamine oxidase (—A)
MR(I) Magnetic resonance (imaging)
NET Norepinephrine transporter

PET Positron emission tomography
PHEN Phenylephrine

RCSD Regional cardiac sympathetic denervation
ROI Region of interest

SCA Sudden cardiac arrest

SPECT Single-photon emission computed tomography
SUv Standardized uptake value

VOI Volume of interest

vT Ventricular tachycardia

8.1 PET/CT: A Brief Introduction of Concepts and Methods
8.1.1 Historical Developments

Positron emission tomography (PET) is successfully used in cardiac research
applications since the 1980s, and numerous milestone publications have shown the
potential of this technique for the characterization of myocardial perfusion, metabo-
lism, and innervation. Since then, PET has developed as a clinical imaging tool but,
due to costs and lack of reimbursement in many countries, cardiac PET has never
achieved the widespread use which myocardial perfusion single-photon emission
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computed tomography (SPECT) saw in the same period. However, at least from an
oncological point of view, this changed in 2001 when Townsend and Cherry imple-
mented the first hybrid PET/CT system, which combined high-resolution morpho-
logical computed tomography (CT) images with lower-resolution but metabolically
very specific PET data. From a logistical point of view, another advantage has to be
appreciated: the time-consuming acquisition of a transmission data set for attenua-
tion correction using external sources, taking up to 15 min per bed position, was
replaced with a scan of few seconds using the CT (Townsend and Cherry 2001).
This enabled a higher patient throughput in whole-body, oncological imaging and
paved the way for PET/CT’s success in today’s medical imaging world. Although
this success is almost entirely based on tumor imaging, with the clinical availability
of PET/CT systems, the interests in cardiac applications using this device also
increased.

8.1.2 Technical Principles:The Short Story

PET imaging uses the rapid radioactive decay of positron-emitting isotopes (such as
8F, UC, BN, 0) which are, after their generation in cyclotrons, chemically
“inserted” in molecules with high biological relevance (e.g., metabolism,
['®F]-deoxyglucose, [''C]-acetate; perfusion, ['*N]-NHj, [°O]-water; and innerva-
tion, [!!C]-metahydroxyephedrine). These radiopharmaceuticals are injected intra-
venously in a patient which is positioned inside a PET scanner (Fig. 8.1). Then, the
tracer distributes, and during the radioactive decay of their isotopes, positrons are
emitted and annihilate within a very short time with electrons under the emission of
two 511 keV photons. PET tomographs utilize the near-simultaneous (coincidence)
detection of these photons with a ring of detectors. The high-energy photons are
detected with dedicated materials which convert them into lower-energy photons
which are then in turn detected and amplified (mostly) with photomultiplier tubes.
These electrical signals are subsequently processed to estimate the so-called line of
response (LOR) along which the decay must have taken place. This is possible since
the two annihilation photons travel antiparallel (i.e., they are emitted at an angle of
approximately 180°) so that the decay must have taken place somewhere along the
LOR. Thus, in contrast to SPECT scanners, where collimators are used to associate
a detected event with the direction it came from, PET is using an “electronic collima-
tion” increasing its sensitivity as no photons are lost within heavy collimators
(although the needed hardware is clearly more expensive). As shown in Fig. 8.1, the
hardware design uses detector rings where the coincidence is determined by using a
very short acceptance timing window of typically a few nanoseconds or less for the
detection of both events. Fundamentally, three types of events can occur: first, a true
coincidence, if indeed the two annihilation photons arrive un-scattered at the two
detectors along the LOR. Second, a scattered coincidence when one or both photons
from a single positron decay undergo a scatter event in the body but arrive within the
time window; obviously, this results in wrong spatial association. Finally, a random
coincidence can occur where rays from two unrelated decay events are registered



164 S.G. Nekolla and C. Rischpler

Fig.8.1 Basic principles of PET imaging: a radioactive tracer such as [''C]-mHED is injected into
a patient and emits two 511 keV photons after the positron annihilates with an electron. Those two
photons are detected and measured in coincidence mode by dedicated hardware surrounding the
patient. Three possibilities exist for such a measurement: true, scattered, and random
coincidences

within the time window. Whereas the first possibility results in a “correct” measure-
ment, the two other cases will yield image degradation. Scattered events are of spe-
cial relevance in cardiac imaging due to relatively high amounts of tracer in the heart
and adjacent organs. Originally, PET systems operated in 2-dimensional (2D) mode
with interplane septa which reduces scattered photons as coincidence measurements.
Basically, in this 2D mode, coincidence measurements are performed only in one
plane of the PET camera. Removing the septa and accepting coincidences between
scanner planes, however, increase sensitivity and consequentially shorten scan time.
This so-called 3D mode has shown many advantages especially in oncological imag-
ing protocols including increased patient throughput (Lartizien et al. 2004; Halpern
et al. 2004a). However, it is potentially limited by the counting rate capability of the
system and its effectiveness to reject scatter and random coincidences.

Today, the most commonly used detector materials are lutetium oxyorthosilicate
(LSO) and gadolinium oxyorthosilicate (GSO) which are both attractive due to their
physical properties. Both LSO and GSO are increasingly used instead of bismuth
germanate (BGO) in PET/CT systems (Lewellen 2008). LSO and GSO scintillators
show a relatively fast light decay time and high light yield (Humm et al. 2003),
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enabling the use of short coincidence time windows which in turn results in a
decreased dead time. Consequently, this improves the count rate capabilities and
reduces randoms. Thus, an LSO-based PET/CT scanner (Martinez et al. 2006)
shows an approximately 3.8 times higher counting rate than a conventional BGO
scanner operating in 2D mode (Brix et al. 1997). In case of [*N]-NHj scans, the
count rates give rise to a dead time in the range of 25-30 % for both LSO and BGO
devices. But as an LSO-based system shows a 5-6 times higher rate of true coinci-
dences, this offers a clear advantage.

In nuclear cardiology, a high counting rate capability is of particular importance
as one often faces relatively high tracer concentrations in static imaging and — most
importantly — bolus injection techniques with dynamic image acquisition.

Initially, the suitability of 3D tomographs was shown for the practical case of
static viability imaging with ["*F]-FDG PET imaging (Brogsitter et al. 2005) and
[*2Rb] PET perfusion imaging (Knesaurek et al. 2003). In a functional extension,
Knesaurek et al. demonstrated that cardiac [#?Rb] PET allowed the reliable estima-
tion of global functional parameters from PET scanners operating in 2D or 3D mode
(Knesaurek et al. 2007). Thus, a very dose-efficient method to clinically relevant
parameters in modern PET/CT systems is available.

One advantage of PET is the capability for absolute quantification. For this pur-
pose it must be ensured that — for example, in the case of myocardial flow
quantification — the input function, which is usually obtained from a small region of
interest (ROI) placed in the left ventricular cavity and which is necessary for tracer
kinetic modeling, can be accurately determined (Yoshida et al. 1995; Raylman et al.
1993). Consequently, a high counting rate is of crucial importance because a rela-
tively large amount of the injected radiotracer gets into the field of view early and
rapidly after radiotracer application. This might ultimately cause a saturation of the
PET scanner and, thus, inaccurate assessment of the input function. Despite these
challenges, several studies have proven that accurate, non-invasive myocardial flow
quantification using 3D PET is feasible. Lekx et al., for example, showed a moder-
ate to strong correlation of absolute flow values assessed by 2D or 3D [*?Rb] PET
myocardial perfusion imaging in a canine model (Lekx et al. 2010). In a similar
study in humans, an excellent agreement between 2D and 3D acquisition of abso-
lute myocardial blood flow using ['*N]NH; was demonstrated (Schepis et al. 2007).
These studies suggest that — at least for the hard- and software used in those studies —
blood flow can be accurately determined using either 2D or 3D PET, while 3D PET
offers an obvious advantage: the radiation exposure to the patient can be clearly
reduced by a lower administration dose. All these publications used perfusion agents
rather than innervation tracers. However, as shown later, dynamic imaging with this
category of radiopharmaceuticals is a relevant element in quantification.

With the aim to improve spatial resolution, recent PET/CT systems are equipped
with smaller crystals, which is of particular importance in nuclear cardiology in
order to decrease partial-volume effects (Parodi et al. 1984). As the enhancement of
the spatial resolution from 7.0 to 4.5 mm leads to an increase of about 30 % in count
recovery (given an average ventricular wall thickness of about 10 mm), the use of
high-resolution PET ameliorates the assessment of regional tracer distribution in the
myocardium and allows more accurate quantification of physiologic parameters
such as blood flow, metabolism, or innervation.
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8.1.3 Attenuation and Scatter Correction

Attenuation correction in PET is the prerequisite for any quantification of the
radiotracer’s uptake signal. Absolute quantification is the key to improve diagnostic
performance, to enable comparisons between serial examinations, and to perform
any pharmacokinetic modeling. A large fraction of the 511 keV annihilation photons
from the positron decay are actually scattered by the patient’s body. Consequentially,
they are discriminated due to a lower energy or do not reach the PET detectors at all.
To account for these effects and thus compute activity-wise correct PET images, it is
necessary to determine an attenuation map with the appropriate attenuation coeffi-
cients for 511 keV photons at each voxel. In hybrid PET/CT systems, this is achieved
using the information about the tissue electron density provided by the CT and
adjusting it for the difference in photon energy (Souvatzoglou et al. 2007). However,
as the CT scan is done (a) very fast compared to the PET and (b) either before or
after the PET scan, misalignment can occur. Importantly, any misregistration
between emission and “transmission” might lead to uptake errors, since the differ-
ence in tissue density between the heart and the surrounding lung is high. Clinical
studies showed that artifacts due to misalignment can occur in 20-30 % of PET/CT
studies, typically in anterolateral or lateral segments of the left ventricle (LV)
(Martinez-Moller et al. 2007a). This is a considerable problem in PET studies where
clear and strong tracer uptake is seen (such as perfusion or viability) and the pres-
ence of artifacts can be appreciated visually. Possible countermeasures for this issue
are manual or automatic registration and repeated reconstruction. In the case of the
relatively weak truly molecular signals from innervation tracers, this might be more
difficult, and substantial caution and quality control steps are required.

In addition to the effects of misalignment, metal implants such as leads, pace
makers, or other interventional devices may affect the quantification of PET tracer
uptake — although this was only investigated in cardiac PET using flow and metabo-
lism markers (Halpern et al. 2004b; DiFilippo and Brunken 2005). However, these
PET artifacts are primarily due to the effects of the metallic components in recon-
struction artifacts of the CT and migrate through the overestimating of attenuating
tissue into the PET images. The relevance of these artifacts differ depending on their
position, and thus, hybrid reading or reviewing also non-attenuation-corrected data
is advisable also for innervation tracers.

8.1.4 Technical Developments with Special Relevance
to Cardiac PET/CT

Cardiac and respiratory motions both blur the signal from the myocardium and reduce
the spatial resolution which can theoretically be achieved. Especially in the presence
of weaker molecular signals, this is a potential problem. Cardiac-gated PET imaging
is available on all commercial scanners and the implementation works in such a way
that, in parallel to the measurement of all coincidence events, the electrocardiogram
(ECG) signal using conventional electrodes is recorded and stored together with the
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Fig.8.2 List mode data acquisitions allow a flexible and retrospective generation of image data
matching to various criteria. Three examples using the list mode stream are shown here: dynamic
(a), ECG (b), and dual ECG and respiratory gating (c). The triggered intervals are indicated as
filled (ECG) and open (respiratory) boxes

so-called list mode stream (Fig. 8.2). Thus, the association of a given annihilation
event with the state of myocardial contraction is possible for the complete acquisition
time. Technically, for retrospective gating, the number of gates after the detected R
wave must be specified (forward gating) together with the allowed R-R interval. This
R-R interval is selected based on a beat histogram which is shown to the user as part
of the reconstruction workflow. Then, the events are sorted into, for example, 8 or 16
sinogram buffers. Finally, the sinograms are normalized and corrected for scatter and
attenuation (typically using a non-gated attenuation map as the endocardial/pericar-
dial silhouette is not moving significantly over the contractile cycle), and image
reconstruction is performed. In case of cardiac arrhythmias, those beats outside of the
allowed R-R interval are rejected or collected in a “bad beat” buffer.

Technically similar, respiratory gating can be performed and gained interest in
oncological imaging as the detectability of lung or liver lesions is also degraded by
the respiratory motion (Bundschuh et al. 2008; van Elmpt et al. 2011). Instead of the
ECG, a detection system such as a pneumatic device is integrated into an elastic
belt, which is then fastened around the lower chest of the patient. In magnetic reso-
nance imaging (MRI), this technique is widely used and a standard technique to
limit artifacts from respiration. Other implementations are placing optical tracking
systems (Buther et al. 2010), bio-impedance systems (Koivumaki et al. 2012),
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Fig. 8.3 Effects of respiratory gating on the location of the heart cardiac is shown in this [*N]
NH3 study. Total acquisition time was 10 min p.i. tracer injection, with the list mode data starting
at 2 min until the end of the scan. Acquired list mode data were charted into six respiratory and two
cardiac cycles. The images above show end-diastolic frames in end inspiration and end expiration.
The yellow line marks the most apical position in both respiratory states. The maximal spatial dif-
ference is 8 mm. LA left atrium, LV left ventricle, RA right atrium, RV right ventricle (Taken with
permission from Schwaiger et al. (2005))

pressure/temperature sensors in close proximity to the nose or mouth to directly
measure inhalation/exhalation patterns (Boucher et al. 2004), or data-driven meth-
ods identifying motion in the PET raw or image data (Buther et al. 2009) (Bundschuh
et al. 2007). Independent of the technical design, the frequency distribution of
human respiration is significantly different to that of cardiac gating as it is much
more irregular and its distribution may vary substantially over the lengths of a PET
acquisition as the patients might go from an anxious into a more relaxed state or
even fall asleep.

The combination of respiratory and cardiac gating (dual gating) has the potential
to improve imaging of the myocardium (Martinez-Moller et al. 2007b; Gigengack
et al. 2012), coronaries (Delso et al. 2011), and potentially even nerves. However,
most of these findings are still on a rather experimental level. In Fig. 8.2, we dem-
onstrate the processing of a cardiac list mode study. Three examples using the list
mode stream are illustrated to generate a variety of data sets all from the same
acquisition: dynamic (A), ECG gated (B), and dual ECG and respiratory gating (C).
The more nested and complex the trigger criteria are, the longer the histogramming
and the reconstruction will naturally take. For instance, as shown in the dual-gating
case, the number of events varies according to the frequency of the combinations
(e.g., the combination of systole and expiration will happen more often than systole
and inspiration). In general, only cardiac gating is performed in a clinical setup;
however, the potential of more advanced acquisition schemes can be appreciated
although further studies are needed to proof this claim. In Fig. 8.3, the possible
effects of respiratory gating in addition to cardiac gating are illustrated on the basis
of an example of a ['*N]-NH; perfusion PET study.
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8.1.5 Coregistration in Sequential Imaging: PET/CT

As PET and CT are acquired sequentially, the proper data alignment must be ensured
to make synergistic use of them — in addition to the problems mentioned for attenu-
ation correction. Related to different spatial resolutions and the complexity of
motion state differences, no final solution to this issue is known, although substan-
tial progress was made in the last decade (Slomka and Baum 2009; Nakazato et al.
2012). The manual alignment of two or more three-dimensional objects which are
not only translated but can also be rotated due to different motion states might intro-
duce quite some interobserver variability. As a consequence, it is an obvious prereq-
uisite for routine clinical application that proper quality control steps are
implemented as long as no such automated software is available.

8.2 Imaging the Autonomic Innervation with PET
and PET/CT

The core competence of nuclear imaging in comparison to morphological imaging
(such as CT) is the access to molecular processes at a cellular level. Radiolabeled
catecholamine analogs labeled with radioisotopes such as [''C], [*®F] (both for
PET), or ['*I] (for SPECT) are avidly taken up into the cardiac sympathetic neurons
primarily via the uptake-1 mechanism very similar to the process for norepineph-
rine. Thus, they mark the location of functioning nerve terminals. In particular,
those radiotracers that are not metabolized facilitate their detection by imaging
means. In consequence, measuring tracer uptake enables the assessment of altera-
tions in cardiac sympathetic nerve function.

In an excellent, recent update to a decade-old review on imaging of autonomic
innervation (Thackeray and Bengel 2013), the authors listed the major achieve-
ments in this field as follows:

* Increased number of multi-tracer studies evaluating pre- and postsynaptic auto-
nomic signaling and application in disease states.

* Expansion of animal imaging studies in both small and large animal models
provides greater insight into the suitability of available tracers in disease.

* Greater interest and evaluation of parasympathetic innervation by muscarinic
receptor antagonists.

* Increased evidence and interest in regional inhomogeneous tracer uptake in
arrhythmia.

 First large-scale PET clinical trial (PAREPET) evaluating the suitability of auto-
nomic neuronal PET in prediction of arrhythmia.

* Development and evaluation of ['®F]-labeled tracers for measuring myocardial
innervation, moving toward a commercial product.

Looking back even further, the use of non-invasive imaging to delineate the
regional distribution of the autonomic innervation started in the late 1980s with PET
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as the high detection sensitivity of this imaging modality enabled a methodology
which is now known as molecular imaging. In these years, PET was primarily used
in research, and due to its rather limited transaxial field of view, its application was
most likely and most attractive in neurology and cardiology.

Today, a variety of PET radiotracers for the assessment of the myocardial sym-
pathetic innervation are available. [''C]-metahydroxyephedrine (mHED) is the most
widely used PET tracer and represents, like the SPECT tracer ['*’I]-MIBG, a nor-
epinephrine analog. [''C]-mHED is predominantly taken up into the sympathetic
terminals via the noradrenaline transporter. DeGrado showed initially in an isolated
rat heart model that this tracer demonstrates a strong uptake in control hearts
(K1=2.66+0.39 ml/g/min) and a relatively slow mono-exponential washout
(k2=0.011%0.003 min™") (DeGrado et al. 1993). Positive features of this radio-
tracer are that only a small proportion enters the nerve terminal via the nonspecific
type 2 transport mechanism (Bengel et al. 2000) and that it is not metabolized by the
intraneuronal monoamine oxidase A (MAO-A) or catechol-O-methyltransferase
(COMT).

Another PET radiotracer for presynaptic sympathetic imaging is [''C]-epinephrine
(EPI). EPI is metabolically degraded by MAO and is considered to be superior to
[''C]-mHED, as it traces the entire pathway of catecholamine uptake, metabolism,
and vesicular storage. Despite these advantages, EPI has so far mainly been used in
preclinical studies (Nguyen et al. 1997). [''C]-phenylephrine (PHEN) is another
valuable radiotracer for cardiac neuronal imaging. It is also degraded by the MAO
and the consequent metabolite, [''C]-methylamine, is washed out quickly from the
nerve terminals. Under normal circumstances, PHEN diffuses out slower from the
storage vesicles compared to [''C]-mHED. Therefore, PHEN is considered to be
valuable for the assessment of vesicular leakage (Raffel et al. 1999). While
[''C]-mHED and PHEN show similar images of the initial uptake with comparable
quality and uniformity, the washout of PHEN is — expectedly for a MAO substrate —
much faster (Raffel et al. 1996). Using PHEN the storage half-life, which reflects to
a certain degree the functional integrity of the cardiac sympathetic innervation, may
be calculated.

Even though PHEN and EPI demonstrate interesting features, the majority of
human studies have been carried out using [''C]-mHED. In 2008, Sasano and co-
workers published results from an animal model where the impaired innervation in the
border zone of an infarct gave rise to ventricular tachycardia (VT) (Sasano et al. 2008).
PET imaging with [*N]-NH; and [''C]-mHED was performed 4—12 weeks post
infarction followed by MRI and electro-anatomical mapping a week later (Fig. 8.4).

8.2.1 Recent Developments:['F]-Labeled Imaging Agents

PET imaging of the autonomic innervation never really left the research domain.
The primary reasons were the increasing complexity of regulatory processes and the
use of radioisotopes which required an on-site cyclotron.

Meanwhile a new [®F]-labeled perfusion agent was developed (Yalamanchili
et al. 2007). The initial success of this approach together with the interest in
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Fig.8.4 Sample PET polar maps of ['*'N]NH3 and ['!C]-epinephrine (left panel) in a pig follow-
ing myocardial infarction demonstrate regions of perfusion and innervation defects, illustrated in
white and blue, respectively (lower left panel). The innervation defect exceeds the perfusion defect
in the distal anterior wall (lower right panel). Electroanatomical mapping (upper right panel)
demonstrates reduced voltage in the apex and distal anteroseptal wall. The region of earliest activa-
tion of VT (red arrow) is localized to the infarct border zone in the distal anterior wall (Sasano
et al. (2008), reprinted with permission from Elsevier)

ADMIRE-HF (Jacobson et al. 2010) stimulated the development of an also
['®F]-labeled compound acting as substrate for the neuronal norepinephrine trans-
porter (NET) — basically with very similar molecular properties to ['*I]-MIBG but
utilizing all the advantages of PET, namely, high sensitivity, resolution, and quanti-
fication. Yu and colleagues found in cells, rats, rabbits, and nonhuman primates very
favorable imaging properties of ['8F]-LMI1195 (N-[3-bromo-4-(3-18F-fluoro-
propoxy)-benzyl]-guanidine) (Yu et al. 2011). In rats, ['®F]-LMI1195 cardiac uptake
at 15 and 60 min after intravenous administration was 2.36+0.38 and 2.16+0.38 %
injected dose per gram tissue (%ID/g), similar to ['*I]-MIBG (2.14+0.30 and
2.19+0.27 % ID/g) — but the heart to liver and lung uptake ratios were significantly
higher for LMI1195 (see Fig. 8.5). When compared to ['*I]-MIBG, the LMI1195
uptake was overall lower but its washout in nontarget organs was faster. This resulted
in significantly higher target to nontarget uptake ratios and explains the visually
impressive images. The same group investigated then the use of LMI1195 in a rab-
bit model of myocardial infarction which resulted in substantial myocardial dener-
vation (Yu et al. 2012). The authors specifically addressed the association between
regional cardiac sympathetic denervation (RCSD) and reduced NET function in the
context of cardiac arrhythmia. The new tracer again showed a high association with
NET and its suitability for imaging RCSD in a rabbit model. The myocardial dener-
vation increases cardiac risks to the antiarrhythmic drug, dofetilide, by inducing
more QTc prolongation. Using a rat model of infarction, our group confirmed the
positive findings of this agent (Higuchi et al. 2013). ['*F]-LMI1195 produced high
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Fig. 8.5 Left panels: cardiac PET images of ['*F]-LMI1195 in a nonhuman primate (NHP) and
the time—activity curve (TAC) calculated from the image dynamic image data. Right panels:
whole-body planar images of ['*I]-mIBG in a NHP and also the TAC. In contrast to the SPECT
tracer, the PET compound washed out rapidly from nontarget organs over time (Reproduced from
(Yu et al. 2011) by permission)

and sustained heart uptake which enabled the excellent delineation of the LV for
60 min p.i. (Fig. 8.6). Pretreatment with phenoxybenzamine clearly reduced the
['®F]-LMI1195 myocardial uptake. In contrast, there was a preserved ['*F]-LMI1195
signal post desipramine pretreatment. Thus, in rats, cardiac uptake was significantly
inhibited by phenoxybenzamine but not desipramine, suggesting the new agent is a
substrate for the uptake-2 mechanism consistent with the fact that in rat myocar-
dium this is the dominant process. The excellent image quality can also be acknowl-

edged in Fig. 8.7, showing high tracer uptake in a rabbit model using a human PET/
MR system.
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Fig. 8.6 (a) Example images in coronal section of a dynamic PET/CT study at different time
points after tracer injection showing a healthy rat using the radiotracer ['*F]-LMI1195. (b) Average
time—activity curves of different organs assessed by PET imaging. Stable increase of cardiac
['F]-LMI1195 uptake throughout the whole scan can be observed (Reproduced from (Higuchi
et al. 2013) with permission)

Fig.8.7 LMI1195 tracer uptake in rabbit model using a fully integrated human PET/MR system.
PET data is fused with a high-resolution MPRAGE MR sequence
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8.3  FromImages to Quantitative Data: Methods and Tools
8.3.1 Looking Back

In the last two decades, imaging hardware has improved in terms of speed and reso-
lution. Reconstruction algorithms creating visually impressive images' and new,
promising tracers became available. Strangely, the situation differs for the algo-
rithms and software to analyze those images. In order to understand why this is the
case, a look at the acquisition protocols helps: whereas on plain PET scanners the
acquisition of dynamic and gated data sets was standard in the 1990s, whole-body,
oncological imaging was less prominent due to the very long acquisition time which
could be as long as 90 min. Today, such an examination is performed in less than
20 min. In contrast, cardiac scans back then routinely took between 30 and 60 min
and — as only one bed position was investigated — the dynamic distribution of the
tracers was observed and parameters such as myocardial blood flow, metabolic rates
of glucose consumption, quantitative retention values, or other physiologically rel-
evant parameters were assessed. Interestingly, this did not change over the years
since the required scan time is determined by the characteristics of the tracer rather
than the performance of the camera. In other words, the evolution of the throughput
on PET scanners differs massively. Consequentially, the focus of the vendors where
to invest their (always limited) resources changed accordingly. In parallel, the atten-
tion of the industry moved from research to routine application. This resulted in yet
another consequence for the analysis software: whereas 20 years ago, basically all
vendors’ workstations could process dynamic data, this feature disappeared soon
after the focus shifted to whole-body imaging. Cheaper computer platform replaced
the expensive UNIX workstations and thus the need to re-implement the analysis
software naturally lead to a reduction of functionality.> A final component to this
development is the increasingly complex mechanisms for the development and
implementation of software for medical imaging in terms of the regulatory frame-
work. Whereas back then a vendor could implement an algorithm developed by a
university partner into their product, this approach is almost impossible today as the
university would have to develop by the same mechanism and standards as the
industry.?

This spectrum of reasons results in today’s situation that the availability of
advanced analysis tools for kinetic PET studies from the vendors of imaging hard-
ware is almost not existent. There is one exception, namely, the quantification of
myocardial blood flow. As perfusion imaging has a very high clinical relevance,
tools to process those studies are available primarily from third-party vendors
(Saraste et al. 2012; Tahari et al. 2014). Interestingly, those vendors already

! The fact that the visual impression is so important comes quite obviously from the dominance of
oncological imaging. The potential side effects of introducing changes in image quantification are
not too widely investigated although effects on dynamic imaging and thus kinetic analysis exist.

2This trend has a name: “de-featuring” of a product.
3The development and production of new radiopharmaceuticals suffers from similar problems.



8 Principles of PET/CT in cardiac innervation 175

developed a software for SPECT perfusion studies since the 1990s and built on their
expertise to expand into this rather new field. Unfortunately, and again due to regu-
latory issues, those tools are limited to perfusion tracers.

8.3.2 Quantification of Image Data

As discussed in Chap. 9, the quantification of ['*I]-MIBG uptake is relatively
straightforward (although not undisputed): uptake signals from two regions drawn
in planar images result in the so-called heart—-mediastinum ratio (H/M). Usually two
measurements are performed, namely, after 1.5 and 4 h, which also yields the diag-
nostic information of tracer washout. However, although planar imaging is logisti-
cally and technically easy to perform, PET offers, through superior spatial resolution
and sensitivity, access to the regional tracer distribution. As first shown in the
assessment of the long-term dynamics of myocardial innervation, advanced image
analysis tools showed their value (Fig. 8.8). Using volumetric sampling (Nekolla
etal. 1998) and rigid registration (Marinelli et al. 2010), the 3D information is trans-
ferred from the flow study to the innervation, thus enabling precise comparison of
the two (or more) tracers even in the absence of partial and poor tracer uptake. In
these publications, we started with the imaging of the metabolism of the heart after
transplant surgery (HTX) (Bengel et al. 1999). In an extension to this project to

Fig. 8.8 Example of PET innervation imaging (performed with [''C]-epinephrine) in a patient
performed after HTX. [''C]-Epi retention can be seen in the basal anteroseptal myocardium indi-
cating sympathetic reinnervation. Perfusion as depicted by '*NHj; uptake is normal in the complete
LV myocardium. Using volumetric sampling and rigid registration, the 3D sampling information
is transferred from the flow study to the innervation, thus enabling precise comparison of the two
tracers
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characterize the complex myocardial processes after HTX, the visualization and
quantification of the myocardial innervation was performed (Odaka et al. 2001). As
all myocardial nerves are severed during this operation, their reappearance and the
monitoring of their spread over almost one decade after HTX and the integration
with cardiac performance are an excellent example of the translational use of
molecular imaging and its application in a clinical scenario (Bengel et al. 2001).

Almost a decade later, in the PAREPET trial, regional polar map analysis of
normalized tracer uptake [''C]-mHED, ['*N]-NHj, and [*®F]-FDG was compared in
denervated, infarcted, and viable myocardium in 204 patients at risk for sudden
cardiac arrest (SCA) (Fallavollita et al. 2014). Follow-up after 4 years in these
patients with ischemic cardiomyopathy revealed that the measurement of regional
myocardial denervation with [''C]-mHED is capable to predict mortality from SCA
independently of left ventricular ejection fraction (LVEF) and infarct volume
assessment.

Assessment of inhomogeneous tracer uptake in arrhythmia (Fallavollita et al.
2010; de Jong et al. 2005) could be a valuable approach where quantification of
regional tracer uptake might play a vital role as it offers reproducible, convenient,
and routine capable means. Although currently no algorithm is defined, a method-
ologically similar question is to quantify the dyssynchrony of the mechanical con-
traction of the LV which is accomplished by the analysis of the phase histogram in
gated SPECT and PET studies (Chen et al. 2005; Lehner et al. 2013). Although this
might appear very far reaching today, the rapidly moving field of texture analysis in
oncologic PET could also offer powerful approaches (Orlhac et al. 2014).

8.3.3 Kinetic Data Analysis

The Gelfand and Thomas of literature on how to process dynamic data grew over
three to four decades and is now almost impossible to oversee (examples of extended
reviews would be from Bassingthwaighte and others (Bassingthwaighte et al. 2012;
Schmidt and Turkheimer 2002; Willemsen and van den Hoff 2002; Wen et al. 2012)).
Starting as a domain of nuclear medicine (Gelfand and Thomas 1987), kinetic analy-
sis is now used basically in all modern medical imaging modalities. From a concep-
tual point of view, 2-3 general approaches are used: the use of compartmental
models, their simplifications, and non-compartmental parameters. As a rule of
thumb, the first approach requires a good understanding of the different compart-
ments where the tracer is distributed such as blood, interstitial space, and cellular
compartments, where the tracer is bound. Specifically in the case of innervations
tracers, the cellular compartments would be the axoplasm and the vesicles (Raffel
et al. 2013b). All these compartments are connected by rate constants describing the
exchange of the tracer between them (Fig. 8.9). Mathematically, this leads to a set of
coupled differential equations and the measured blood and tissue activity curves are
fitted to the solution of those equations. The results are then the estimates of those
rate constants. There is a clear emphasis on “estimates.” This is a very complex
numerical operation and the data fed into it are rarely noise-free. From a pragmatic
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Fig.8.9 Compartment model description for innervation tracers from Raffel (Raffel et al. 2013b)
showing a rather complete (a) and a reduced model (b) based on the approximations that ks <k,, ks
>>k,, and ks small or even zero. Such a reduction of free parameters makes the reliable use of
kinetic imaging in a routine setting much more stable and thus likely

point of view, these estimates get less and less reliable the higher the number of
compartments get (or deviate in a pathological situation from the theoretical model)
as the solution is not unique anymore. In order to reduce complexity, the combina-
tion of, for example, axoplasm and vesicles into one neuronal compartment improves
the situation if it can be justified from a physiological point of view (Raffel et al.
2013b). However, as an alternative to these more complex but potentially rather vari-
able approaches, the calculation of numerically easier to assess variables such as
washout and retention rates has shown value (although they are related to parameters
derived from the compartmental models). There are some similarities to the stan-
dardized uptake value (SUV) used in oncological PET imaging. This “simplified”
value is not undisputed (Huang 2000), but due to methodological advances towards
standardization and harmonization, it is not only widely used in clinical reality but
also recognized academically as a useful parameter if utilized in a careful manner
(Visser et al. 2010; Makris et al. 2013). Especially for [!!C]-mHED, a simplified
parameter is the so-called retention (Allman et al. 1993) (also called retention frac-
tion, retention index, or fractional uptake rate). This parameter is calculated by the
activity found at a defined time point (e.g., 40 min p.i.) and divided by the integral
of the arterial input function which is usually derived from the dynamic images
(Fig. 8.10). As the tracer uptake of [''C]-mHED in the myocardium is very stable in
the first hour p.i., this parameter is in a practical setting very reliable. However, as
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Fig. 8.10 Dynamic PET study with [''C]-mHED in a human. Tissue time-activity curves are
shown with white spheres, uncorrected blood values with red spheres. The solid red line marked
with stars resulted in the use of a population-based metabolite correction. From these data, the
retention is calculated as the value in a late frame divided by the integral under the blood curve
(i.e., arterial input function). Representative transaxial images for every frame are shown on the
top. The volume of interest (VOI) for the input function is located in the basal plane; the VOIs for
the tissue curves are located within the left ventricular wall

the blood pool always shows residual activity due to circulating metabolites, the
blood pool integral increases over time. One method to address this implements a
population-based metabolite correction, which effectively suppresses the effect of
metabolites on the input function at later time points (Rosenspire et al. 1990; Munch
et al. 2000). Thus, standardizing the image acquisition and reconstruction protocol
as well as the investigated time interval is required for reproducible measurements —
in the very same way as discussed above for the SUV.

Coming back to kinetic modeling — which, with an emphasis on innervation trac-
ers, is described in an excellent review by Raffel and colleagues (Raffel et al.
2013a) — in terms of compartment models, Doze and colleagues showed in their
paper one of the most complex implementations of compartmental modeling in car-
diac PET using (S)-''C-CGP-12388, a p-adrenoceptor agent to determine receptor
density in vivo (Doze et al. 2002). They used a two-tissue compartment model with
six free parameters which relies on explicit compartments for describing the kinet-
ics of both labeled and unlabeled radioligands. This model was simultaneously fit-
ted to the dynamic data from a triple-injection protocol (Fig. 8.11). Although
technically very demanding, this approach was capable of producing regional esti-
mates of receptor densities.

Another example of addressing systems which are described by complex com-
partmental models and dual-injection protocols was demonstrated with the follow-
ing tracer using well-justified approximations: [''C]-CGP-12177 is also a
postsynaptic, nonselective f-adrenoceptor antagonist which was first synthetized in
the 1990s. The quantification of [''C]-CGP-12177 binding yielding estimates of
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receptor density has been realized using a dual-injection protocol, which utilizes
different doses of high and low specific activity. Although logistically not trivial, the
concatenation of two dynamic PET scans allowed the generation of those absolute
parameters by the use of graphical analysis methods (Logan 2000; Delforge et al.
1991). In 2002, this methodology was further improved and even yielded paramet-
ric images (Delforge et al. 2002). It is important to point out that such complex
protocols and analysis schemes yield relevant diagnostic information when
['!C]-CGP-12177 was used in patients with idiopathic dilated cardiomyopathy
(Merlet et al. 1993). In their proof of concept study in ten patients, the authors dem-
onstrated the possibility of repeated measurements of f-receptor concentrations
during follow-up, enabling the evaluation of the effects of therapy on p-receptor
density in vivo.

8.3.4 GenericTools for Kinetic Analysis

As the number of applications in oncological and especially neurological imag-
ing tends to outnumber the use in cardiac imaging, those generic software
packages offer all the necessary tools to generate time-—activity curves for
blood and tissue based on typically manually placed regions or volumes of
interest (ROIs resp. VOIs). As discussed above, the typical analysis for tracers
such as ['C]-mHED is mostly the calculation of retention and washout rates
and the use of single tissue compartment models which are used in the other
noncardiac applications as well. Although the creation of ROI/VOIs to cover
the LV can be tedious, practical experience shows that a pragmatic approach of
drawing regions in remote and altered tissue is useful in many circumstances
(Magota et al. 2013).
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Widely used programs in this setting are JSIM (Butterworth et al. 2013) or
PMOD (www.pmod.com). The latter was used in a study by Tipre et al., where the
kinetics of 6-18F-fluorodopamine and its uptake by cardiac noradrenergic nerves
was determined using ROIs in the heart and other organs (Tipre and Goldstein
2005). The generated time—activity curves were analyzed with respect to uptake,
retention, as well as loss of tracer and related to the kinetics of ['*N]NHj in the same
individuals.

8.3.5 Dedicated Tools for Kinetic Analysis in Cardiac Imaging

As is true for general kinetic analysis, research applications require a flexibility
which is rarely provided by commercials tools. Consequentially, many imaging
centers and research groups developed their own tools for internal use, which are
perfectly matched for this task, and much dedication, energy, and enthusiasm were
invested. However, as their number is large and referencing is not trivial, we will
focus only on the more visible ones, either because they are used not only monocen-
trically and thus gained a certain acceptance in the research community or because
a publication related to innervation puts a significant focus on them.

As mentioned above, there are a variety of dedicated, commercial or semicom-
mercial tools for nuclear cardiac imaging available which allow the processing of
dynamic data, although the focus is on blood flow quantification. Nevertheless,
those tools offer the advantage that a mostly automatic segmentation of the myocar-
dium and the subsequent generation of a series of time—activity curves enable
regional analysis and thus replace the concept of manually defined ROI/VOIs. This
concept was used in a study by Thackeray where he investigated the myocardial
presynaptic sympathetic neuronal integrity in insulin-resistant diabetic rats using
[11C]-mHED (Thackeray et al. 2013). The authors were using the tool FlowQuant®,
developed by Rob A. deKemp and colleagues at the University of Ottawa Heart
Institute in Canada. Just as an aside: this tool was also used in the aforementioned
PAREPET trail (Fallavollita et al. 2014). Another cardiac analysis tool is Carimas,
developed at the University of Turku, Finland. Even though it was also designed for
multi-tracer flow quantification (Nesterov et al. 2009), it is flexible enough to be
used with innervation tracers.

The VU University Medical Center in Amsterdam, the Netherlands, is home of
Cardiac VUer, also initially developed for the quantification of ['3O]-water PET
studies in the heart (Harms et al. 2011).

Katoh and colleagues developed HOQUTO, a tool initially dedicated to PET
flow quantification (Katoh et al. 2012) which was also used in PET innervation
imaging using ['!C]-CGP-12177 and a dual-injection protocol (Naya et al. 2009).

We also devolved an analysis environment, MunichHeart, which allows the
regional analysis of any cardiac nuclear imaging study (Nekolla et al. 1998). In dif-
ference to the other programs mentioned above, we started with metabolism (Haas
et al. 2000) and innervation (Bengel et al. 2001) studies before extending into flow
quantification (Ibrahim et al. 2002).
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8.4  Summary

Without any doubt, innervation imaging with PET is technically and logistically
more challenging than using single-photon technology. However, the availability of
excellent PET imaging hardware, an increasing number of clinical studies showing
both relevance and practicability, and the potential of ['8F]-labeled agents make this
technology very attractive.
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Abstract

In patients with heart failure, increased sympathetic activity and cardiac sympa-
thetic dysfunction are present and are related to an unfavorable outcome. In
recent years, large-scale clinical trials have documented the benefits of pharma-
cological therapies aimed at limiting left ventricular remodeling and even revers-
ing this process. These beneficial effects were associated with an increase in
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myocardial uptake of ['**I]-metaiodobenzylguanidine (MIBG), a radiolabeled
norepinephrine analog. However, despite the large number of published studies
on cardiac ['**T]-MIBG imaging, methodological and analytical limitations have
interfered with the unequivocal interpretation of the imaging data. In this chap-
ter, the assessment of myocardial sympathetic innervation with ['*I]-MIBG is
discussed with emphasis on patient preparation, image acquisition, and analysis.
Special attention is given to overcoming the aforementioned possible method-
ological and analytical limitations. In conclusion, improving the standardization
and validation of ['*I]-MIBG myocardial scintigraphy and thus reducing varia-
tions in obtained results will lead to much more accepted application of the find-
ings to clinical patient management.

Abbreviations

CHF Chronic heart failure

DAT Dopamine transporter

EANM European Association of Nuclear Medicine
EMT Extraneuronal monoamine transporters
H/M ratio Heart-to-mediastinum ratio

ICD Implantable cardioverter defibrillator
JCS Japanese Circulation Society

JSNM Japanese Society of Nuclear Medicine
LE Low energy

LEHR Low energy, high resolution

ME Medium energy

MIBG Metaiodobenzylguanidine

NET Norepinephrine transporter

OCT Organic cation transporters

ROI(s) Region(s) of interest

SCD Sudden cardiac death

SLC Solute carrier transporters

SPECT Single-photon emission computed tomography

9.1 Sympathetic Innervation

The sympathetic nervous system is one of the neurohormonal compensation mecha-
nisms that play a key role in the pathogenesis of heart failure. The cardiac auto-
nomic nervous system consists of two distinct and counter acting forms: sympathetic
and parasympathetic innervation. They differ in their major neurotransmitters, nor-
epinephrine, and acetylcholine and exert stimulating or inhibitory effects on target
tissues via adrenergic and muscarinic receptors. Both are responsible for electro-
physiologic and hemodynamic adaptation of the cardiovascular system to changing
demands.
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9.1.1 Uptake-1 and Uptake-2

The reuptake of catecholamines from the synaptic cleft is mediated by high-affinity,
low-capacity, sodium chloride-dependent transporters present in the outer mem-
brane of the presynaptic nerve endings. This transport system is also known as the
uptake-1 mechanism and consists of the norepinephrine transporter (NET) and the
dopamine transporter (DAT). In addition to NET, catecholamines are removed
from the circulation by a second transport system. This second transport system
(i.e., uptake-2) consists of sodium chloride-independent, corticosterone-sensitive,
high-capacity extraneuronal monoamine transporters (EMT) (Iversen 1965).
Molecular cloning has shown that NET and uptake-2 belong to two different fami-
lies of transporters. The presynaptic neuronal transporters for norepinephrine and
dopamine are both members of the solute carrier family of transporters (SLC6A2
and SLC6A3, respectively) (Chen et al. 2004). Uptake-2 belongs to another sub-
group of the SLC transporters (SLC22) and can be placed in the family of organic
cation transporters (OCT), which has several members (OCT1, OCT2, and OCT3
or SLC22A1, SLC22A2, and SLC22A, respectively) (Koepsell and Endou 2004).
The classical uptake-2 or EMT is most likely to be represented by OCT3 and
comes to expression in different organs (i.e., heart, liver, skeletal muscle, placenta,
and kidney) (Grundemann et al. 1998; Wu et al. 1998). The OCTs are involved in
the absorption, distribution, and elimination of endogenous compounds (i.e.,
amines) as well as of drugs, toxins, and other xenobiotics (Burckhardt and Wolff
2000; Eisenhofer 2001). Neuronal reuptake by NET is quantitatively most impor-
tant for the clearance of released catecholamines, accounting for about 90 % of
their removal at the presynaptic nerve endings. Although OCT3 has been proposed
to be the classical EMT, the three OCTs together are thought to be responsible for
the extraneuronal clearance of catecholamines that have escaped from reuptake
by NET (Eisenhofer 2001). In general, NET and uptake-2 mechanisms are
thought to have similar functions between species. However, small differences in
the relative expression of these mechanisms between species have been reported.
Due to these differences in distribution (i.e., expression) of uptake mechanisms,
results found in experimental animal studies may not exactly reflect the situation in
humans.

9.2 From Guanethidine to Metaiodobenzylguanidine
9.2.1 Guanethidine

In the 1960s, guanethidine, a false neurotransmitter, was found to be a sympathetic
selective and potent neuron blocking agent and was developed as an antihyperten-
sion drug (Short and Darby 1967). Guanethidine acts on the presynaptic sympa-
thetic nerve ending by inhibiting or interfering with the release and/or distribution
of norepinephrine, rather than acting on the postsynaptic (i.e., effector cell) by
inhibiting the association of norepinephrine with its receptors. In contrast to
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ganglionic blocking agents, guanethidine suppresses equally the responses medi-
ated by a- and B-adrenergic receptors, but does not produce parasympathetic
blockade.

9.2.2 MIBG

The modification of guanethidine into metaiodobenzylguanidine (MIBG) increased
the affinity for the presynaptic sympathetic nerve endings (Patel and Iskandrian
2002; Sisson et al. 1987a; Wafelman et al. 1994). The labeling of MIBG with radio-
active iodine enabled scintigraphic visualization of the presynaptic sympathetic
nerve endings in humans. The first clinical application of the radiolabeled
[1]-MIBG was the visualization of the adrenal medulla and different neural crest-
derived tumors such as pheochromocytomas and neuroblastomas (Sisson et al.
1981; Wieland et al. 1980). The striking myocardial uptake, however, made Wieland
et al. suggest the potential use of the radiolabeled MIBG for myocardial imaging
(Wieland et al. 1980). However, due to the suboptimal imaging characteristics of
[*1I] and a less favorable radiation burden, radiolabeling of MIBG with ['*1] for
diagnostic scintigraphic purposes was to be preferred. In 1981 Kline et al. were one
of the first to report on the use of myocardial scintigraphy with ['*I]-MIBG in five
healthy subjects. They concluded that ['**T]-MIBG had the potential to provide
(semi-) quantitative information on myocardial catecholamine content (Kline et al.
1981).

Much work has been done to elucidate the uptake mechanisms of MIBG in the
presynaptic sympathetic nerve endings. MIBG localizes in adrenergic nerve termi-
nals primarily via the NET (see uptake-1 and uptake-2). The affinity (K, affinity
constant) and capacity (V,, capacity constant) of the NET for MIBG are similar to
those for norepinephrine (K, of 1.22+0.12 pM for MIBG and 1.41+0.12 uM for
norepinephrine, V,, of 64.3+3.3 pmol/10°¢ cells/10 min for MIBG and 36.6+7.2
pmol/10° cells/10 min for norepinephrine) (Jaques et al. 1984). NET predominates
at low concentrations of both catecholamines and MIBG, whereas uptake-2 pre-
dominates at higher concentrations (DeGrado et al. 1995). It is therefore to be
expected that MIBG administered in tracer amounts will primarily reflect NET
activity. Blocking experiments, however, have shown that uptake-2 is responsible
for up to 61 % of cardiac MIBG uptake (Dae et al. 1989; Fagret et al. 1993;
Rabinovitch et al. 1993; Sisson et al. 1987a, b).

9.3  ['21]-MIBG Myocardial Scintigraphy

In the past two decades, a large number of investigators have demonstrated decreased
myocardial ['?’I]-MIBG uptake in chronic heart failure (CHF) patients and have
shown that those with the lowest uptake tend to have the poorest prognosis (Agostini
et al. 2008; Jacobson et al. 2010; Verberne et al. 2008). There have also been find-
ings suggesting that abnormalities of myocardial ['*)[]-MIBG uptake may be
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predictive of increased risk for ventricular arrhythmia and sudden cardiac death
(SCD) and implantable cardioverter defibrillator (ICD) discharge (Arora et al. 2003;
Boogers et al. 2010; Paul et al. 2006). One factor that has constrained acceptance of
cardiac ['*I]-MIBG imaging as a clinical management tool in heart failure has been
the variability of technical aspects of the procedure. Although most publications
have included the heart-to-mediastinum ratio (H/M) as the measure of myocardial
uptake, the methods used to obtain this parameter show considerable variation.

9.3.1 Patient Preparation and Radiation Burden

Data obtained in patients with neuroendocrine tumors have shown that there are
several drugs that may or are known to interfere with organ MIBG uptake. In addi-
tion drugs that are regarded as standard of care in patients with heart failure, beta-
blockers, angiotensin-converting enzyme inhibitors, and/or angiotensin receptor
blockers, known to ameliorate functional capacity and prognosis, change (i.e.,
improve) cardiac ['**I]-MIBG uptake. These drugs may therefore influence the out-
come of the cardiac ['I]-MIBG scan. It would therefore preferable to temporarily
discontinue these drugs. Nevertheless, in patients with heart failure, it is currently
regarded unethical to temporarily discontinue these drugs. In contrast and probably
more importantly, many studies have demonstrated that cardiac ['*’T]-MIBG imag-
ing can be performed in patients with optimum medical therapy including beta-
blockers, angiotensin-converting enzyme inhibitors, and/or angiotensin receptor
blockers. More importantly, these studies showed that cardiac ['**I]-MIBG semi-
quantitative uptake parameters were able to discriminate between those patients
with a poor prognosis and those with a relative preserved prognosis despite the use
of possible ['**I]-MIBG myocardial uptake interfering drugs (Jacobson et al. 2010;
Verberne et al. 2008). Therefore, there is no need to withdraw such medication prior
to cardiac ['*I]-MIBG imaging. In addition, it might be of importance to stop food
containing vanillin and catecholamine-like compounds (e.g., chocolate and blue
cheese) since some of these may interfere with the uptake of MIBG (depletion of
granules) (Solanki et al. 1992; Wafelman et al. 1994).

The effective dose of ['*’I]-MIBG is estimated to be 0.013 mSv/MBq (ICRP
1987). This allows for an administered dosage between 185 and 370 MBq of
['21]-MIBG (i.e., 2.4-4.8 mSv). To keep the radiation burden for patients as low as
reasonably possible and because ['*I]-MIBG is primarily secreted via the kidneys,
patients are encouraged to void frequently to facilitate rapid excretion of the radio-
pharmaceutical. In patients with severe renal impairment, the absorbed radiation
dose may be increased and the quality of images decreased due to the delayed
elimination of the radiopharmaceutical. In patients with severe renal impairment,
cardiac ['**I]-MIBG uptake may be impaired. However, Verschure et al. showed
that the variability in the semiquantitative ['**I]-MIBG myocardial parameters
could not be explained by estimates of renal function. Therefore, within the time
frame of ['*I]-MIBG cardiac imaging (up to 4 h after injection), the semiquantita-
tive ['®I]-MIBG myocardial parameters are independent of renal function
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Fig.9.1 Heart-to-mediastinum ratio quantification of ['*I]-MIBG

(Verschure et al. 2012). These findings are in line with a recent publication showing
that differences in the rate of renal excretion did not contribute to variability in
mediastinal and myocardial counts between early and late planar ['*’I]-MIBG
images (Verberne et al. 2011). This is eminent for clinical practice as renal dysfunc-
tion is often present in CHF patients (Aaronson et al. 1997; Flack et al. 1993).

9.3.2 General Procedure for Planar ['2*1]-MIBG Scintigraphy

In order to block thyroid uptake of free radioactive iodide, either 500 mg potassium
perchlorate or 200 mg potassium iodide (10 % solution) is orally administered.
Thirty minutes later, approximately 185-370 MBq of ['**I]-MIBG is administered
intravenously. ['*I]-MIBG is internalized by presynaptic nerve endings of postgan-
glionic neuronal cells through the energy-dependent NET. A 15 % energy window
is usually used, centered on the 159-keV ['?*I] photopeak. Anterior planar scinti-
graphic images are obtained 15 min (early) and 4 h (late) after injection and stored
in 128 x 128 or 256 x 256 matrixes.

9.3.3 Semiquantitative Parameters

The commonly used myocardial ['*I]-MIBG indices are the heart-to-mediastinum
ratio (H/M ratio) and myocardial washout. On anterior planar images, regions of
interest (ROIs) are drawn over the heart (H) and the mediastinum (M) (Fig. 9.1).
The mean count density (i.e., average counts per ROI) in each ROI is obtained, and
the H/M ratio (specific activity/nonspecific activity) is calculated. Myocardial
['2I]-MIBG washout is calculated as the difference between the early and late H/M
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and expressed as a percentage of the early H/M. Another possibility to calculate
myocardial ['®I]-MIBG washout is to correlate the actual myocardial counts:

{earlyH/M—lateH/M*

x100%
early H/ M

{ early H —late H *

x100%
early H

{(early H —early M )—(late H —late M) *}
x100%
(early H—early M)
* Denotes that the average counts need to be corrected for decay to the moment of
the early acquisition.

The early H/M probably reflects the integrity of presynaptic nerve terminals and
NET function. The late H/M combines information on neuronal function from
uptake to release through the storage vesicle at the nerve terminals. Myocardial
['#1]-MIBG washout is an index of the degree of sympathetic drive. This implies
that increased sympathetic activity is associated with high myocardial ['**I]-MIBG
washout and low myocardial ['*I]-MIBG delayed uptake.

9.3.4 Impact of ROI Definition

For ['2I]-MIBG, there are several ways to define the mediastinal (size and place-
ment) and myocardial ROIs (i.e., myocardium including the left ventricular cavity
vs. myocardium excluding the left ventricular cavity). However, there are limited
data on the impact of ROI definition on H/M ratios and myocardial washout. Somsen
et al. demonstrated in 25 healthy volunteers that ['*I]-MIBG semiquantitative
parameters using an ROI of the myocardium including the left ventricle showed the
lowest interindividual and within-subject variability (Somsen et al. 1996). In a large
retrospective study, a uniform analysis with clear definition of the myocardial ROI
(variable in size, including the left ventricular cavity) and the mediastinal ROI (fixed
size) showed remarkable consistency in interpretation between three blinded image
evaluators (Agostini et al. 2008). These findings were corroborated by Veltman et al.
in a population of 70 patients with heart failure showing an excellent intra- and
interobserver agreement irrespective of the level of experience of the observer.
Furthermore, even in patients with a very low late H/M ratio (i.e., <1.4), the late H/M
ratio measurements remained excellent (Veltman et al. 2012). These findings suggest
that rigorous and uniform analysis of cardiac ['**I]-MIBG semiquantitative parame-
ters minimizes inter- and intraindividual variation. Furthermore, the variation in the
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assessment of the semiquantitative parameters is relatively uninfluenced by the level
of experience of the observer and the disease state of the patient.

9.3.5 Influence of Collimation

The most well-validated influence on the measured late H/M is the collimator type.
In addition to the prime emission of 159-keV photons, ['?’I] emits high-energy pho-
tons of more than 400 keV (approximately 2.87 %, main contributor 529 keV
(1.28 %)). These high-energy photons lead to penetration of the collimator septa
and cause scatter detected in the 159-keV energy window. Septal penetration affects
estimation of the H/M ratio in ['*I]-MIBG imaging with a low-energy (LE) colli-
mator (Verberne et al. 2005). Regardless, LE collimators are frequently used for
imaging ['**I]-MIBG (Dobbeleir et al. 1999; Verberne et al. 2008). Medium-energy
(ME) collimators have been shown to improve quantitative accuracy in ['**I] studies
(Dobbeleir et al. 1999; Inoue et al. 2003; Verberne et al. 2005). Therefore, in order
to minimize the effects of septal penetration, the ME collimator is preferred.
However, the use of ME collimation provides relatively low spatial resolution which
may hamper accurate estimation of activity in small regions through a partial vol-
ume effect. In brain SPECT imaging with ['?’T]-labeled agents, collimation with low
energy, high resolution (LEHR) is preferred, because high spatial resolution is
required, the head and brain tissue lead to a more or less homogeneous scatter, and
the regions are mostly equidistant from the gamma camera. In cardiac scintigraphy
with [!?*I]-labeled agents, however, H/M ratios are assessed from counts in rela-
tively large regions, the thorax and abdomen lead to an inhomogeneous scatter, and
the myocardium is not equidistant from the gamma camera, especially for SPECT
imaging. In cardiac scintigraphy with ['*I]-labeled agents, the trade-off between
spatial resolution and septal penetration is therefore in favor of low septal penetra-
tion. Moreover, as shown by Inoue et al. in a checker phantom, the use of ME col-
limation in cardiac scintigraphy with ['2’I] showed contrast accuracy similar to
[*™Tc] (Inoue et al. 2003).

While these results would suggest that semiquantitative cardiac ['**1]-MIBG
imaging might be best performed using ME collimators, there are practical limita-
tions to such a recommendation. Almost all nuclear medicine procedures are now
performed on a multi-head gamma camera, and many dedicated dual-head cardiac
cameras are not supplied with ME collimators. Despite these considerations, the use
of ME collimation in cardiac scintigraphy with ['?*I] is advocated.

9.3.6 SPECT: Assessment of Regional Cardiac ['21]-MIBG
Distribution

Most of the published data on cardiac ['**[]-MIBG scintigraphy are related to planar
imaging. Although planar imaging seems to be able to discriminate patients who
tend to have a poor prognosis from those patients with a relatively good prognosis,
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information on regional cardiac ['**1]-MIBG distribution might even further improve
this discrimination. However, only a limited amount of data on cardiac SPECT is
available.

SPECT images can be acquired by a single pass of 60 steps at 30 s per step
(64 x 64 matrix), starting at 45° right anterior oblique projection and proceeding
anticlockwise to the 45° left posterior oblique projection. The data are reconstructed
in short-axis, horizontal long-axis, and vertical long-axis tomograms, and scatter or
attenuation correction may be applied. The majority of published studies performed
SPECT only 3—4 h after ['*I]-MIBG (i.e., late SPECT).

When regional MIBG distribution was observed, factors of physical characteris-
tics of ['2], pharmaceutical dynamics, and relative count distribution in liver, heart,
and lungs are related. MIBG distribution in the SPECT study is similar to that of
perfusion imaging tracers, but the inferior accumulation is relatively lower in an
MIBG study, in particular for aged persons. The Japanese Society of Nuclear
Medicine (JSNM) working group for standardization of myocardial SPECT accu-
mulated cardiac ['*I]-MIBG data from near-normal subjects. No history of cardiac
diseases and subjects with hypertension and diabetes mellitus that required medica-
tion were excluded. A characteristic finding of these images (late SPECT) was that
the inferior wall had a relatively lower activity, however with a considerable varia-
tion in ['?’]-MIBG uptake (Matsuo et al. 2009). The heterogeneity of the cardiac
['**I]-MIBG distribution is probably not explained as an artifact (i.e., attenuation
artifact or reconstruction artifact due to high liver uptake) but is most likely a reflec-
tion of variation in physiology (Morozumi et al. 1997). There is data to support this
variation in physiology showing that the anterior wall has predominantly sympa-
thetic afferent innervation (Geis and Kaye 1968). However, Minisi et al. showed
that sympathetic afferent nerves were equally distributed to the inferoposterior and
anterior myocardial wall (Minisi and Thames 1993).

Regional myocardial uptake of ['*[]-MIBG can be influenced by underlying dis-
eases and/or medication (see section patient preparation). In patient with myocar-
dial ischemia or a previous myocardial infarction, there can be regional absence of
['**I]-MIBG uptake in the area of ischemia or infarct. The interpretation of the car-
diac ['*’]-MIBG (SPECT) results should therefore always be done in combination
with all relevant patient characteristics. In addition the interpretation should be per-
formed, with knowledge of normal variants and potential artifacts.

9.4 Procedure Guidelines

Despite that several studies have shown the prognostic value of semiquantitative
parameters of myocardial ['**I]-MIBG uptake in patients with CHF, there is no con-
sensus (Cohen-Solal et al. 1999; Kasama et al. 2002; Kyuma et al. 2004; Merlet
etal. 1992, 1999; Momose et al. 1999; Nakata et al. 2005; Wakabayashi et al. 2001;
Yamada et al. 2003). The lack of consensus is reflected in the absence of ['*I]-MIBG
in any of the current guidelines regarding heart failure (Bonow et al. 2005; Hunt
2005; Nieminen et al. 2005; Radford et al. 2005; Swedberg et al. 2005). However,
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recently published guidelines for clinical use of cardiac nuclear medicine of the
Japanese Circulation Society (JCS) Joint Working Group state that there is a class I
recommendation for the use ['**I]-MIBG for the assessment of severity and progno-
sis of heart failure (JCS Joint Working Group 2012).

Recently a proposal for standardization of ['*[]-MIBG cardiac sympathetic
imaging has been published by the European Association of Nuclear Medicine
(EANM) Cardiovascular Committee and the European Council of Nuclear
Cardiology (Flotats et al. 2010). This will further the standardization of procedures
for cardiac ['*I]-MIBG imaging among individual users and thereby reduce varia-
tion in results and increase clinical acceptability and implementation. Given the
current data, myocardial ['*I]-MIBG planar scintigraphy is preferred with ME col-
limation without scatter correction, adequate acquisition duration (at least 10 min),
and simple but robust analysis of the semiquantitative parameters.
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Abstract

Preclinical evaluations of radiotracers designed for imaging cardiac sympathetic
innervation have played a key role in the development of this branch of nuclear car-
diology. In this chapter, many of the experimental approaches used to characterize
the neuronal uptake and retention mechanisms of sympathetic nerve radiotracers are
reviewed, from in vitro assays to in vivo imaging studies in animal models. Data from
these studies have been critically important in the development of the most optimal
radiotracers for cardiac innervation imaging studies in human subjects. They have
also provided invaluable insights into the underlying neuronal retention mechanisms
of each radiotracer, which are essential to understanding observed changes in the
myocardial retention and kinetics of the radiotracer in heart diseases.
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Abbreviations

[!!C]-D2-PHEN  [YC]-(-)-a,a-dideutero-phenylephrine
[''C]-EPI [!'C]-(-)-epinephrine

[''C]-GMO N-[''C]-guanyl-(-)-meta-octopamine
["'C]-mHED [!!C]-meta-(-)-hydroxyephedrine
['!C]-MHPG [!!C]-meta-hydroxyphenethylguanidine
[''C]-PHEN [!'C]-(-)-phenylephrine

[!!C]-PHPG [!!C]-para-hydroxyphenethylguanidine
[*1]-MIBG ['2*I]-metaiodobenzylguanidine
[PT]-RIBA [*1]-0-iodobenzyltrimethylammonium iodide
['®F]-4F-MHPG  4-['®F]-fluoro-meta-hydroxyphenethylguanidine
[*H]-NE [*H]-labeled norepinephrine

6-OHDA 6-hydroxydopamine

C6-hNET Cloned human NET (cells)

COMT Catechol-O-methyltransferase

DMI Desipramine

EMT Extraneuronal monoamine transporter
HMG-CoA 3-hydroxy-3-methylglutaryl-coenzyme A
HPLC High-performance liquid chromatography
LAD Left anterior descending (artery)

MAO Monoamine oxidase

mHED (-)-meta-hydroxyephedrine

MIBG Metaiodobenzylguanidine

NET Norepinephrine transporter

OCT3 Organic cation transporter 3

PAPS Adenosine-3’-phosphate-5’'-phosphosulfate
PET Positron emission tomography

PHEN (—)-phenylephrine

RBC(s) Red blood cell(s)

RI Retention index

ROI Region-of-interest

SPECT Single photon emission computed tomography
STZ Streptozotocin

UDPGA Uridine 5’-diphosphoglucuronic acid
VMAT?2 Vesicular monoamine transporter 2

10.1 Introduction

Preclinical evaluations of new cardiac radiopharmaceuticals in various experimen-
tal models are an essential stage in the development of a successful imaging agent
for clinical studies in human subjects. Data from these studies are used to identify
which compounds exhibit the most favorable properties for cardiac imaging, such as
high heart-to-lung and heart-to-liver ratios. Demonstration of the specificity of a
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radiotracer’s cardiac retention for the particular physiological process being targeted
is also a very important goal of these studies. Assessments of the kinetics of a new
tracer in heart and plasma can also provide key preliminary information about the
suitability of the compound for quantitative analyses by tracer kinetic methods.
Studies of the biodistribution of the tracer are frequently used to calculate initial
estimates of internal radiation absorbed doses in human subjects. Together, the data
from these studies form the scientific foundation supporting the clinical translation
of a new cardiac imaging agent. However, even after a new radiopharmaceutical has
an established clinical role, more detailed investigations in animal models of disease
are often performed to further characterize the robustness of the clinical parameters
measured with the agent.

This chapter reviews some of the laboratory studies performed during the devel-
opment of radiopharmaceuticals targeting presynaptic sympathetic nerve terminals
in the heart, which illustrate most of the elements of preclinical evaluations described
above. Specific considerations of important differences between animal models are
also highlighted, since these factors must be kept in mind when interpreting the
results of preclinical studies in different species. The data presented emphasize
recent work in our laboratory on radiolabeled phenethylguanidines as novel sympa-
thetic nerve imaging agents with more optimal kinetics for quantifying regional
sympathetic nerve density using tracer kinetic analyses.

10.2 Key Characteristics of Sympathetic Nerve Radiotracers

The norepinephrine transporter (NET) is the primary imaging target of most radio-
tracers developed for imaging cardiac sympathetic neurons. In the heart, NET is
exclusively expressed in the outer membrane of presynaptic sympathetic terminal
nerve axon varicosities (Fig. 10.1). Transporters are often imaged scintigraphically
using radiolabeled inhibitors of the transporter. However, this approach has been
largely unsuccessful for imaging cardiac NET due to the high lipophilicity of most
selective NET inhibitors. For example, desipramine is a high-affinity NET inhibitor
with an equilibrium dissociation constant K of ~1.5 nM (Raisman et al. 1982). Yet
due to its high lipophilicity (logP=4.9) (Hansch et al. 1995), ['!C]-desipramine was
found to have extremely high levels of nonspecific binding in the heart, occluding
any specific binding to NET and preventing its use as a positron emission tomogra-
phy (PET) radiotracer (Van Dort et al. 1997).

A more fruitful approach to imaging cardiac sympathetic nerve terminals has
been the use of radiolabeled NET substrates. NET actively transports a large num-
ber of structural analogs of the endogenous neurotransmitter norepinephrine
(Burgen and Iversen 1965). Thus, after its initial extraction from plasma into inter-
stitium, a radiolabeled norepinephrine analog is transported by NET into the axo-
plasm of sympathetic nerve varicosities. Once inside the nerve, it interacts with
other key processes involved in the neuronal handling of norepinephrine. Most
important among these are storage in vesicles by the vesicular monoamine trans-
porter 2 (VMAT2) and metabolism by intraneuronal enzymes, including



204 D.M. Raffel

mitochondrial-bound monoamine oxidase (MAO). Unlike many NET inhibitors,
most norepinephrine analogs have very low lipophilicity (logP <0.5); thus, radiola-
beled norepinephrine analogs tend to have very low nonspecific binding to
myocytes.

The chemical structure of a given radiolabeled norepinephrine analog will deter-
mine its NET transport rate, rate of VMAT2-mediated uptake into vesicles, and
whether or not it is vulnerable to metabolism by intraneuronal enzymes such as
MAGO. A fourth structurally related factor is the lipophilicity of the compound,
which influences its diffusion rate across vesicular and neuronal membranes.
Together, these four factors predominantly determine the kinetics of the uptake and
retention of the tracer by sympathetic nerve terminals. Other important aspects to
consider include selectivity of the radiotracer for NET, the rate of tracer metabolism
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in plasma, and interaction of the tracer with blood components (partitioning into red
blood cells, plasma protein binding). It is also important to verify that any radiome-
tabolites formed are inactive (i.e., not actively transported by NET).

In some mammalian species, a second transporter system localized in myocytes,
termed “uptake-2,” competes with the NET-mediated neuronal reuptake of norepi-
nephrine (Fig. 10.1) (Iversen 1965). As described in detail in Sect. 10.4, evidence
strongly suggests that uptake-2 is absent or negligible in human hearts. Therefore,
if a new sympathetic nerve radiotracer is a substrate for uptake-2, this is not a road-
block to its further clinical development. However, it is important to be aware of the
uptake-2 activity of the compound to properly interpret results from studies in a
given animal model. If possible, blocking uptake-2 activity pharmacologically will
provide a more accurate picture of the kinetics and imaging properties of the tracer
in humans.

Preclinical assessments of a new sympathetic nerve radiotracer are designed to
characterize the following aspects of the tracer:

* NET transport rate

» Uptake into vesicles by VMAT?2

* Vulnerability to intraneuronal metabolism by MAO or other enzymes
* Lipophilicity (diffusion rates across membranes)

<
<

Fig.10.1 Sympathetic nerve varicosity. Norepinephrine (NVE) is synthesized from tyrosine, which is
actively transported into the varicosity. Tyrosine is converted to dihydroxyphenylalanine (DOPA) by
tyrosine hydroxylase (TH). This is the rate-limiting step in NE synthesis. DOPA is converted to dopa-
mine (DA) by aromatic L-amino acid decarboxylase (AAAD). DA is stored in vesicles by the vesicu-
lar monoamine transporter2 (VMAT?2) and converted to NE by dopamine-B-hydroxylase (DfH). NE
is localized in two types of storage vesicles. Large dense-core vesicles (diameter ~85 nm) containing
NE, ATP, DBH, and chromogranins (CG) originate in the neuron’s cell body and are transported
along the axon to the varicosities. The more numerous small dense-core vesicles (diameter 30-60 nm)
are formed locally. Nerve stimulation causes exocytotic release of vesicular contents. After release,
NE binds to postsynaptic B-adrenergic receptors (SAR) in the myocyte membrane, which stimulates
adenylate cyclase (AC) via the stimulatory G protein G; (B, y, o). Enhanced adenylate cyclase activity
increases intracellular levels of cyclic adenosine monophosphate (cAMP), which activates protein
kinase A (PKA), ultimately increasing influx of Ca?* through L-type Ca?* channels. The influx of Ca?*
leads to enhanced myocyte contractility. NE can also bind to presynaptic o,-adrenergic («,) receptors
to inhibit further release of NE. The majority of released NE is actively transported back into the vari-
cosity by the norepinephrine transporter (VET) and stored in vesicles by VMAT2. The NE in the
neuronal axoplasm can slow NE synthesis by directly inhibiting TH. NE in axoplasm can also be
metabolized by the mitochondrial-bound enzyme monoamine oxidase (MAQO). The aldehyde pro-
duced by MAO oxidation of NE is rapidly metabolized by aldehyde reductase (ADR) to form
3,4-dihydroxyphenylglycol (DOPEG) or by aldehyde dehydrogenase (ADH) to form dihydroxyman-
delic acid (DOMA). DA in axoplasm can also be metabolized by MAO and ADH to form
3,4-dihydroxyphenylacetic acid (DOPAC). In some mammalian species, extraneuronal uptake of NE
into myocytes (uptake-2) competes with neuronal reuptake as a mechanism for terminating the action
of NE. NE is metabolized extraneuronally by enzymes such as catechol-O-methyltransferase
(COMT) to form normetanephrine (NMN) or MAO to form DOPEG
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* Selectivity for NET in the heart
* Rate of metabolic breakdown in plasma
* Inactivity of radiometabolites at NET
* Interaction with blood components
— Partitioning into red blood cells
— Plasma protein binding

* Uptake-2 activity

* Biodistribution and/or animal imaging studies
— Assess imaging properties and kinetics
— Radiation dosimetry estimates

This list is not meant to be comprehensive, but knowledge of these parameters
for a novel tracer would provide enough information to assess the suitability of the
compound for further development.

Defining optimal values for each of these parameters is dependent on the particu-
lar aspect of presynaptic function the tracer has been designed to measure. Early
radiotracers like ['?’I]-metaiodobenzylguanidine (['*I]-MIBG) (Wieland et al.
1981) and [''C]-meta-(-)-hydroxyephedrine ([!!C]-mHED) (Rosenspire et al. 1990)
were designed to have fast NET transport rates and resistance to intraneuronal
metabolism by MAO and other enzymes with the goal of achieving maximal tracer
retention in nerve terminals. [!'C]-(-)-Epinephrine (['!C]-EPI) (Chakraborty et al.
1993), like norepinephrine, is metabolized by MAO and is rapidly stored in vesi-
cles, leading to prolonged neuronal retention times (Nguyen et al. 1997). Because
of these two properties, PET studies with [''C]-EPI likely provide accurate mapping
of the regional distribution of norepinephrine stores in the heart. ['C]-(-)-
Phenylephrine ([''C]-PHEN) (Del Rosario et al. 1996), which is also readily metab-
olized by MAO, was originally designed to be a radiotracer for measuring MAO
metabolism rates in sympathetic nerve terminals (Del Rosario et al. 1996). However,
preclinical (Raffel and Wieland 1999) and clinical (Raffel et al. 1999) studies with
[''C]-PHEN demonstrated that the rate-limiting step in its clearance kinetics was
leakage from vesicles rather than MAO metabolism, complicating interpretation of
kinetic studies with this tracer.

There are several aspects of cardiac sympathetic function that are of interest to
clinicians. The most fundamental of these is “cardiac sympathetic nerve density,”
the number of functional sympathetic nerve terminals per gram of heart tissue. A
related concept is “neuronal integrity,” the ability of nerves to recover and store
norepinephrine, which depends on the key elements of NET transport, VMAT2
transport, and MAO metabolism all functioning normally. “Sympathetic nerve
activity” or “sympathetic outflow” is the rate of nerve impulses being sent to termi-
nal nerve axons. Finally, “sympathetic tone,” a combination of sympathetic outflow
plus postsynaptic receptor responses and related baroreflex mechanisms, is very
important in assessing the functional modulation of cardiac output by the sympa-
thetic nervous system. Current sympathetic nerve radiotracers largely assess the
first two of these aspects of sympathetic function, although there is evidence in the
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literature suggesting that ['**I]-MIBG clearance rates are modulated by sympathetic
outflow (Sisson et al. 1991).

Recently our laboratory has been investigating radiolabeled phenethylguanidines
in an effort to develop a new PET radiotracer with optimal kinetics for accurately
quantifying regional sympathetic nerve density using tracer kinetic analysis meth-
ods (Raffel et al. 2007). The motivation for these studies has been our dissatisfac-
tion with our attempts to apply standard tracer kinetic analyses to the myocardial
kinetics of [''C]-mHED. We hypothesized that the very rapid neuronal uptake of
[''C]-mHED, mediated by NET transport, causes it to be a “flow-limited” tracer. A
flow-limited tracer exhibits very rapid uptake into its tissue distribution spaces after
its initial extraction from plasma into interstitium. The rate of tracer extraction from
plasma characterized by the rate constant K; (mL/min/g) is equal to E-F, where E is
the “unidirectional extraction fraction” of the tracer (often close to 1.0) and F is
blood flow (mL/min/g). Since blood flow is the rate-limiting step in the net tissue
uptake of tracers with these kinetic properties, they are referred to as flow-limited
tracers. Because of its flow-limited behavior, cardiac [''C]-mHED retention levels,
which are used as surrogate measures of sympathetic nerve density, are insensitive
to clinically important levels of cardiac denervation. For example, studies with
[''C]-mHED have shown that its cardiac retention does not decline significantly
until regional nerve losses are quite high, as much as 40 % of control levels (Ungerer
et al. 1998). Since the neuronal uptake rate of ['?’I]-mera-iodobenzylguanidine
([**1]-MIBG) is even faster than that of [''C]-mHED, it is likely that it too is a flow-
limited tracer (see Sect. 10.5 for details).

The only way to overcome the flow-limited behavior of [!!C]-mHED was to
design a new tracer with more optimal kinetic properties. After consideration of the
limitations of [''C]-mHED, we sought to develop a new sympathetic nerve tracer
with two specific kinetic properties. First, a slower transport rate into neurons by
NET was needed, making this the rate-limiting step in the neuronal uptake of the
tracer. Second, efficient uptake into norepinephrine storage vesicles by VMAT?2 was
desired, leading to very long neuronal retention times (provided the compound was
not too lipophilic). We predicted that the myocardial kinetics of a tracer with these
two kinetic properties could be analyzed using standard kinetic analysis methods to
yield quantitative measures of regional sympathetic nerve density. Also, we hypoth-
esized that since NET transport would be the rate-limiting step in the kinetics, the
quantitative measures derived from tracer kinetic analysis would be sensitive to low
to moderate levels of nerve losses and thus would detect cardiac denervation earlier
in its progression than is currently possible with [''C]-mHED.

We chose to study phenethylguanidines because several of these compounds are
known to potently deplete cardiac stores of norepinephrine due to their avid reten-
tion in storage vesicles (Costa et al. 1962; Fielden and Green 1965; Green et al.
1967). While some phenethylguanidines are inhibitors of MAO at micromolar con-
centrations (Fielden and Green 1965; Kuntzman and Jacobson 1963), they are not
substrates for MAO or other intraneuronal enzymes, so they are metabolically stable
inside nerve terminals.
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In the following sections on various preclinical studies of sympathetic nerve
radiotracers, we include some data from our preclinical studies of radiolabeled
phenethylguanidines. At the end of the chapter, we summarize the preclinical stud-
ies on phenthylguanethidines as a case study in developing novel sympathetic nerve
imaging agents.

10.3 InVitro Studies

Some of the most fundamental studies of a potential new imaging agent are in vitro
assessments of its interactions with the targeted physiological process. A classic
example is measurement of the binding affinity of a receptor-binding ligand to its
target receptor, characterized by an equilibrium dissociation constant Ky, with units
of molarity (M). While the binding affinity of a radiolabeled substrate for NET has
some influence on its kinetics in vivo, the more important kinetic parameters are its
transport constants K, and V..

Transport rates of NET substrates are described by the Michaelis—Menten equa-
tion, Vi (pmol/min/g) = [So]Vinax/ (K + [S,]), where [S,] is the radiotracer concentra-
tion (M) outside nerve varicosities in interstitium, V,,,, is the maximum velocity of
transport (pmol/min/g), and K, is the half-saturation constant (uM). Scintigraphic
imaging studies typically use “tracer level” concentrations of substrate, where
[S.] << K, at all times, simplifying the transport rate equation to Viy = (Via/ Kin) [Sol.-
This equation shows that it is the ratio of an NET substrate’s transport constants V.,
and K, that determines its neuronal uptake rate. Thus, a “neuronal uptake rate con-
stant” kypuke = Vimax/Km can be defined for each NET substrate. Furthermore, V,,, is
directly proportional to NET transporter density (e.g., an NET B,,,, value from a
binding assay). This is an important point to consider for imaging studies in vivo
with radiolabeled NET substrates. In diseases in which cardiac sympathetic dener-
vation occurs, regional NET density decreases, and thus V,,,, will decline in direct
proportion to reductions in NET density. Hence, the value of kypuke = Vina/ Km Will
also decline in proportion to the degree of regional NET density deficits. Thus,
while information about the binding affinities (K;) of radiotracers for NET are inter-
esting, accurate measurements of their transport constants K, and V,,,, for NET
transport are more valuable as it is their V,,,,/K,, ratios that determine their neuronal
uptake rates.

Our laboratory previously measured binding affinities (K;=K,) of several NET
inhibitors and substrates in competitive inhibition assays using the NET radioli-
gand [*H]-mazindol and NET in purified rat heart membranes (Table 10.1) (Raffel
and Chen 2004). NET inhibitors studied included the potent NET inhibitor desip-
ramine (DMI). NET substrates studied included the biogenic amines (norepineph-
rine, epinephrine, dopamine, and serotonin) and nonradioactive analogs of several
sympathetic nerve radiotracers, including metaiodobenzylguanidine (MIBG),
(—)-meta-hydroxyephedrine (mHED), and (-)-phenylephrine (PHEN). Higher
binding affinity for NET is a desirable property for a sympathetic nerve radiotracer
since it can compete favorably with endogenous norepinephrine for available NET



10 Preclinical Evaluations of Cardiac Sympathetic Innervation Radiotracers 209

Table 10.1 Binding affinities (K;) of some NET inhibitors and substrates for NET in purified rat heart
membranes measured in competitive binding assays with [*H]-mazindol (Raffel and Chen 2004)

NET inhibitors K; (nM)
Desipramine 2.76+0.30
(+)-Oxaprotiline 6.42+1.72
(—)-Oxaprotiline 2,877+646

NET substrates K; (pM)
para-lodobenzylguanidine 1.22+0.05
Methcathinone 3.55+0.31
meta-lodobenzylguanidine (MIBG) 3.95+0.08
Dopamine 4.49+0.22
(+)-Tranylcypromine 5.04+0.29
(-)-meta-Hydroxyephedrine (mHED) 20.9+0.1
(—)-Metaraminol 21.8+04
(—)-Norepinephrine 34.1+£2.2
(—)-Epinephrine (EPI) 53.8+4.7
Guanethidine 66.3+3.5
(—)-meta-Octopamine 104.7+13.9
(—)-Phenylephrine (PHEN) 109.2+14.8
Bretylium 209.4+30.1
Serotonin 471.4+16.5

Values are mean + SD of n=2-4 determinations. Hill slopes were close to unity in all cases

transporters. This is likely to be most important in diseases associated with elevated
plasma norepinephrine levels, such as congestive heart failure (Cohn et al. 1984).
For example, the NET binding affinity of MIBG (K;=3.95 pM) is higher than that
of norepinephrine (34.1 pM). However, as described above, uptake rates of sympa-
thetic nerve radiotracers into neurons do not correlate with NET binding affinity but
rather with NET V,,,./K,, ratios.

The transport kinetics of several radiolabeled NET substrates were characterized
in vitro using a rat C6 glioma cell line stably transfected with the cloned human
NET (C6-hNET cells) (Raffel et al. 2013a). Transport assays with C6-hNET cells
(Fig. 10.2) provided highly reproducible measurements of the transport constants
K., and V,,,, for each substrate (Table 10.2). NET binding affinities (K;) were also
measured using competitive inhibition binding assays with [*H]-mazindol and puri-
fied membranes from homogenized C6-hNET cells (Table 10.2). Ratios of V,,./K
from the transport kinetics assays are also provided in Table 10.2, as these reflect the
relative uptake rates of each NET substrate into sympathetic nerve terminals for
tracer level concentrations of substrate (i.e., [S,] << K,,). From examination of the
measured V,,,/K,, ratios, [*H]-norepinephrine has the fastest transport rate at NET,
while [*H]-dopamine, [!!C]-mHED, and the radiolabeled phenethylguanidine
[!!C]-meta-hydroxyphenethylguanidine ([''C]-MHPG) are transported at rates
about one-half the rate of [*H]-norepinephrine. [!!C]-(-)-Epinephrine (['!C]-EPI) is
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Fig. 10.2 NET transport kinetics assays of biogenic amines and sympathetic nerve radiotracers
in vitro with C6-hNET cells. Nonlinear regression analysis yielded estimates of the transport con-
stants K, and V,,,, for each assay. NET substrates with lower K, values are shown in the left panel,
and those with higher K, values are plotted in the right panel

Table 10.2 Binding affinities (K;) and transport constants (K, V,..) for the cloned human norepi-
nephrine transporter stably expressed in rat C6-glial cells (C6-hNET cells) (Raffel et al. 2013a)

Vinax Vina/ K
(pmol/min/ | (ul/min/mg
NET substrate Acronym | K; (pM) | K, (pM) mg protein) | protein)
[*H]-(-)-norepinephrine NE 63.9£2.3/0.28+0.03 1 5.83+0.49 21324
[*H]-dopamine DA 8.1+0.5 [0.24x0.04 |291+047 |12.2x1.8
[''C]-(-)-epinephrine EPI 68.4+7.6 3.16£0.78 |6.09+1.04 |2.0+0.2
["'C]-(-)-meta- MHED |432+1.8/0.48+0.08 543+0.71 |[11.4+13
hydroxyephedrine
[''C]-meta- MHPG 49+0.5 0.73+0.20 |7.83x1.73 | 11.2+2.8
hydroxyphenethylguanidine
[''C]-para- PHPG 1.9+0.2 [0.52+0.06 |3.31+040 6.4=1.1
hydroxyphenethylguanidine
N-["'C]-guanyl-(-)-meta- GMO 20.3+2.5/4.43+031 |5.57+0.30 |1.3+0.1
octopamine
[''C]-4-fluoro-meta- 4F-MHPG| 5.6+0.5 |2.57+0.35 | 7.46+0.64 |3.0+£0.5
hydroxyphenethylguanidine
[''C]-6-fluoro-meta- 6F-MHPG| 17.7+£0.5/2.86+0.43 4.06+0.66 |1.4+0.3

hydroxyphenethylguanidine

Values are means + SD for n=4-5 assays

transported by NET at a rate approximately one-tenth of the rate of norepinephrine.
Another phenethylguanidine, N-[!'C]-guanyl-(—)-meta-octopamine ([!!C]-GMO),
had the slowest NET transport rate among the compounds studied.

The transport rates of NET substrates measured as V,,,/K,, ratios in C6-hNET
transport assays were found to be highly correlated (r*=0.96) with their uptake rates
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into sympathetic neurons measured previously in isolated perfused rat hearts
(Fig. 10.3) (Iversen 1967; Hellmann et al. 1971; Raffel et al. 2007). This result
strongly suggests that the NET transport rates measured in vitro using C6-hNET
cells accurately reflect the relative neuronal uptake rates of NET substrates in vivo
in the heart.

10.4 Uptake-2

An important factor to consider in animal studies is that some mammalian species
have an extraneuronal transporter-mediated uptake pathway in the heart that can
confound interpretation of the cardiac kinetics and retention of these tracers
(Fig. 10.1). This was defined by Iversen as “uptake-2” to describe the extraneuronal
uptake of norepinephrine into myocytes of the isolated rat, while “uptake-1” was
used for NET-mediated uptake into neurons (Iversen 1965). The transporter involved
in uptake-2 has more recently been called the extraneuronal monoamine transporter
(EMT) or the organic cation transporter 3 (OCT3) which is encoded by the solute
carrier family 22 member 3 (SLC22A3) gene in humans (Wu et al. 1998; Hayer-
Zillgen et al. 2002). The presence or absence of the uptake-2 pathway in the hearts
of various animal species is summarized in Table 10.3. In addition to the rat heart,
cardiac uptake-2 activity is important in the hearts of mice (Zwart et al. 2001), dogs
(Eisenhofer et al. 1992), pigs (Lameris et al. 1999), and cats (Graefe 1981). On the
other hand, uptake-2 activity is absent in the hearts of humans (Glowniak et al.
1989; Dae et al. 1992), monkeys (Carr et al. 1979), and rabbits (Graefe et al. 1978).
In an important study in this area, scintigraphic imaging studies with [**]-o-
iodobenzyltrimethylammonium iodide (["*'I]-RIBA), a selective substrate for
uptake-2, demonstrated that uptake-2 activity is important in the hearts of pigs, but
is absent in monkey and human hearts (Carr et al. 1979). It has been suggested that
the physiological purpose of uptake-2 may be to serve as a secondary mechanism
for terminating the actions of norepinephrine released from sympathetic nerve
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Table 10.3 Extraneuronal uptake (uptake-2) in the hearts of various animal species

Species Uptake-2 activity? References

Human No Carr et al. (1979)
Glowniak et al. (1989)
Dae et al. (1992)

Rat Yes Iversen (1965)

Carr et al. (1979)
Rabbit No Graefe et al. (1978)
Dog Yes Eisenhofer et al. (1992)
Monkey No Carr et al. (1979)
Cat Yes Graefe (1981)
Mouse Yes Zwart et al. (2001)
Pig Yes Carr et al. (1979)

Lameris et al. (1999)

terminals since uptake-2 transports norepinephrine into myocytes, where it is
metabolized by MAO or catechol-O-methyltransferase (COMT) (Fig. 10.1).
Uptake-2 is also likely to be an important process for limiting the actions of epi-
nephrine and norepinephrine circulating in plasma on the heart (Lightman and
Iversen 1969). For example, the well-known “flight-or-fight” response in mammals
leads to the release of high amounts of epinephrine and norepinephrine from the
adrenal glands into the bloodstream (Kvetnansky et al. 2009). Uptake-2 may play a
key role in limiting the time course of cardiac effects of circulating catecholamines
during flight-or-fight responses.

Most sympathetic nerve imaging agents have been found to be good substrates for
the uptake-2 pathway, including ['*I]-MIBG (DeGrado et al. 1995) and [''C]-EPI
(Iversen 1965). A noteworthy exception is [''C]-mHED, which is a very poor sub-
strate for uptake-2 (DeGrado et al. 1993). Thus, ['!C]-mHED studies in different ani-
mal models are easier to interpret since cardiac uptake and retention of ['!C]-mHED
are exclusively mediated by NET uptake into sympathetic nerve terminals.

The transplanted human heart is denervated due to atrophy of the surgically sev-
ered nerves and thus is devoid of uptake-1 activity. Since we know that ['*I]-MIBG
is a good uptake-2 substrate, the clinical observation that ['*I]-MIBG does not
localize in the denervated myocardium of recent heart transplant recipients (Dae
et al. 1992; Glowniak et al. 1989) is consistent with uptake-2 being negligible in
human heart.

10.5 ExVivo Studies in Isolated Rat Hearts

The isolated perfused rat heart has proven to be a very valuable model for character-
izing the kinetics and neuronal retention mechanisms of sympathetic nerve radio-
tracers. Iversen’s groundbreaking studies of uptake-1 and uptake-2 were done
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primarily in the isolated rat heart (Iversen 1963, 1965). This system, when com-
bined with external radiodetection of emitted gamma rays or positron annihilation
photons from a radiotracer, allows for detailed kinetic studies of the interaction of
the tracer with various neuronal components involved in its neuronal uptake and
handling. Using pharmacological interventions, it is possible to selectively block
key physiological mechanisms that govern a tracer’s neuronal uptake and retention,
including NET transport, storage in vesicles by the vesicular monoamine trans-
porter (VMAT?2), and susceptibility to metabolism by various intraneuronal enzymes
such as monoamine oxidase (MAO) (Fig. 10.1). One advantage of this preparation
over intact animal studies is the ability to study the kinetics and retention mecha-
nisms of the tracer with the heart under highly controlled conditions, without such
complicating factors as tracer metabolism in plasma, partitioning into red blood
cells, and effects from the tracer recirculating in the blood stream.

The system we use for studies of sympathetic nerve radiotracers is an isolated
working rat heart system (Taegtmeyer et al. 1980) that uses two separate perfusion
circuits, each with its own perfusate reservoir, which allows for instantaneous
switching of the heart from one perfusion circuit to the other. For positron-emitting
radiotracers, a pair of cesium fluoride (CsF) detectors is positioned so that the iso-
lated rat heart is centered between the faces of the two detector crystals (Raffel et al.
1998). Coincidence detection circuitry measures the coincidence count rate between
the two CsF detectors as a measure of the total amount of radioactivity in the heart.
The typical experimental protocol begins by stabilizing the isolated heart on one
perfusion circuit for 20-30 min with normal heart perfusate. After this, the heart is
switched to the second perfusion circuit containing the radiotracer at very low con-
centrations (<10 nM) for 10 min. After the 10 min constant infusion study, the heart
is switched back to normal perfusate to characterize the clearance kinetics of the
radiotracer. The acquired coincidence count rate data are corrected for random coin-
cidences and radioactive decay. The slope of the linear uptake curve from 1 to 4 min
during the constant infusion study is a measure of the neuronal uptake rate of the
radiotracer (K,,, mL/min/g wet tissue). The clearance kinetics data are fit to multiple
exponential clearance components using nonlinear regression analysis (Raffel et al.
1998). Since uptake-2 is an important pathway in the rat heart, it is necessary to
block uptake-2 pharmacologically to get a more accurate picture of the interaction
of a radiotracer with the sympathetic nerve terminals. We block uptake-2 by adding
54 pM corticosterone to the heart perfusion buffer, based on a reported ICs, value of
2.7 pM for inhibition of uptake-2 by this steroid (Salt 1972). Another uptake-2
inhibitor that has been used in isolated rat heart studies is N-(9-fluorenyl)-N-methyl-
beta-chloroethylamine (SKF550) at concentrations of 0.4-0.8 pM (DeGrado et al.
1995, 1998). Two examples of the effect of blocking uptake-2 on the kinetics of
sympathetic nerve radiotracers in the isolated rat heart are shown in Fig. 10.4. In the
first example (Fig. 10.4a), the kinetics of [!C]-MIBG with and without uptake-2
blocked are shown. For the study performed without any uptake-2 inhibitor, the
total uptake rate of [''C]-MIBG was K,,=5.09 mL/min/g wet tissue. Blocking
uptake-2 with corticosterone, the neuronal uptake rate was K,,=3.65 mL/min/g wet
tissue. Similar K,, values were measured previously in isolated rat hearts for
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['*I]-MIBG, with K,,=4.44+0.72 mL/min/g wet for the total uptake rate and
3.66+0.56 mL/min/g wet for the neuronal uptake rate (DeGrado et al. 1995). For
['*1]-MIBG, when uptake-1 was selectively blocked by adding the NET inhibitor
DMI to the heart perfusate (50 nM), a K, of 3.22+0.40 mL/min/g wet tissue was
measured (DeGrado et al. 1995). What these data show is that uptake-1 and uptake-2
compete with each other during the constant infusion study, with uptake-2 “steal-
ing” a significant fraction of available radiotracer molecules away from uptake-1.
When uptake-2 is blocked, the true neuronal uptake rate associated with uptake-1 is
measured. Since human hearts lack any significant uptake-2 activity, uptake rate
measurements made in isolated rat hearts with uptake-2 blocked more accurately
reflect relative neuronal uptake rates in human hearts.

During the clearance phase of the [''C]-MIBG studies, when uptake-2 is not
blocked, there is faster efflux of tracer early in the study that clears to reveal a
slower clearance rate later in the study. Comparison with the ['!C]-MIBG study with
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uptake-2 blocked indicates that MIBG clears more quickly from the extraneuronal
compartment (7, ~26.6 min) than it does from neuronal spaces (7, ~ 127 min). This
was also demonstrated by DeGrado and coworkers in their pharmacological block-
ing studies with ['*I]-MIBG in isolated rat hearts. A half-time 7,,=21.7+1.7 min
was measured for clearance from the extraneuronal compartment when uptake-1
was blocked with DMI and T},=112=+11 min was measured for ['**I]-MIBG clear-
ance from sympathetic nerve terminals when uptake-2 was blocked with SKF550
(DeGrado et al. 1995).

A similar set of uptake-2 blocking studies with [''C]-para-hydroxyphenethylguanidine
([''C]-PHPG) are shown in Fig. 10.4b. In this case, the total uptake rate (uptake-1
and uptake-2) was K,,=2.95 mL/min/g wet, while with uptake-2 blocked, the neu-
ronal uptake rate was K,,=1.88 mL/min/g wet. In this case, since [''C]-PHPG is
efficiently stored in norepinephrine storage vesicles inside sympathetic nerve ter-
minals (Raffel et al. 2007), comparing the clearance kinetics of the two studies,
the much faster clearance of [!!C]-PHPG from the extraneuronal compartment is
readily apparent. In the study with uptake-2 blocked, the true neuronal kinetics of
[!!C]-PHPG are clearly seen (and accurately measured) without the complicating
effect of additional uptake into and clearance from extraneuronal spaces.

The neuronal uptake rates and clearance kinetics of several sympathetic nerve
radiotracers have been measured in the isolated rat heart with uptake-2 blocked,
some of which are shown in Fig. 10.5 and Table 10.4. The relative magnitudes of the
measured K,, values likely correspond to their relative neuronal uptake rates in
human hearts. ['!C]-MIBG and [!!C]-mHED have the fastest neuronal uptake rates
but clear from sympathetic neurons more quickly than the other compounds shown.
In general, clearance rates observed in the isolated rat heart are faster than those
observed in human hearts because the heart perfusion buffer cannot carry as much
oxygen as blood and in response the heart autoregulates its coronary flow rates to
more than ten times physiological levels (Ng et al. 1991). [!!C]-EPI has a relatively
slow neuronal uptake rate but very long neuronal retention times due to efficient
storage in vesicles (Nguyen et al. 1997). The four radiolabeled phenethylguanidines
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Table 10.4 Neuronal uptake rates (K,,) and major clearance half-times (7,,) for several sympa-
thetic nerve radiotracers in isolated rat hearts with uptake-2 blocked

K,, (mL/ T
Acronym | min/g wet) (h) References

[*H]-(-)-norepinephrine NE 4.37+0.44 - Iversen

(1971)
[''C]-metaiodobenzylguanidine MIBG 3.65 2.1 Our lab
[''C]-(-)-meta-hydroxyephedrine mHED 2.35 1.4 Our lab
[''C]-(-)-epinephrine EPI 0.87 >41 Our lab
[''C]-meta-hydroxyphenethylguanidine MHPG 1.96+0.13 >102 | Raffel et al.

(2007)
[''C]-para-hydroxyphenethylguanidine PHPG 1.64+0.15 >45 Raffel et al.

(2007)
4-['8F]-fluoro-meta- 4F-MHPG | 0.82+0.14 >24 Our lab
hydroxyphenethylguanidine
N-["'C]-guanyl-(—)-meta-octopamine GMO 0.30%0.02 >152 | Raffel et al.

(2007)

shown in Fig. 10.5 exhibit a range of neuronal uptake rates, but all have very long
neuronal retention times due to sequestration into vesicles (Raffel et al. 2007).

The isolated rat heart has been particularly valuable in understanding differences
in the way sympathetic neurons handle different radiotracers. For example, studies
with [''C]-mHED showed that blocking NET by adding DMI to the heart perfusate
almost completely abolished heart uptake of the tracer during the constant infusion
phase of the study, indicating a high selectivity for sympathetic nerve terminals
(DeGrado et al. 1993). If DMI (40 nM) was added to the perfusate only during the
clearance phase of the study (a DMI “chase” study), the clearance rate was greatly
accelerated, from a control clearance T, value of 63+ 17 min to only 3.6+0.9 min.
This indicates that during the clearance phase of a control study, a significant
amount of ['!C]-mHED molecules leaking from the neurons are recovered by the
neurons by NET transport (i.e., uptake-1 activity). Also, in hearts isolated from
animals injected with the VMAT? inhibitor reserpine (1 mg/kg i.p., 3 h before heart
isolation) to block vesicular storage, a reduction in the neuronal uptake of
['!C]-mHED was seen, and the clearance rate was again greatly accelerated to a
T,»~ 8.0 min (Raffel and Wieland 2001). These results show that VM AT2-mediated
uptake of ['!C]-mHED into storage vesicles is an important process that increases
its neuronal distribution volume and prolongs its neuronal retention.

Isolated rat heart studies of [''C]-PHPG demonstrate that the neuronal handling
of this tracer is significantly different from that of ['!C]-mHED (Fig. 10.6). In con-
trol studies, [!!C]-PHPG has a fairly rapid neuronal uptake rate of 1.64+0.15 mL/
min/g wet and a very slow clearance rate from nerve terminals (7y,=190 h for the
study shown). In a DMI-chase study with [''C]-PHPG, there is no acceleration of
the clearance rate from nerve terminals, unlike the DMI-chase results seen with
['!C]-mHED. On the contrary, binding up NET transporters with high amounts of
DMI leads to a complete trapping of [!!C]-PHPG in the neurons. This suggests that



10 Preclinical Evaluations of Cardiac Sympathetic Innervation Radiotracers 217

Fig.10.6 Kinetic and 18 -

mechanistic studies of 164 1 Control T2 =190 hr
["'C]-PHPG in isolated rat 5 & AR
hearts under control = 14 A : DM "chase" ; ”
conditions, during a % 124 § ehase rappe
“DMI-chase” study (where § 10 -

100 nM DMI was added to £

heart perfusate during the g 8-

clearance phase of the study), _EI 6 -

and a study using reserpine to Z .

block VMAT? transport into é 414yt Reserpine block of VMAT2
norepinephrine storage 2 1 N Tiye=12hr
vesicles 0 : ; ; x

0 20 40 60 80 100 120 140
Time (min)

the very slow clearance of ['!C]-PHPG from neurons is due to reverse transport by
NET from the neuronal axoplasm to interstitium. Inhibition of VMAT?2 by reserpine
greatly reduced the neuronal uptake of [!!C]-PHPG and greatly accelerated its clear-
ance rate, demonstrating that vesicular storage of [!!C]-PHPG is the main mecha-
nism involved in its neuronal retention.

The influence of intraneuronal metabolism by MAO on neuronal retention of
some has also been investigated for some sympathetic nerve radiotracers.
[!!C]-PHEN was designed to be a tracer that would be metabolized at the a-carbon
of its side chain by MAO to yield the radiometabolite [''C]-methylamine. Since
methylamine is a small molecule that easily crosses cell membranes, it was thought
that the regional rate of radioactivity efflux from the heart could be used as a mea-
sure of neuronal MAO activity (Del Rosario et al. 1996). Studies of [''C]-PHEN in
isolated rat hearts showed that inhibition of MAO by adding the MAO inhibitor
pargyline (100 pM) to the heart perfusate slowed the efflux of activity from sympa-
thetic nerve terminals from a 7,,=98.2+13.7 to 163.2+13.7 min (Raffel and
Wieland 1999). Substitution of deuterium for hydrogen atoms at the a-carbon of the
side chain of [!!C]-PHEN as a means of inhibiting MAO activity at the tracer level
was also studied (Del Rosario et al. 1996). The dideutero analog [!'C]-(-)-a,a-
dideutero-phenylephrine ([!!C]-D2-PHEN) was found to have kinetics almost iden-
tical to those of [!!C]-PHEN during pargyline inhibition of MAO in the isolated rat
heart, with a neuronal efflux 7T,,=140.4+27.8 min. However, while the efflux
kinetics of ['!C]-PHEN were shown to be sensitive to MAO activity, the efflux rate
was found to be rate limited by the leakage rate of [''C]-PHEN from vesicles rather
than by MAO metabolism (Raffel and Wieland 1999). Since [!!C]-EPI has the same
side chain as [''C]-PHEN, its metabolism by MAO also forms the radiometabolite
[!!C]-methylamine (Nguyen et al. 1997). Because of its a-methyl group, [''C]-mHED
is not a substrate for MAO metabolism. Similarly, benzylguanidines (e.g.,
['2I]-MIBG) and phenethylguanidines (e.g., [\*F]-4F-MHPG) are not substrates for
neuronal enzymes like MAO, although some have been shown to be reversible
MAQO inhibitors at micromolar concentrations (Kuntzman and Jacobson 1963;
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Fig.10.7 Schematic illustration of neuronal uptake and retention mechanisms of norepinephrine
(NE) and several sympathetic nerve radiotracers. Arrow thicknesses are drawn in approximate pro-
portion to the magnitudes in uptake and diffusion rates. NET norepinephrine transporter, VMAT2
vesicular monoamine transporter 2, MAO monoamine oxidase, *MA [''C]-methylamine. Neuronal
uptake rates measured in isolated rat hearts (K,,, mL/min/g wet) are shown next to arrows for NET
transport. Among the radiotracers, only [''C]-PHEN and [''C]-EPI are metabolized by MAO into
["'C]-methylamine, which quickly diffuses from nerve terminals. [''C]-EPI, [**F]-4F-MHPG, and
[''C]-GMO have very long neuronal retention times due to efficient storage in vesicles

Fielden and Green 1965). Based on various studies in intact animals and isolated rat
hearts, a schematic drawing illustrating differences in the neuronal uptake and
retention of some sympathetic nerve radiotracers is shown in Fig. 10.7.

10.6 InVivo Studies

Several intact animal models have been used for preclinical evaluations of sympa-
thetic nerve radiotracers. Since most of the studies performed in species with sig-
nificant uptake-2 activity (rat, dog, pig, etc.) have not used pharmacological
approaches to block uptake-2, the influence of extraneuronal uptake on a tracer’s
retention and kinetics should be kept in mind when interpreting the results of these
studies. Development of validated uptake-2 blocking strategies that do not interfere
with NET-mediated uptake into neurons in intact animal models would be an impor-
tant contribution to this field.

Radiotracer biodistribution studies are some of the most fundamental in vivo eval-
uations of sympathetic nerve radiotracers. Biodistribution studies in rodents are
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frequently used to initially screen new radiotracers for favorable uptake and retention
in the heart, along with sufficiently low uptake in the lungs, liver, and blood to sug-
gest the compound will be a suitable cardiac imaging agent. If initial biodistribution
studies are positive, further studies are generally aimed at demonstrating high speci-
ficity of cardiac retention of the tracer for presynaptic sympathetic nerve terminals.
For example, administration of DMI (10 mg/kg i.p.) to block NET transporters prior
to tracer administration is one way to assess specificity for sympathetic neurons
(Rosenspire et al. 1990). Another approach has been administration of the neuro-
toxin 6-hydroxydopamine (6-OHDA; 100 mg/kg i.p.) to cause a chemical destruc-
tion of cardiac sympathetic nerve terminal axons (Raffel and Chen 2004; Schwaiger
et al. 1992). Mechanistic studies of the importance of vesicular uptake on a tracer’s
neuronal retention have typically used administration of reserpine (1 mg/kgi.p.,3 h
prior to tracer administration) to block VMAT? function (Schwaiger et al. 1992). The
influence of MAO metabolism has been assessed by administration of MAQO inhibi-
tors, including the MAO-A inhibitor clorgyline (10 mg/kg i.p., 60 min before tracer
administration) (Del Rosario et al. 1996). Biodistribution studies in rodents are also
frequently performed for generating initial estimates of human radiation absorbed
doses. For these studies, comprehensive biodistribution data at several time points
are needed to provide sufficient kinetic data for the dosimetry software package, such
as OLINDA/EXM 1.0 (Stabin et al. 2005), to calculate radiation absorbed doses. For
example, human radiation absorbed dose estimates for 4-['*F]-fluoro-mera-
hydroxyphenethylguanidine (['®F]-4F-MHPG) have recently been reported based on
biodistribution studies in rats (Jang et al. 2013).

Additional studies in rodent models have been aimed at better defining the ability
of sympathetic nerve radiotracers to track changes in nerve density and neuronal
function. One interesting study looked at the influence of modulating sympathetic
outflow pharmacologically on the efflux of ['*I]-MIBG and [*H]-labeled norepi-
nephrine ([*H]-NE) in rat hearts (Sisson et al. 1991). After injecting ['*°I]-MIBG or
[*H]-NE intravenously into four groups of animals, their concentrations in the heart
at r=2 h were measured in one group to establish baseline levels of each compound.
The remaining three groups received intraperitoneal injection at #=2 h of one of the
following: (a) the ay-adrenergic receptor antagonist yohimbine (10 mg/kg) to stimu-
late neuronal activity; (b) the centrally acting o,-adrenergic receptor agonist cloni-
dine (0.2 mg/kg), which decreases norepinephrine release; or (c) the injection
vehicle, physiologic saline. Cardiac concentrations of [*H]-NE and ['*I]-MIBG
were determined 4 h later to determine the effect of modulating cardiac sympathetic
nerve activity. Yohimbine-induced stimulation of sympathetic nerve activity
increased the fractional loss rates of [*H]-NE and ['*I]-MIBG by 220 and 210 %,
respectively, relative to the rate seen in vehicle-treated animals. Clonidine decreased
the fractional loss rates of [*H]-NE and ['*’I]-MIBG to 51 and 32 % of control rates,
respectively. These findings suggest that observed changes in MIBG clearance rates
observed in diseased human hearts are at least to some degree modulated by sympa-
thetic nerve activity. For example, this is widely thought to be true in patients with
heart failure, where enhanced sympathetic outflow is a hallmark symptom (Leimbach
et al. 1986). However, it is also possible that disease-induced changes to vesicular
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uptake and storage of radiotracers like MIBG may also contribute to enhanced
efflux in heart diseases.

To better define the relationship between cardiac retention of ['!C]-mHED and
regional nerve density, [''C]-mHED retention levels were correlated to in vitro
assays of NET density in rats injected with different amounts of the neurotoxin
6-hydroxydopamine (6-OHDA) (Raffel et al. 2006). Six groups of rats were used
(n=35 each), with each group receiving a different dose of 6-OHDA: 0 (controls),
7, 11, 15, 22, and 100 mg/kg, (i.p.). The next day [''C]-mHED was injected i.v.
into each animal and the [''C]-mHED concentrations in heart at =30 min (HU;
% injected dose/g) were measured. Hearts were then homogenized and processed
with differential centrifugation techniques to generate a tissue preparation for
saturation binding assays with [*’H]-mazindol to measure NET density (B,y; fmol/
mg protein). The injected doses of 6-OHDA induced a wide range of cardiac NET
densities, from control levels down to only 8 % of controls at the highest 6-OHDA
dose of 100 mg/kg. Cardiac [!!C]-mHED retention (HU) had a strong linear cor-
relation with NET density (B,.): HU=(0.0077)B .. — 0.028, r=0.97. Thus,
[''C]-mHED retention was found to be linearly dependent on NET density in rat
hearts that have been partially denervated by 6-OHDA. This suggests that
[''C]-mHED retention is a good surrogate measure of NET density, at least for
this particular animal model.

However, in similar studies in a dog model of cardiac denervation, a nonlinear
relationship between [''C]-mHED retention and regional nerve density was found
(Raffel 2012). In this study, varying degrees of regional cardiac denervation were
induced by painting the epicardial wall with varying concentrations of the neuro-
toxin phenol, which penetrates a few mm into the myocardium and causes sympa-
thetic nerve destruction. A few weeks after recovery from surgery, animals were
killed immediately following PET imaging with [''C]-mHED. Each heart was care-
fully sectioned into 20 left ventricular samples, to provide 40 independent tissue
samples. The concentration of norepinephrine was measured for each tissue section
as a direct measure of regional nerve density. Correlation of the PET measure of
regional [''C]-mHED retention levels and tissue norepinephrine concentrations
showed a nonlinear relationship between [''C]-mHED retention and nerve density.
Thus, the functional dependence of a tracer’s retention on regional nerve density
may vary between different animal models. One factor that may contribute to these
differences is that NET densities may vary between different species. In our studies
of saturation binding assays with [*H]-mazindol (Raffel and Chen 2004), we found
that NET density in male Sprague-Dawley rat hearts averaged 461+58 fmol/mg
protein (n=6). NET densities measured under identical assays conditions ranged
from 624 to 1,120 fmol/mg in dog hearts (n=6 mongrel dogs) and ranged from 196
to 287 fmol/mg protein in New Zealand white rabbits (n=3). Binding assays done
in normal human hearts under similar binding assay conditions with [*H]-mazindol
found cardiac NET densities of 1,102+37 fmol/mg protein (B6hm et al. 1995).
These data suggest that cardiac NET densities in different species follow the rank
order: human > dog > rat > rabbit. Again, these interspecies differences should be
kept in mind when interpreting results from different animal models.
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Rodent models of heart disease have also been used to assess alterations in the
uptake and retention of sympathetic nerve radiotracers in different disease condi-
tions. For example, a rat model of diabetes mellitus induced chemically with strep-
tozotocin (STZ) has been used for studies of MIBG (Dubois et al. 1996; Kurata
et al. 1997; Kiyono et al. 2001, 2005) and ['!C]-mHED (Schmid et al. 1999;
Thackeray et al. 2011). One of these studies showed that cardiac retention of
['*I]-MIBG was significantly lower in the inferior wall than in the anterior wall in
STZ diabetic rats, while ['*I]-MIBG retention was uniform in control rats (Kiyono
et al. 2001). Also, the lower ['*I]-MIBG retention in the inferior wall of STZ dia-
betic rats was correlated with a lower NET density in the inferior wall relative to the
anterior wall. Another disease model that has been used to study sympathetic nerve
radiotracers is the spontaneously hypertensive rat as a model of hypertension
(Dubois et al. 1996; Schwebel et al. 1999; Pissarek et al. 2002). Studies in these
disease models allow for more detailed comparisons in changes of components of
presynaptic nerve terminals (e.g., tissue norepinephrine levels, NET densities) and
their relationship to corresponding changes in key postsynaptic elements, such as
[-adrenergic receptor densities.

Studies in canine models of heart disease have provided important insights into
the clinical information provided by sympathetic nerve radiotracers. Studies with
['**I]-MIBG in globally denervated dog hearts, induced chemically using 6-OHDA,
showed that early retention of MIBG (=5 min) was not altered while delayed
images at 3 h showed no MIBG retention (Dae et al. 1992). Cardiac norepinephrine
concentrations were reduced to only 6 % of control levels by 6-OHDA treatment,
indicating almost complete denervation. The preserved retention early in the study
was attributed to extraneuronal uptake (uptake-2) in the dog hearts. In the same
study, ['*I]-MIBG imaging in human subjects that were recent heart transplant
recipients showed no early retention of MIBG, consistent with uptake-2 being insig-
nificant in human hearts.

Rabinovitch and coworkers performed detailed studies of cardiac ["*']-MIBG
retention in normal dogs (n=13) and in dogs with mechanical overload (n=10) fol-
lowing surgical infrarenal aortocaval arteriovenous shunt formation (Rabinovitch
et al. 1987). Of the 10 mechanical overload dogs, 5 developed overt heart failure
while the remaining 5 had compensated left ventricular hypertrophy. In the dogs
with overt heart failure, the rate of ['3'I]-MIBG efflux from 0.5 to 2.0 h was acceler-
ated relative to controls (0.260 h~' vs. 0.137 h~! for controls, p<0.001). However, in
the mechanical overload dogs with compensated hypertrophy, the ['*'1]-MIBG
efflux rate was not significantly different from controls. These data suggest that
enhanced clearance of MIBG in overt heart failure is due to enhanced sympathetic
outflow or effects of heart failure that would enhance MIBG efflux, such as dimin-
ished vesicular retention of MIBG.

Sisson and coworkers studied the effects of yohimbine and clonidine on
['*I]-MIBG efflux rates from dog hearts (n=4) using scintigraphic imaging (Sisson
et al. 1991). Similar to their findings in rats described above, yohimbine treatment
accelerated the ['’I]-MIBG efflux rate (0.277+0.013 h!' vs. 0.137+0.036 h™! for
controls, p<0.05), while clonidine treatment almost completely inhibited
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['Z1]-MIBG efflux (rate=0.012+0.024 h™!, p<0.007 relative to controls). These
data strongly support the view that enhanced sympathetic outflow at cardiac sympa-
thetic nerve terminals can directly cause enhanced efflux of MIBG, while central
inhibition of sympathetic outflow can slow MIBG efflux.

The retention of [''C]-mHED in a canine model of ischemically injured myocar-
dium and its dependence on blood flow in reperfused myocardium has been reported
(Wolpers et al. 1991). In this study, a balloon catheter was used to induce occlusion
of the left anterior descending artery for 90 min. Upon reperfusion, [''C]-mHED
and radiolabeled microspheres were injected to assess regional [''C]-mHED uptake
into sympathetic nerve terminals and regional blood flow. Histochemical staining
was used to assess different regions for evidence of infarction or reversible tissue
injury. In left ventricular regions with demonstrated infarction, [''C]-mHED reten-
tion was significantly reduced by 68+9 %. In areas with reversible tissue injury,
[''C]-mHED retention was less severely affected, but still was reduced by 22+8 %
from control levels. Retention of [''C]-mHED was found to be highly dependent on
blood flow, which points out the importance of having corresponding measures of
perfusion to properly interpret observed defects in [''C]-mHED retention. These
studies demonstrated that ischemic injury causes damage to presynaptic sympa-
thetic nerve terminals and can reduce tracer retention even in areas of reversibly
injured myocardium.

In a more recent study, a chronic occlusion model of hibernating myocardium
in pigs was used to assess the influence of therapeutic interventions designed to
improve cardiac function on regional sympathetic innervation as demonstrated by
[!C]-mHED retention (Fallavollita et al. 2010). Pigs (n=11) were instrumented
with a 1.5 mm stenosis of the left anterior descending (LAD) artery. Initial PET
imaging studies with [!'C]-mHED were performed 3 months later to get baseline
assessments of regional damage to sympathetic nerve terminals. One pig died
from sudden cardiac death before imaging. The first therapeutic intervention was
administration of the 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA)
reductase inhibitor pravastatin (160 mg/day, orally) to improve regional function
in hibernating myocardium (n=7 pigs). One of the pigs receiving pravastatin and
the remaining 3 pigs underwent percutaneous revascularization as the second
therapeutic intervention. [''C]-mHED imaging was repeated at 4 weeks after
starting the therapeutic interventions. Baseline scans showed significant
['C]-mHED defects in the LAD region, with 48 £4 % of the left ventricle demon-
strating abnormally low [''C]-mHED retention. After the therapeutic interven-
tions, there was no improvement in the extent of abnormal [!'C]-mHED retention
(58 +9 % of the left ventricle, p=0.39), despite demonstrated improvement in left
ventricular function parameters in response to the therapies. Thus, in spite of
functional improvements in the hibernating myocardium, the ischemic damage to
presynaptic sympathetic nerve function persisted, suggesting the damage to the
neurons was structural rather than functional in nature.

This brief review of studies performed in animal models, especially in experi-
mental models of heart disease, illustrates their importance in defining changes in a
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tracer’s retention and kinetics in response to disease conditions. The results of these
studies greatly aid in the interpretation of the results of clinical studies of cardiac
sympathetic innervation in different heart disease populations.

10.7 Imaging Studies

The increasing availability of single photon emission computed tomography
(SPECT) and PET systems designed for small animal imaging has made it possible
to do more elegant preclinical evaluations of sympathetic innervation radiotracers
than were previously possible through biodistribution studies alone. Much more
detailed analyses of neuronal retention mechanisms and tracer kinetics in response
to various pharmacological challenges can be more accurately characterized. Many
excellent examples of imaging studies in small animals can be found throughout the
chapters in this book.

Most of our recent preclinical PET imaging studies have been performed in rhe-
sus macaque monkeys. In our experience, studies in this species provide the most
accurate predictions of the myocardial kinetics of sympathetic nerve radiotracers in
human hearts. The absence of significant uptake-2 activity in the hearts of monkeys
and humans undoubtedly contributes to this finding. However, the trade-off in per-
forming imaging studies in monkeys is that it is not possible to induce various mod-
els of heart diseases or to correlate imaging or kinetic parameters with direct
measures of tissue components, such as NET density measures.

Our studies of radiolabeled phenethylguanidines in isolated rat hearts identified at
least two compounds that exhibited favorable kinetic properties for tracer kinetic
analyses, N-[!'C]-guanyl-(-)-meta-octopamine ([!!C]-GMO) and [!!C]-4-fluoro-
meta-hydroxyphenethylguanidine (['!C]-4F-MHPG) (Fig. 10.5). Recently, we have
[®F] labeled the latter compound to prepare ['*F]-4F-MHPG (Jang et al. 2013). PET
imaging studies with [''C]-GMO and ['®F]-4F-MHPG in rhesus macaque monkeys
have so far supported the hypotheses that led to their development. Specifically, the
myocardial kinetics of [!!C]-GMO and ['®F]-4F-MHPG have each been successfully
analyzed using compartmental modeling techniques and Patlak graphical analysis to
yield quantitative measures of nerve density (Raffel et al. 2013b; Jang et al. 2013).

Transaxial cardiac PET images of [''C]-GMO and [®¥F]-4F-MHPG in rhesus
macaque monkeys, acquired using a microPET P4 primate scanner (Siemens/CTI
Concorde Microsystems, Knoxville, TN), are shown in Fig. 10.8. In addition to
control studies, a series of studies with the NET inhibitor DMI were performed to
evaluate the ability of quantitative parameters from tracer kinetic analyses to track
declines in available NET density. For these studies, a DMI dose was dissolved in
2 mL of physiological saline and infused intravenously over 20 min using an infu-
sion pump, and 10 min after DMI infusion, [''C]-GMO or ["¥F]-4F-MHPG (18-
40 MBg/kg) was injected as PET acquisition was started. Increasingly higher doses
of infused DMI caused progressive declines in the final myocardial retention of
each radiotracer (Fig. 10.8).
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Control 0.01 mg/kg 0.0316 mg/kg  0.10mg/kg 1.0 mg/kg DMI

Fig. 10.8 Transaxial microPET images of [''C]-GMO (top row) and ['*F]-4F-MHPG (bottom
row) in rhesus macaque monkeys under control conditions and for progressively higher doses of
the NET inhibitor DMI. The extremely low myocardial retention of each tracer at the highest DMI
dose demonstrates their high selectivity for presynaptic sympathetic nerve terminals

Venous blood samples (n=4-6) were collected during PET imaging to assess
radiotracer metabolism and partitioning of radioactivity between plasma and red
blood cells (RBCs). Deproteinized plasma samples were adjusted to pH 6.5-7.0,
filtered, and analyzed with reverse-phase high-performance liquid chromatography
(HPLC) and radiodetection to determine the fraction of plasma radioactivity associ-
ated with parent radiotracer and metabolites. [''C]-GMO in plasma was metabo-
lized with a mean half-time T,,=16.0£3.0 min, while ["®F]-4F-MHPG was
metabolized more quickly, with 7,=2.5+0.8 min. In both cases, a single major
radiometabolite that was more polar than the parent compound was observed in the
radio-HPLC data. Performing in vitro incubations of ['®F]-4F-MHPG with com-
mercially available monkey or human liver cytosol fractions and the sulfotransfer-
ase cofactor adenosine-3’-phosphate-5’-phosphosulfate (PAPS) for 20 min at 37 °C,
we were able to generate the major radiometabolite of ['*F]-4F-MHPG seen in mon-
key plasma. Thus, sulfur conjugation appears to be the major metabolism pathway
for ['®F]-4F-MHPG in rhesus macaque monkeys. Similar in vitro metabolism stud-
ies with [''C]-GMO, including sulfoconjugation studies, as well as glucuronidation
studies with monkey liver microsomes and the glucuronidation cofactor uridine
5’-diphosphoglucuronic acid (UDPGA) were negative. Further studies are needed
to identify the major radiometabolite of [''C]-GMO. In terms of blood partitioning,
[''C]-GMO tended to stay in plasma with very little uptake into RBCs. The mean
concentration ratio between plasma and whole blood was C,(#)/C,,(1)=1.47+0.08
(total of 48 blood samples). For ['®F]-4F-MHPG, this ratio typically averaged
1.24£0.10. For each PET study, the data describing the metabolic breakdown of
parent radiotracer and the blood partitioning data were used to convert an image-
derived time—activity curve for radioactivity in whole blood, C,(?), into an esti-
mated plasma time—activity curve, C,(¢), for tracer kinetic analyses.

Region-of-interest (ROI) analysis was used to extract time—activity curves for
['®F]-4F-MHPG and [''C]-GMO in left ventricular tissue, C(¢), from the dynamic
PET scans. A simplified compartmental model (Fig. 10.9) was used for compart-
mental modeling. This model assumes that all tracer molecules transported into
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sympathetic nerve terminals by NET are irreversibly trapped inside the neurons by
rapid vesicular storage. This assumption is supported by the kinetics of these tracers
in isolated rat hearts (Fig. 10.5). Compartmental modeling provided estimates of the
rate constants K; (mL/min/g), k, (min~') and k; (min~') and a blood volume fraction
BV (dimensionless). The estimated rate constants for each study were used to calcu-
late the net uptake rate constant K;=(Kk;)/(k,+k;), with units mL/min/g, which
reflects the rate of ['*F]-4F-MHPG or [''C]-GMO accumulation into sympathetic
nerve terminals. The kinetics of each radiotracer was also analyzed using Patlak
graphical analysis (Patlak and Blasberg 1985). Patlak plots constructed from the
kinetic data C,(#) and C(¢) were linear for points on the plot corresponding to PET
image frames acquired from ~3 min after tracer injection until the end of the study.
The linear portion of the Patlak plot was analyzed with linear regression to deter-
mine the Patlak slope, K, (mL/min/g). Under ideal conditions, the Patlak slope K, is
a direct measure of the net uptake rate constant K; and thus for the compartmental
model structure used is also approximately equal to (K k3)/(k,+k3).

For both [''C]-GMO and ['*F]-4F-MHPG, compartmental modeling of their
kinetics was robust, converging quickly to a single global minimum for all studies.
Representative examples of the myocardial kinetics of ['*F]-4F-MHPG and corre-
sponding compartmental model fits are shown in Fig. 10.10. Similarly, Patlak analy-
sis of ['®F]-4F-MHPG and [''C]-GMO Kkinetics was successful, yielding highly
linear Patlak plots, with linear correlation coefficients 7>0.99 in all cases. Patlak
plots for PET studies with [''C]-GMO in rhesus macaque monkeys are presented in
Fig. 10.11, which show that the Patlak slopes K, (mL/min/g) declined progressively
with increases in the infused DMI dose. For control studies (n=4), Patlak slopes
K,=0.103+0.005 mL/min/g. Declines in measured K, values for [''C]-GMO versus
increasing DMI doses were well described by a one-site sigmoidal dose—response
function with variable slope (Fig. 10.12). For the Patlak slope data, a half maximal
inhibitory concentration (ICs,) of 0.068+£0.010 mg/kg DMI was estimated, with a
Hill slope ny;=—0.54 £0.05. For compartmental modeling results, the net uptake rate
constants calculated from parameter estimates as K;= (K k;)/(k, + k3) also were found
to provide good quantitative measures of sympathetic nerve density. A similar sig-
moidal dose-response curve was seen for the K; vs. DMI dose data (Fig. 10.12). In
this case, 1C5y=0.087+0.012 mg/kg DMI, with a Hill slope ny=-0.70+0.07.
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Fig. 10.10 Compartmental modeling of myocardial ["*F]-4F-MHPG kinetics in monkeys for a
control study (left top), a moderate desipramine (DMI) dose study (right), and a high DMI dose
study (left bottom). Compartmental modeling was successful under all experimental conditions
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Comparable results were seen for compartmental modeling and Patlak graphical
analysis of ["*F]-4F-MHPG Kkinetics in rhesus macaque monkeys (Jang et al. 2013).

The main difference between K; values estimated from compartmental modeling
versus Patlak analysis is that the latter method does not provide a means of account-
ing for blood volume and spillover effects in the tissue time—activity curve. This is
managed by the blood volume term BV in compartmental modeling analysis. The
result is that the Patlak slopes have a modest downward bias relative to correspond-
ing K; values calculated from compartmental modeling. For ['!C]-GMO, a strong
linear correlation was seen between K, and K;, with K,=(0.758)K;+0.001 (r=0.99).
K, and K; were similarly correlated for control and DMI-blocking studies with
['®F]-4F-MHPG, with K,=(0.829)K;+0.010 (r=0.97). Thus, kinetic analysis results
with [''C]-GMO and ['®F]-4F-MHPG demonstrate that either method of acquiring
estimates of the net uptake rate constant K; yields robust and reproducible estimates
of cardiac sympathetic nerve density.

In clinical studies with [''C]-mHED, the regional cardiac retention of the radiotracer
is usually expressed as a “retention index” (RI, mL blood/min/mL tissue), which is the
regional tissue concentration of [!'C]-mHED (kBg/mL tissue) in the final dynamic
PET image divided by the integral of the whole-blood time—activity curve (kBg-min/
mL blood) (Allman et al. 1993). For [''C]-GMO, we calculated RI values using not
only the integrated whole-blood time—activity curve (RI,,) but also the integrated
plasma time—activity curve corrected for metabolites that was used for compartmental
modeling and Patlak analysis (RI,). When R1I,;, and RI, values were plotted against the
corresponding net uptake rate constants K; from compartmental modeling or Patlak
slopes from Patlak analysis K, highly linear correlations were seen in each case:

RI,, =(0.340) K, +0.008 (r =0.96)
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RI, =(0.765) K, +0.002 (r=0.99)

RI,, =(0.434)K, +0.009 (r =0.94)

RI, =(1.009)K, +0.001 (r=1.00)

Correlations were higher for the RI, values versus K; and K, because the whole-
blood time—activity data are not corrected for metabolites; thus, variations in the
rate of tracer metabolism in different studies are not accounted for, leading to a
larger spread in the calculated RI,, values. The highest correlation was between the
RI, values and the Patlak slopes K,. This is not completely surprising since in this
case, the value of RI, is equal to the slope of a line connecting the origin of the
Patlak plot to the final time point in the Patlak plot, which would have a value
slightly larger than the Patlak slope but highly correlated with it.

These results suggest that a retention index approach to analyzing the kinetics of
[!!C]-GMO or ['®F]-4F-MHPG could potentially be used instead of compartmental
modeling or Patlak analysis. However, if tracer metabolism in plasma is not cor-
rected for, there will be higher variability in the RI values. Since these tracers have
been designed specifically to minimize flow limitation effects, it is likely that reten-
tion index measurements made with these tracers will detect regional denervation
earlier in its progression than is currently possible using [!!C]-mHED retention
indices.

10.8 Case Study: Development of Radiolabeled
Phenethylguanidines

The sequence of preclinical studies of a new radiopharmaceutical will likely vary on
a case-by-case basis, depending on how much is already known about the class of
compounds being studied. In the case of our recent work with radiolabeled pheneth-
ylguanidines, we knew from the literature that many of these compounds were potent
depletors of cardiac norepinephrine stores at pharmacological doses due to their pro-
longed retention inside storage vesicles. Since we were specifically looking for a
tracer with a slower NET transport rate than [!!C]-mHED and ['?*I]-MIBG and long
neuronal retention times, we initially screened a series of ['!C]-labeled phenethyl-
guanidines in our isolated working rat heart system to identify compounds with these
two kinetic properties (Raffel et al. 2007). One of the advantages of this system is
that a new radiotracer’s neuronal uptake rate constant (K,,, mL/min/g wet) and clear-
ance kinetics from neuronal spaces can be measured in a single isolated rat heart
study. During the structure—activity relation studies in isolated rat hearts, when a
compound was identified to have the desired kinetic properties, then a biodistribution
study in rats at =30 min was performed. Some laboratories might choose instead to
do small animal imaging studies at this point, but in our case, biodistribution studies
allowed for quantitative comparisons with a wealth of biodistribution data archived
for all of the sympathetic nerve radiotracers previously developed at our institution.
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If the results of the biodistribution study showed sufficiently high heart-to-blood
ratios and low lung uptake, we then performed a few studies of the metabolic fate of
the tracer in rats to verify that radiometabolites were inactive at NET and did not
accumulate in the heart. This is important because if any major radiometabolite is a
NET substrate, it would complicate tracer kinetic analysis. For one of these studies,
a single rat was injected with ~185 MBq of a [!'!C]-labeled phenethylguanidine. At
t=30 min, the animal was killed and a blood sample, the heart, and the liver were
harvested. Theses samples were analyzed by radiodetection and reverse-phase
HPLC. An example of a study performed for ['!C]-4F-MHPG is shown in Fig. 10.13.
The data show that at 30 min after tracer administration, most of the [''C]-4F-
MHPG in plasma has been metabolized to one major and one minor radiometabo-
lite. Activity in the liver is >99 % the major radiometabolite, while activity in the
heart is >99 % authentic [!'C]-4F-MHPG. Thus, at least for the rat model, the radio-
metabolites are not active at NET and all heart retention of this tracer is associated
with the parent compound.

Unfortunately, direct assessments of radiometabolite activity at NET are not feasible
in nonhuman primates or human subjects. For example, in the case of ['*F]-4F-MHPG,
the radiometabolite formed in rhesus macaque monkeys is different from that observed
in the rat. As discussed in Sect. 10.8, our data strongly suggests that sulfur conjugation
is the major metabolic pathway for ['F]-4F-MHPG in the monkey. However, we can
indirectly infer that the sulfur conjugate of ['*F]-4F-MHPG is inactive at NET based on
the results of kinetic analyses. If the radiometabolite was active, Patlak plots constructed
from plasma input functions that exclude activity associated with the radiometabolite
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would not be linear. Another approach to verifying the inactivity of the ['*F]-4F-MPHG
metabolite would be to synthesize the [''C]-labeled sulfur conjugate and test its activity
in the isolated rat heart or a cellular-based in vitro transport assay.

The radiolabeled phenethylguanidines that successfully passed all of these initial
screenings were evaluated in microPET imaging studies of their imaging properties
and kinetics and metabolism in nonhuman primates as described in Sect. 10.8. Out
of ~40 structures tested in the isolated rat heart, around 10 were ultimately evalu-
ated in PET studies in nonhuman primates. Most PET studies to date have focused
on [''C]-GMO and ['®F]-4F-MHPG, but a few other fluorine-bearing structures
deserve further bio-evaluations.

The steps taken in the radiotracer development process are not always linear. As
information is gathered with compounds in different models, the information gleaned
is fed back into improved tracer designs. For example, our microPET studies in mon-
keys tended to show that structures with a B-hydroxyl group in the side chain of a
phenethylguanidine tended to have much higher liver uptake than those without this
feature (Raffel et al. 2007). Thus, one drawback with [''C]-GMO, which has a
B-hydroxyl group, is its relatively high liver uptake. However, a strength of ['!C]-GMO
is its low lipophilicity, which tends to keep the tracer in plasma and out of RBCs dur-
ing an imaging study. This simplifies tracer kinetic analyses because conversion of an
image-derived whole-blood time—activity curve into a plasma input function is more
straightforward due to the consistent partition ratio between plasma and RBCs.

These previous compounds also tend to have very low binding to plasma pro-
teins. We measured plasma free fractions of [!'C]-GMO and ['®F]-4F-MHPG in
human plasma samples incubated with each tracer for 30 min at 37 °C using pub-
lished ultrafiltration techniques (Gandelman et al. 1994). The plasma free fraction
for ['"C]-GMO and ['8F]-4F-MHPG were 82.0+1.1 % (n=6) and 73.7x1.9 %
(n=06), respectively. Thus, most of the radiotracer in the plasma fraction is free for
extraction into heart tissue during passage through cardiac capillary beds.

Our current views on desirable properties for a radiotracer designed to measure
regional cardiac sympathetic nerve density are as follows: (a) neuronal uptake rates
of 0.20-0.80 mL/min/g in the isolated rat heart model; (b) very long neuronal reten-
tion times due to retention in vesicles or other irreversible mechanisms; (c) low
lipophilicity, with a negative LogP, preferably <—1.0; (d) stable against intraneuro-
nal metabolism by enzymes such as MAQO; (e) metabolic breakdown rates in plasma
that are not too fast (e.g., 7;,,=10-30 min); (f) radiometabolites that are inactive at
NET; and (g) high plasma free fractions. We are also currently avoiding structures
with a -hydroxyl group to minimize liver uptake. However, studies in human sub-
jects might show that this structural element does not cause high liver uptake as it
does in monkeys. Like any working model, these current views are subject to new
data that show that one or more of these criteria need to be revised.

Conclusion

In conclusion, the studies presented in this chapter highlight some of the preclinical
evaluations that have been performed in the development of cardiac sympathetic
innervation tracers. The results of these studies provide fundamental insights into the
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mechanisms of action of these imaging agents. Clearly, the better our understanding
of the interaction of these radiotracers with various physiological components of
sympathetic nerve terminals, the better our ability to properly assess observed
changes in their cardiac retention observed clinically in heart diseases.
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B-adrenoceptors are important in the regulation of heart function and have been
studied extensively in recent decades. In vitro studies have shown downregula-
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Novel methods have been developed to measure B-adrenoceptors in vivo with
the use of positron emission tomography (PET). A PET study with the radioli-
gand [''C]-CGP-12177 has shown promising results and measurements of
B-adrenoceptor density with ['!C]-CGP-12177 were shown to be reproducible
and in agreement with in vitro studies. ['!C]-CGP-12388 using a simpler method
of radiochemical synthesis has been presented as an alternative. Also, transport-
able ['8F]-labeled PET ligands are in development and applicable for more gen-
eral use in PET centers lacking a cyclotron. Most PET studies with CGP
radioligands were performed inthe 1990s. The main limitation of [''C]-CGP-12177
and [''C]-CGP-12388, besides the troublesome production of the former, is the
lack of subtype selectivity. Future perspectives may include the development of
subtype-selective f-adrenergic receptor ligands to obtain more information about
the pathophysiological role of the different subpopulations in vivo.

Using the full potential of PET, performance of regional measurements and
longitudinal studies might add further knowledge to the pathophysiological role
of the f-adrenoceptor in cardiac disease and the effect of interventions. This
chapter will give an overview of the background of different f-adrenergic recep-
tor types, their role in cardiac diseases, current PET imaging possibilities of the
B-adrenergic receptor, and new developments in this field.

Abbreviations

CRT  Cardiac synchronization therapy
DCM Dilated cardiomyopathy

eNOS Endothelial isoform of NO synthase
ICD Implantable cardioverter defibrillator
IDC Idiopathic dilated cardiomyopathy
LV Left ventricle

LVEF Left ventricular ejection fraction

NO Nitric oxide

PET Positron emission tomography

11.1 Introduction

Heart failure and arrhythmia are a major cause of mortality and morbidity (Bui et al.
2011; Heidenreich et al. 2011; Jhund et al. 2009; Rathi and Deedwania 2012).
Cardiac sympathetic nervous system dysfunction is associated with heart failure
and sudden cardiac death (Brunner-La Rocca et al. 2001). A common finding in
heart failure and sudden cardiac death is a disturbed cardiac p-adrenergic receptor
expression (Bristow 1984). Current status in the clinic is that patients are subopti-
mally selected for treatment, leading to over- and underdiagnosis of heart failure
patients. Better selection of patients with high risk of fatal arrhythmias and risk of
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heart failure is needed for optimal targeted therapy. Also, patient selection for costly
implantable cardioverter defibrillator (ICD) to prevent fatal arrhythmias should be
improved. Finally, the prediction of the success rate of the costly cardiac synchroni-
zation therapy (CRT) in heart failure patients can be optimized by non-invasive
imaging of the f-adrenoceptor density of the heart as the effect of CRT is related to
the p-adrenoceptor density of the heart (Chakir et al. 2009).

PET is an accurate technique for non-invasive imaging of cardiac p-adrenergic
receptor expression (Doze et al. 2002; Elsinga et al. 1998). The p-adrenoceptor
plays an important role in the relation with heart failure development and arrhyth-
mias and is therefore a potential therapeutic target for these pathologies (de Jong
et al. 2005; Lefroy et al. 1993; Schafers et al. 1998; Wichter et al. 2000). A general
feature of the failing human heart is a decrease in cardiac f-adrenoceptors that in
most (but not all) cases is due to a selective decrease in f;-adrenoceptors leading to
a shift in the P;-:B,-adrenoceptor ratio towards P,-adrenoceptors (Brodde et al.
2001). The PET tracers [''C]-CGP-12177 and ['!C]-CGP-12388 are developed to
image and quantify the cardiac f-adrenergic receptor density (Delforge et al. 1991;
Doze et al. 2002; Elsinga et al. 1997). Due to the short half-life of carbon-11
(~20 min), these radiopharmaceuticals can only be used in PET centers with an on-
site cyclotron. Another disadvantage is the nonselective binding of these PET trac-
ers to different types of f-adrenergic receptors.

11.2 pB-Adrenergic Receptors of the Heart

11.2.1 Background of f-Adrenergic Receptors
in the Normal Heart

Four different f-adrenoceptor subtypes have been cloned so far and identified phar-
macologically; they are designated f;-, .-, ps-, and p,_adrenoceptors (Bylund et al.
1994, 1998; Kaumann and Molenaar 1997). It is generally accepted that, in the
human heart, functional ;- and p,-adrenoceptors coexist. The expression of both
receptors has been first demonstrated by radionuclide ligand binding studies and
was subsequently confirmed by functional experiments (Bristow et al. 1990; Brodde
et al. 1992a). The number of f-adrenoceptors is more or less evenly distributed in
the right and left atrial and ventricular tissue; however, the proportion of f,-
adrenoceptors is slightly higher in the atria (approximately 1/3 of the total
B-adrenoceptors expression) than in the ventricles (about 20 % of the total
B-adrenoceptors expression) (Brodde 1991; Steinfath et al. 1992a) and may be even
higher (~50 %) in the atrioventricular conducting system (Elnatan et al. 1994). In
the healthy human heart, the p;-adrenoceptor is the dominant subtype (f; to f,
ratio=3:1).

Both f;- and B,-adrenoceptors bind to adenylyl cyclase and cause increase of the
intracellular amount of cAMP (Bristow et al. 1989; Brodde et al. 1984). In the
human heart, adenylyl cyclase is preferentially activated by f,-adrenoceptor stimu-
lation although f;-adrenoceptors predominate. This has been demonstrated in
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human right atrium (Brodde et al. 1984; Bruckner et al. 1984) and in human ven-
tricular myocardium (Bristow et al. 1989; Kaumann et al. 1989). The mechanism
underlying these different coupling efficiencies of human cardiac p;- and f,-
adrenoceptors to adenylyl cyclase is not known. It can be explained by a general
phenomenon that f3,-adrenoceptors couple more efficiently to adenylyl cyclase than
fBi-adrenoceptors. In vitro experiments have convincingly shown that both f;- and
,-adrenoceptors can mediate positive inotropic effects of p-adrenoceptor agonists
in isolated electrically driven atrial and ventricular preparations (Brodde et al.
2001). In right and left atria, ;- and f,-adrenoceptor stimulation can evoke maxi-
mum positive inotropic effects, while in right and left ventricles, only §;-adrenoceptor
stimulation can evoke maximum positive inotropic effects and f,-adrenoceptor
stimulation only submaximal positive inotropic effects (Kaumann et al. 1989;
Motomura et al. 1990). High proportions of the 3, adrenoceptor are also found in the
pacemaker and conduction regions, where they may be important in controlling
heart rate and rhythm (Dzimiri 1999).

During the last few years, evidence has accumulated that, in addition to ;- and
,-adrenoceptors, a third or fourth (or both) f-adrenoceptor might exist in the human
heart.

Bs;-adrenoceptor transcripts have been detected in the human heart (Pott et al.
2006). Stimulation of the B;-adrenoceptor produces a negative inotropic effect. The
inhibition of contractility includes the inhibitory G protein, G;,o, and results from the
production of nitric oxide (NO) by the endothelial isoform of NO synthase (eNOS)
and an increase in intracellular cGMP level (Gauthier et al. 1996, 1998). Compared
to B;- and P,-adrenoceptor, the P;-adrenoceptor presents a relative in vitro and
in vivo lack of desensitization following activation with agonists (Nantel et al.
1993). These features suggest that the expression of f3;-adrenoceptor in heart may
have pathophysiological significance.

Opposite regulation has been described for ;-adrenoceptor and f;-adrenoceptor
in the failing human heart (Moniotte et al. 2001). In addition to the classically
observed B;-adrenoceptor downregulation (Bristow et al. 1982), an upregulation
of fP;-adrenoceptor was described (Moniotte et al. 2001). Despite increased
Bs;-adrenoceptor expression, the negative inotropic effect was slightly reduced in
failing heart tissue compared with responses observed in non-failing samples
because of concurrent alterations in post-receptor coupling mechanisms, espe-
cially decreased eNOS expression. Nevertheless, the reduction in §;-adrenoceptor
response is less than that obtained with f;-adrenoceptor stimulation.

In addition to the possible existence of cardiodepressant fs;-adrenoceptors,
Kaumann and colleagues had postulated the existence of a putative §,-adrenoceptor
in the human heart that upon stimulation causes positive inotropic effects (Brodde
and Michel 1999; Gauthier et al. 2000; Kaumann and Molenaar 1997). This recep-
tor type, which had never been cloned and was primarily stimulated by CGP-
12177, had properties clearly different from the f;-adrenoceptor. The
B4-adrenoceptor interacts with nonconventional partial agonists, e.g., CGP-12177,
that cause cardiostimulant effects at concentrations considerably higher than those
that block f,- and B,,-adrenoceptors.
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11.2.2 p-Adrenergic Receptor Expression in the Failing Heart

Chronic excessive sympathetic activation leads to substantial and pathologic down-
regulation of postsynaptic f-adrenergic receptors. The distribution of f;- and
f,-adrenoceptors in the human heart can be inhomogeously altered in pathological
situations such as heart failure or by pharmacological interventions. A general fea-
ture of the failing human heart is a decrease in cardiac f-adrenoceptors that in most
cases is due to a selective decrease in f§;-adrenoceptors leading to a shift in the
f1-:p,-adrenoceptor ratio towards f,-adrenoceptors (Brodde et al. 2001). In patients
with biventricular failure, p-adrenoceptors are downregulated in both right and the
left ventricle (Pitschner et al. 1993). Interestingly, it appears that the decrease in
B-adrenoceptors is more pronounced in ventricular tissue than in atrial tissue
(Brodde et al. 1998). On the other hand, in patients with primary pulmonary hyper-
tension who exhibit isolated right ventricular failure, f-adrenoceptors are chamber
specifically downregulated only in right ventricles (Bristow et al. 1991). fs-
adrenoceptors are overexpressed in heart failure and hypertension and could consti-
tute a new therapeutic target (Moniotte et al. 2001).

Myocardial ischemia will result in upregulation of membrane-bound
B-adrenoceptors (Maisel et al. 1985; Majmudar and Nahrendorf 2012). However,
some studies also find downregulation of B-adrenoceptors in ischemic hearts (Rhee
and Tyler 1985). Conflicting results may be explained by the fact that ongoing isch-
emia or hypertension proceeding to heart failure may cause downregulation of
B-adrenoceptors, whereas short-term ischemia may cause upregulation. Diabetes
may also be related to altered adrenergic receptor properties and density (Heyliger
etal. 1982; Williams et al. 1983). Altered adrenergic receptor properties may under-
lie, at least in part, the chronotropic and inotropic abnormalities of cardiac perfor-
mance that are associated with the diabetic state.

Also, the use of chemotherapy may influence the p-adrenoceptor density. Kenk
and colleagues found that adriamycin-induced toxicity did not change presynaptic
noradrenaline uptake but decreased p-adrenergic receptors in cardiac tissues (Kenk
et al. 2010).

The transplanted human heart is a denervated organ; animal studies have shown
that denervation can induce p-adrenoceptor sensitization (Brodde 1993). Whether
this also occurs in the transplanted human heart is not completely understood at
present. Assessment of f-adrenoceptor density over a long period after heart trans-
plantation did not result in any upregulation (Brodde et al. 1991).

There was, however, a redistribution of ;- and p,-adrenoceptors with time after
heart transplantation: f;-adrenoceptors decreased whereas f,-adrenoceptors
increased (Brodde et al. 1991; Farrukh et al. 1993; Steinfath et al. 1992b). Finally,
treatment of patients with B-adrenoceptor blockers can affect distribution of cardiac
fBi- and P,-adrenoceptors. Thus, chronic treatment of patients with coronary artery
disease with B;-adrenoceptor blockers such as metoprolol, atenolol, or bisoprolol
leads to a selective increase of cardiac f;-adrenoceptors (Brodde 1990). This indi-
cates that chronic treatment with p;-adrenoceptors blockers sensitizes cardiac
f,-adrenoceptors. A similar cardiac f,-adrenoceptor sensitizing effect of chronic
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fBi-adrenoceptor blocker treatment has also been found in vivo, in patients with
coronary artery disease (Hall et al. 1991) as well as in healthy volunteers (Hall et al.
1993). The mechanism of this cardiac f;-/f,-adrenoceptor crossover interaction is,
however, not known. A previous study has demonstrated that carvedilol rather than
metoprolol is the drug of choice for improving the hemodynamics and ventricular
remodeling in the failing heart (Zhao et al. 2007). The blockade of p;-adrenoceptors
may play a part in these beneficial effects on both left and right ventricles. In patients
with heart failure, carvedilol is associated with a larger increase in left ventricular
ejection fraction (LVEF) at rest, left ventricular stroke volume, and stroke work dur-
ing exercise than metoprolol (Metra et al. 2000). Metoprolol diminishes left ven-
tricular remodeling, but unlike carvedilol, it has no significant impact on right
ventricular remodeling during chronic heart failure.

11.3 InVitro Measurement of -Adrenoceptor Density

The role of the B-adrenoceptor in the regulation of myocardial contraction has been
extensively investigated, both in animal models and in human tissue. Assessment of
B-adrenoceptor density in a membrane preparation became possible with the intro-
duction of high-affinity, radiolabeled p-adrenergic antagonists, [*H]-DHA
(Lefkowitz et al. 1974) and ['®I]-IHYP (Aurbach et al. 1974). A disadvantage of
these assays is the use of lipophilic radionuclide ligands, which leads to high non-
specific binding and binding to internalized receptors. With the introduction of
[*H]-CGP-12177, a hydrophilic p-adrenergic receptor ligand, and the development
of methods to measure cardiac P-adrenoceptors in isolated cells (Buxton and
Brunton 1985) and tissue (Watson-Wright et al. 1989), it was a breakthrough to
measure f-adrenoceptors at the surface of intact cells (Stachelin et al. 1983) in a
physiological state. In vitro measurements in human cardiac tissue in the non-failing
human heart have shown that PB-adrenoceptor density varies between 70 and
100 fmol/mg protein (Brodde 1991). This variation may be due to the different cir-
cumstances in which tissues are obtained, different methods of transportation of
tissues to the laboratory, different radionuclide ligands, and/or differences in the
methodology of the measurements.

One of the first papers in the early 1980s reported a decreased f-adrenoceptor
density in the failing human heart using in vitro ligand binding to homogenized
myocardial samples of hearts excised from cardiac transplant recipients (Bristow
et al. 1982) (Table 11.1). They found reductions in P-adrenoceptor density of
approximately 50 %. In the late 1980s, it was found that the severity of heart failure
is related to the reduction of the f-adrenoceptor density and the responsiveness to
agonists (Bohm et al. 1988). This downregulation of f-adrenoceptors has been
explained by an enhanced sympathetic drive to the heart and hence endogenous
downregulation by an elevated release of cardiac-derived noradrenaline (Ruffolo
and Kopia 1986), leading to a loss of cardiac contractility (Brodde et al. 1992b). The
reduction in receptor density in idiopathic dilated cardiomyopathy is selective for
the B;-adrenoceptor subtype (Bristow et al. 1986; Brodde 1991) and is accompanied
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Table 11.1 Experimental in vitro B, studies

Disease B...x alternation
Heart failure -1
Myocardial ischemia -1l
Hypertension -1

Diabetes )
Cardiotoxicity )

— no change in B,,,,, | decrease of B, 1 increase in By, B,... B-adrenoceptor density

by a similar decrease in f;-adrenoceptor mRNA levels (Ihl-Vahl et al. 1996). This
results in a physiological loss of receptors (Pitschner et al. 1993) and is correlated
with the severity of heart failure (Engelhardt et al. 1996).

The levels of B,-adrenoceptor and p,-adrenoceptor mRNA remain unaffected but
it is believed that these receptors become uncoupled (Brodde 1991). Patients with
severe left ventricular dysfunction showed fewer -adrenergic receptors in lympho-
cytes, as measured in radioligand binding assays (Colucci et al. 1981). However,
although changes in lymphocyte ,-adrenoceptors are significantly correlated with
changes in cardiac f,-adrenoceptors, they are not related to changes in cardiac ;-
adrenoceptors, which predominate in all parts of the human heart. Furthermore,
circulating lymphocytes are not exposed to the local environment of neuronally
released catecholamines in the myocardial interstitium. The use of lymphocyte f3,-
adrenoceptors as a tool for predicting the status of cardiac -adrenoceptors is there-
fore quite limited (Brodde et al. 1989), and thus cardiac tissue will be needed to
evaluate cardiac p-adrenoceptor function. Abnormal sympathetic nervous system
and P-adrenoceptor signaling is also associated with diabetes. Thackeray and col-
leagues used [*H]-CGP-12177 to examine altered B-adrenoceptor expression in dia-
betic rat hearts (Thackeray et al. 2011). Reduced cardiac [*H]-CGP-12177 binding
in the presence of sustained hyperglycemia corresponded to a decrease in relative
B-adrenoceptor expression. Their study indirectly supports the use of
[1!C]-CGP-12177 for assessment of cardiac dysfunction in diabetes, by evaluating
the cardiac p-adrenoceptor density.

11.4 Non-invasive Imaging of Cardiac §-Adrenergic
Receptors

11.4.1 PET Imaging and Density Measurement of Cardiac
p-Adrenergic Receptors

Several postsynaptic receptor ligands have been labeled and proposed as PET trac-
ers for cardiac quantification and imaging (Elsinga et al. 1998; Law et al. 2010;
Tseng et al. 2001). However, the clinical use of receptor-targeted tracers has been
limited to a few studies and still faces significant challenge. High specific binding,
high affinity, and hydrophilicity, which avoids binding to internalized inactive
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receptors, lack of pharmacologic effects, and, finally, a simple and reliable tracer
synthesis, are requirements that must be met for a widespread application of recep-
tor ligands for cardiac PET. [''C]-CGP-12177, a hydrophilic nonselective
[-adrenoreceptor antagonist, is still the most widely used tracer for adrenergic
receptor imaging (Caldwell et al. 2008; Elsinga et al. 1998; Link et al. 2003; Naya
et al. 2009) Synthesis of this tracer is not simple and requires [''C]-phosgene as a
precursor, which has prevented a broader clinical application until now. CGP-12177
has high receptor affinity and fast plasma clearance, suggesting feasibility for clini-
cal imaging. A graphical method, which adjusts for kinetics related to metabolites,
has been established for quantification in humans (Delforge et al. 2002). This
approach requires a dual-injection protocol with tracer doses of high and low spe-
cific activity (Fig. 11.1). p-Adrenergic receptor density (B,.) measured by
[''C]-CGP-12177 PET correlated well with in vitro measurements of myocardial
samples in both healthy volunteers and patients with congestive cardiomyopathy
(Delforge et al. 2002). [''C]-CGP-12388 is a non-subtype-selective B-adrenergic
receptor antagonist and an isopropyl analog of CGP-12177. CGP-12388 can be
labeled easier than CGP-12177 via a one-step procedure using 2-[!'C]-acetone
(Elsinga et al. 1994). It is equally hydrophilic compared to [''C]-CGP-12177 and
the biodistribution and retention of CGP-12388 is reported to be similar to CGP-
12177 (Doze et al. 2002). Both CGP ligands have been applied in the biologically
active S-enantiomer and can be blocked by pindolol (Fig. 11.1).

['8F]-fluorocarazolol and [''C]-carazolol are non-subtype-selective, lipophilic
radioligands with high affinity for ;- and p,-adrenoceptors. The use of fluorine-18
instead of carbon-11 has the advantages of higher specific activity and a longer half-
life, which enables prolonged PET studies.

[''C]-carazolol has been evaluated by Berridge and coworkers in mice and
pigs (Berridge et al. 1994). The pig heart was clearly visualized. Specific

Fig. 11.1 PET images of a human volunteer acquired with [''C]-CGP-12388. Transaxial cross
sections in the time frame 14-60 min postinjection are displayed. The upper row is the control
study; the bottom row is the pindolol-blocked study (Elsinga et al. 2001)
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binding to B-adrenoceptors was demonstrated by injection of the bioactive
[''C]-isomer (specific and nonspecific binding), followed by a second injection
of the (R)-isomer (only nonspecific binding). ['®F]-fluorocarazolol has been
evaluated in several animal models and in humans. Specific binding to
B-adrenoceptors of ['*F]-fluorocarazolol was demonstrated: (1) by injection of
the (S)-isomer and subsequent injection of the (R)-isomer, (2) by blocking
experiments with various f-adrenoceptor agonists and antagonists (van Waarde
et al. 1995), and (3) by saturation experiments (Doze et al. 1998). The in vivo
binding of fluorocarazolol was found to be stereospecific (activity residing in
the (S)-isomer). It could be blocked by drugs that bind to ;- and 3,-adrenoceptors,
and specific binding was in good agreement with f-adrenoceptor densities
determined by in vitro assays. Metabolite analyses of ['®F]-fluorocarazolol
showed a rapid (<5 min) appearance of polar metabolites in plasma, while at
60 min postinjection, 92 and 82 % of the total radioactivity in lung and heart
remained native ['®F]-fluorocarazolol (van Waarde et al. 1995). In PET images
of male Wistar rats, the lungs were clearly visible and pulmonary uptake of
radioactivity was strongly decreased (>90 %) after pretreatment of the animals
with propranolol. The heart could not be visualized. However, PET scans after
i.v. injection of ['8F]-fluorocarazolol in human volunteers clearly showed
B-adrenoceptors in both lung and heart (Visser et al. 1997). Cardiac uptake of
radioactivity was strongly inhibited after ingestion of pindolol (to 39 % of the
control value at 60 min postinjection). These pilot studies in humans were per-
formed with noncarrier-added ['®F]-fluorocarazolol (~1 nmol), after it had been
shown that fluorocarazolol is not acutely toxic in rodents at doses >10,000-fold
higher than were administered to volunteers. For quantification of receptor den-
sities with compartment models, a dual-injection protocol is required involving
the administration of a pharmacological dose of the radioligand (~100 nmol).
Such protocols can only be carried out after extensive toxicological screening of
the experimental drug. Unfortunately, fluorocarazolol showed a positive Ames
test (mutagenicity in bacterial strains) during such examination. Therefore, it
was decided to terminate all human studies with ['®F]-fluorocarazolol. In con-
trast to fluorocarazolol, the available toxicological data of carazolol show that
the compound is nontoxic even at very high doses. Evaluation in humans should
indicate the suitability of [''C]-carazolol as a radiopharmaceutical for clinical
PET, although this PET ligand is lipophilic.

11.4.2 PET Imaging of -Adrenergic Receptors
in the Failing Heart

Several factors may induce changes of membrane-bound p-adrenergic receptor den-
sity. Major causes are (1) heart failure, (2) myocardial ischemia with or without
diabetes, (3) hypertension, and (4) toxic damage. The first study measuring
f-adrenoceptor density with [!!C]-CGP-12177 PET in patients showed a decreased
B-adrenoceptor density in vivo in a group of patients with heart failure due to
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Table 11.2 Human (clinical) in vitro By, studies

Disease B,..x alternation
Dilated cardiomyopathy |
Myocardial ischemia |
Valvular disease )
Exercise T

| decrease of B, 1 increase in B, B, p-adrenoceptor density

idiopathic dilated cardiomyopathy (Merlet et al. 1993) (Table 11.2). The
[''C]-CGP-12177 PET measurements correlated with f-adrenoceptor density in
endomyocardial biopsy. Moreover, these in vivo measurements correlated with
functional measurements of p-contractile responsiveness to intracoronary dobuta-
mine infusion. These studies were followed by reports of the group of Camici con-
cerning patients with hypertrophic cardiomyopathy in different phases of disease.
Their first report using [''C]-CGP-12177 PET showed a slightly reduced
-adrenoceptor density in patients with primary hypertrophic cardiomyopathy with
preserved left ventricular function (Lefroy et al. 1993). These results were in agree-
ment with the hypothesis of an increased sympathetic activity in the heart, which is
supported by an elevated myocardial noradrenaline content (Kawai et al. 1983;
Tsukamoto et al. 2007) and cardiac spillover of noradrenaline (Brush et al. 1989) in
patients with hypertrophic cardiomyopathy. A group with secondary hypertrophic
cardiomyopathy due to hypertension and aortic stenosis without heart failure
showed a comparable reduction in p-adrenoceptor with [''C]-CGP-12177 PET
(Choudhury et al. 1996b). A study in a mixed group of patients with hypertrophic
cardiomyopathy with and without signs of heart failure showed a lower
B-adrenoceptor density in patients with signs of heart failure and a correlation
between B-adrenoceptor density and ventricular function using [''C]-CGP-12177
PET (Choudhury et al. 1996a). From these studies it might be concluded that
-adrenoceptor downregulation precedes clinical heart failure and may be an early
clinical marker of left ventricular dysfunction. A study of de Jong and colleagues
investigated whether decreased myocardial 3-adrenoceptor density in patients with
idiopathic dilated cardiomyopathy (IDC) can be estimated using [''C]-CGP-12388
PET (de Jong et al. 2005). They concluded that [''C]-CGP-12388 PET is applicable
for the measurement of myocardial pf-adrenoceptor density in patients. A highly
significant reduction in 3-adrenoceptor density was found with a significant differ-
ence in f-adrenoceptor density (p<0.005) between patients with IDC (B
5.4+1.3 pmol/g) and healthy controls (B, 8.4+1.5 pmol/g). A prospective longi-
tudinal study may yield further evidence to support this finding (de Jong et al. 2005).

Link and colleagues used [!!C]-meta-hydroxyephedrine ([''C]-mHED) to image
norepinephrine transporter function as an indicator of presynaptic function and
[''C]-CGP-12177 to measure global and regional cell surface p-adrenoceptor den-
sity as an indicator of postsynaptic function in 19 normal subjects and 9 congestive
heart failure patients (Link et al. 2003). Presynaptic, but not postsynaptic, function
was significantly different between normals and congestive heart failure patients.
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C-mHED "C-CGP 12177

Fig.11.2 Short-axis PET images of [''C]-mHED (35- to 45 min sum) and [''C]-CGP-12177 (10-
to 20 min sum from injection 1) showing left ventricular activity in a chronic congestive heart
failure patient. Apical slices are at upper left and basal slices are at lower right of each panel.
Arrows indicate extensive mismatch between ['C]-mHED and [''C]-CGP (Caldwell et al. 2008)

Presynaptic function was well matched to postsynaptic function in the normal hearts
but significantly different and poorly matched in the congestive heart failure patients
studied.

Caldwell and colleagues evaluated in 13 patients with ischemic congestive heart
failure and 25 aged-matched healthy volunteers the presynaptic function with
['!C]-mHED and the postsynaptic function with [!C]-CGP-12177 (Caldwell et al.
2008) (Fig. 11.2).

Myocardial blood flow was assessed with ['O]-water PET, but global and
regional mean blood flow was not different between congestive heart failure and
healthy subjects. They found reduced [''C]-mHED and [''C]-CGP-12177 activity in
congestive heart failure patients compared with the healthy volunteers and also a
mismatch (ratio By, of [''C]-CGP-12177 to ['!C]-mHED uptake) between pre- and
postsynaptic left ventricular sympathetic function in patients with severe congestive
heart failure. After 1.5 year of follow-up, four individuals had an adverse outcome
(congestive heart failure death, new or recurrent cardiac arrest or progressive con-
gestive heart failure leading to transplantation). Three of the four patients had mis-
match scores >3 times that of the healthy subjects or the congestive heart failure
patients without an adverse outcome. Sympathetic signaling in such regions would
be more dependent on circulating catecholamines, which are probably lower than
those in a normally functioning myoneural junction (Bristow et al. 1992). This
decrease could lead to B-adrenoceptor upregulation. However, in patients with
dilated cardiomyopathy, [''C]-mHED PET is significantly correlated with the den-
sity but not the affinity of uptake-1 sites in the human heart, suggesting either loss
of neurons or downregulation of uptake-1 in dilated cardiomyopathy (Ungerer et al.
1998).

After myocardial infarction, LV (left ventricle) remodeling is observed in non-
infarcted LV myocardium. LV remodeling is closely associated with systolic heart
failure. Myocardial dysfunction is related to the downregulation of cardiac
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postsynaptic B-adrenoceptors. A recent [''C]-CGP-12177 PET study found out that
in the remote non-infarcted region in patients, f-adrenoceptor downregulation was
observed, which was related to deterioration of local myocardial systolic function
(Ohte et al. 2012).

Furthermore, noradrenaline uptake-1 mechanism and p-adrenoceptor density are
reduced in the myocardium of patients with chronic LV dysfunction and evidence of
hibernating myocardium (John et al. 2007). The increased sympathetic activity to
the heart in these patients is a generalized rather than regional phenomenon which
is likely to contributing to the remodeling process of the whole left ventricle rather
than playing a causative role in hibernating myocardium.

In patients with syndrome X (Rosen et al. 1996) and asthma (Qing et al. 1997b),
i.e., patients with normal left ventricular function, myocardial f-adrenoceptor den-
sity was found to be equal to that in normal volunteers, which is in agreement with
the general hypothesis that B-adrenoceptor downregulation is only associated with
heart failure. Interestingly, myocardial p-adrenoceptor downregulation was also
observed in patients with arrhythmogenic right ventricular cardiomyopathy
(Schafers et al. 1998). Although these patients have no heart failure, some evidence
suggests that their local synaptic catecholamine levels are increased, which appar-
ently causes downregulation of f-adrenoceptor similar to that in patients with heart
failure (Wichter et al. 2000). A pharmacological intervention study has been per-
formed in healthy volunteers. This study showed downregulation of pulmonary
(Hayes et al. 1996) as well as myocardial B-adrenoceptors (Qing et al. 1997a) after
2 weeks of treatment with a f,-adrenoceptor agonist (albuterol). Naya and col-
leagues examined if [''C]-CGP-12177 PET could predict improvement of cardiac
function by beta-blocker carvedilol treatment in patients with IDC (Naya et al.
2009). They found that myocardial f-adrenoceptor density is more tightly related to
improvement of LVEF due to carvedilol than is cardiac contractile reserve as
assessed by dobutamine stress echocardiography in patients with IDC. Patients with
decreased myocardial f(-adrenoceptor have higher resting adrenergic drive, as
reflected by plasma norepinephrine, and may receive greater benefit from being
treated by anti-adrenergic drugs.

11.5 New Developments

So far, production methods of B-receptor PET ligands were very complex, hamper-
ing their widespread use. Because of the potential clinical importance of cardiac
B-adrenergic receptor imaging with PET, radiopharmaceuticals should be developed
for PET sites without proper production facilities. To this end new radiopharmaceu-
ticals need to be developed which are labeled with ['®F] instead of [!!C], as ['®F] has
a longer half-life (110 min) and can be transported to sites within a range of 4 h
transport time, which is routinely done on a commercial basis for ['*F]-FDG. Beside
the disadvantage of the short half-life of carbon-11, CGP-derivatives are non-
subtype-selective p-adrenergic receptor ligands. A more selective P-adrenergic
receptor ligand characterized with fast plasma clearance and with a high affinity is
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needed, and B-adrenergic receptor 1 subtype will be the optimal choice in heart
studies.

A [®¥F]-labeled p,-adrenoceptor PET ligand with these optimal properties as
mentioned before is needed. Law and colleagues developed and applied a fluoroe-
thoxy derivative of the f3;-adrenoceptor antagonist ICI 89406, labeled with fluorine-
18 [(S)-['*F]-FICI] (Law et al. 2010) in an animal study. Although in vitro membrane
studies showed that (S)-FICI had high affinity and selectivity for f3;- adrenoceptors,
this study in mice and rats failed to demonstrate high specific binding of (S)-['®F]-
F-ICI to myocardial f;-adrenoceptor.

Novel ['®F]-fluorination techniques, such as click chemistry, new lead molecules
can be synthesized that showed high affinity for $-adrenoceptors. In this click reac-
tion, the bio-orthogonal functional groups alkyne and azide react to form triazoles.

The “click reaction” catalyzed by Cu(I) is a well-established method for rapid
and highly efficient synthesis of 1,4-disubstituted triazoles from a wide variety of
substrates. Using this method to prepare a 3-adrenoceptor ligand, the hydroxyl pro-
pylamine moiety (crucial for binding to -adrenoceptors) can partially be main-
tained and ['®F] is introduced as a novel moiety, hopefully not causing mutagenicity
of the carazolol derivatives. A lead compound being a ['®F]-fluorinated analog of
carazolol, ["®F]-FPTC, was produced by a click reaction between a PEGylated
['8F]-alkyne and an azidoalcohol derivative of 4-hydroxycarbazol.

A number of studies, either in animals or in human patients, have demonstrated
that functionally active autoantibodies targeting the human p,-adrenergic receptor
(anti-bl1 AR-abs) may play an important role in the development and clinical course
of progressive cardiac dilatation and failure and increase the risk of developing
malignant arrhythmia (Iwata et al. 2001a, b; Magnusson et al. 1994). The presence
of these autoantibodies is associated with a markedly worse prognosis in patients
with dilated cardiomyopathy (DCM) and ischemic heart disease.

The disadvantage of these anti-blAR-antibodies is the interaction with the
['®F]-labeled B,-adrenoceptor PET ligands which may cause interference with the
PET tracer binding to §;-adrenergic receptors.

Future perspectives may include the development of ['®F]-labeled subtype-
selective pB-adrenoceptor ligands to obtain more information about the pathophysi-
ological role of the different subpopulations in vivo. Subtype-selective ligands are
being developed for the f;-adrenoceptor as well as the f,-adrenoceptor, but thus far
no suitable ligands have been produced and evaluated in clinical studies.

PET has been shown to be a promising technique for the investigation of the role
of B-adrenoceptors in cardiac diseases. So far most studies have focused on their
role in patients with systolic heart failure (i.e., with a reduced LVEF). However, it is
currently unknown whether f-receptor density plays also a role in the development
of heart failure and specifically in the development of heart failure with a preserved
ejection fraction. The lifetime risk for developing heart failure is 20 % (Lloyd-Jones
et al. 2002). Due to the ageing population, the incidence and prevalence of heart
failure will increase, not only systolic heart failure but even more heart failure with
a preserved ejection fraction (Brouwers et al. 2013). Several studies have identified
risk factors for new onset of heart failure, including age, the presence of
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hypertension, and a history of ischemic heart disease. However, so far the role of
[-adrenoreceptor in this is unknown and warrants further investigation.

Conclusions

The development of new methods to measure -adrenoceptor in vivo might help
us to further understand f-adrenoceptor function and provide additional prog-
nostic information and assist in clinical decisions about therapeutic interven-
tions. New perspectives will lie in the development and application of [ '®F]-labeled
subtype-selective ligands and in using the full potential of PET to perform
regional and longitudinal studies.
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Abstract

The studies suggest a potential role for sympathetic and parasympathetic neuro-
nal and receptor positron emission tomography (PET) imaging in patients with
heart failure. This information could be valuable in predicting the progression of
ventricular remodeling and outcome in heart failure. Although innervation imag-
ing with PET in heart failure holds great promise, the method has not received
wider clinical acceptance. Larger randomized studies are required to confirm the

incremental value of innervation imaging in various specific indications.
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Abbreviations

DCM Dilated cardiomyopathy

NE Norepinephrine
NYHA  New York Heart Association
PET Positron emission tomography

SPECT  Single photon emission computed tomography

12.1 Introduction

Derangements in autonomic function have been detected in heart failure. These
have been regarded as hallmarks of cardiac remodeling during the development
of heart failure (Thackeray and Bengel 2013). Abnormalities both in presynap-
tic and postsynaptic neural functions have been detected in cardiomyopathy and
heart failure, and these changes also appear also to have a significant prognostic
value. Positron emission tomography (PET) imaging is powerful technique to
investigate the autonomic functions of the heart. In patients with heart failure,
both presynaptic and postsynaptic abnormalities have been detected (Backs
et al. 2001).

12.2 Autonomiclmaging in the Dilated Cardiomyopathy
12.2.1 Presynaptic Function

Similarly to ['**I]-MIBG, impaired uptake of [!!C]-mHED has been detected on
patients with dilated cardiomyopathy (DCM) (Hartmann et al. 1999; Vesalainen
et al. 1999) (Fig. 12.1). Furthermore, the degree of abnormality is associated with
the severity of heart failure (Hartmann et al. 1999) (Fig. 12.2). In one study, the
results of in vivo [''C]-mHED PET were compared to changes in tissue of explanted
human hearts (Ungerer et al. 1998). The authors found that uptake-1 density and
tissue norepinephrine content varied significantly in left ventricles of patients with
cardiomyopathy and that [!!C]-mHED PET correlated significantly to the density of
the uptake-1 sites in the human heart.

It has been shown that reduced myocardial [!!C]-mHED uptake correlates with
blunted vascular sympathetic effector responses, as measured by baroreflex testing
(Vesalainen et al. 1999). Furthermore, the tracer uptake has been also found to be
correlated with metabolic changes, reduced contractile function, and myocardial
efficiency (Bengel et al. 2001, 2002). It has been suggested that reduced amount of
presynaptic catecholamine uptake sites increases myocardial overexposure to cate-
cholamines and may facilitate progress and further deterioration of congestive heart
failure (Henneman et al. 2008).
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Fig. 12.1 Representative transaxial plane of the left ventricle demonstrating the myocardial
["'C]-mHED retention in a healthy control (leff) and in a heart failure patient with previous lateral myo-
cardial infarction (right). Notice the reduced [''C]-mHED retention not only at the site of myocardial
infarction but also at the remote myocardial regions (With permission from Vesalainen et al. (1999))
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Whether these abnormalities can be reversed in patients with heart failure has
been sparsely studied. The effects of a 6-month exercise training program on
[''C]-mHED uptake and several other cardiovascular parameters were investigated
in small group of 13 patients with NYHA class II-III heart failure (Pietila et al.
1997). The myocardial [''C]-mHED uptake was enhanced from 0.228 +0.099 to
0.263+0.066 1/s (p<0.05) by training, and the changes correlated with changes in
R-R interval variability. The systolic blood pressure variability reduced from
4.89+1.03 to 3.18+0.48 (p<0.05), and these changes correlated inversely with the
enhancement of [''C]-mHED retention (r=-0.66; p<0.05). These parallel changes
allowed the authors to conclude that exercise training induces a shift toward normal-
ization of the compensatory autonomic nervous imbalance in heart failure although
they did not give any mechanistic explanations.
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12.2.2 Postsynaptic Sympathetic Function

The relationship between pre- and postsynaptic functions in heart failure has been
also investigated. In a study by Tsukamoto and colleagues (2007), p-adrenoceptor
density was measured using [''C]-CGP-12177 PET in patients with nonisch-
emic cardiomyopathy. They demonstrated that the density was 50 % lower as
compared to healthy volunteers and it significantly correlated with ejection frac-
tion (Tsukamoto et al. 2007). Interestingly, parallel to B-adrenoceptor density,
['*I]-MIBG washout rate was enhanced. This can be understood that washout of
['#1]-MIBG is linked with increased sympathetic firing rate and norepinephrine
(NE) release, and this will then create a downregulation of B-adrenoceptors. This
hypothesis is also in agreement with the results of a study by Caldwell and col-
leagues (2008) who demonstrated reduced NE transport and lower p-adrenoceptor
density in ischemic congestive heart failure patients, by using [''C]-mHED and
[''C]-CGP-12177 PET. In addition, the mismatch between ['!C]-CGP-12177 and
[!C]-mHED uptake was clearly higher in patients with heart failure as compared
to healthy controls.

Naya and colleagues (2009) investigated ten patients with idiopathic dilated car-
diomyopathy using a p-adrenoceptor tracer [!!C]-CGP-12177. The left ventricle
contractile reserve was evaluated using dobutamine echocardiography prior and
after the carvedilol (beta-blocker) therapy. Patients with the lowest ['!C]-CGP-12177
binding showed the greatest improvement of left ventricular ejection fraction and
reduction of plasma NE levels after carvedilol. Baseline myocardial p-adrenergic
density correlated with the change of ejection fraction by carvedilol therapy
(r=-0.88, p<0.001). Myocardial B-adrenergic density was independent predictor
of the change in ejection fraction by carvedilol (r=-0.88, p<0.001), and, in addi-
tion, myocardial f-adrenergic density was significantly correlated with plasma nor-
epinephrine (r=-0.79, p<0.01) and ejection fraction (r=0.70, p<0.05). Thus, the
patients with decreased myocardial p-adrenergic receptor density can be suggested
to have higher resting adrenergic drive and this seems to be able to predict the
response to beta-blocker therapy.

In contrast to these findings, in patients with more advanced congestive heart
failure, [!'C]-mHED uptake was markedly reduced but $-adrenoceptor density as
measured using [!!C]-CGP-12177 was not significantly different as compared to
healthy volunteers (Link et al. 2003) but levels of BARK-1, a marker of postsynaptic
adrenergic signal transduction, were inversely related to (r=—0.61, p=0.04) presyn-
aptic changes (Ungerer et al. 2000). Also in other studies in patients with terminal
heart failure, no correlations between [!!C]-mHED retention and (-adrenoceptor
density studied using [*H]-CGP-12177 were detected, but p-adrenoceptor kinase
expression, an intracellular protein involved in the desensitization and internaliza-
tion of receptors, was found to be changed (Ungerer et al. 1998, 2000).

Taken together, increased sympathetic tone with or without reduced nerve den-
sity is associated with eventual downregulation of B-adrenoceptors in cardiomyopa-
thy, but in more advanced stage of the disease, this receptor downregulation seems
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not to exist. Since these changes seem to be linked with the severity of the heart
failure, they could be potentially used as biomarkers of ventricular remodeling and
in the assessment of the progression of heart failure. However, prospective studies
are needed to prove such an approach.

12.2.3 Postsynaptic Parasympathetic Function

The parasympathetic signaling in patients with heart failure is less well studied.
[!!C]-MQNB, a muscarinic receptor antagonist, was used in 20 patients with conges-
tive heart failure due to idiopathic dilated cardiomyopathy and compared with 12
normal subjects (Le Guludec et al. 1997). The mean receptor concentration was sig-
nificantly higher in patients than in control subjects suggesting that congestive heart
failure is associated with an upregulation of myocardial muscarinic receptors. This
was considered to be an adaptive mechanism to beta-agonist stimulation (Le Guludec
et al. 1997). The authors suggested that the enhanced parasympathetic postsynaptic
signaling counteracts to increased sympathetic tone observed in heart failure.
Moreover, regional mismatch of pre- and postsynaptic function may have detrimen-
tal consequences on electrical conduction and contribute to ventricular arrhythmias
observed in cardiomyopathy heart failure (Thackeray and Bengel 2013).

12.3 Autonomiclmaging in the Hypertrophic
Cardiomyopathy

In hypertrophic cardiomyopathy patients, p-adrenoceptor density was found to be
reduced by using [!!C]-CGP-12177 PET (Lefroy et al. 1993) and the severity of
reduction correlated with disease progression (Choudhury et al. 1996). In the subse-
quent studies, a decrease in [''C]-mHED uptake paralleling with the decrease of
B-adrenoceptor density was identified. These findings are consistent with reduced
local NE reuptake and increased catecholamine levels and consequent downregula-
tion of postsynaptic receptors (Schafers et al. 1998).

Studies also with ['*F]-fluorodopamine have been performed in patients with
hypertrophic cardiomyopathy (Li et al. 2000). ['8F]-fluorodopamine accumulation
was decreased despite preserved myocardial perfusion measured using [*N]NH3.
The changes were limited to the hypertrophied myocardial regions. Decreased neu-
ronal uptake could reflect local relative hypoinnervation, decreased numbers of neu-
ronal uptake sites, or metabolic limitations on cell membrane transport (Li et al.
2000). The decreased uptake-1 activity can be expected to augment delivery of
locally released and circulating catecholamines to adrenoceptors during sympa-
thetic or adrenomedullary activation, and this, in turn, could induce hypercontractil-
ity, vulnerability to ventricular arrhythmias, and reduced coronary perfusion reserve
in patients with hypertrophic cardiomyopathy (Li et al. 2000).
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Survivorship

0 24 48 72 96
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Fig. 12.3 Survival for the cardiac end points in patient groups divided into quartiles based on
myocardial [''C]-mHED retention. The survival (freedom from cardiac death or transplantation)
was poorest in the group with the lowest [''C]-mHED retention values (p<0.05 between the two
quartiles with lowest [''C]-mHED retention). The Roman numerals refer to quartiles of [''C]-mHED
retention ( quartile with the lowest [''C]-mHED retention, IV quartile with the highest [''C]-mHED
retention) (With permission from Pietila et al. (2001))

12.4 Prognosis

Abnormalities of the autonomic nervous system are known to be of prognostic sig-
nificance in chronic heart failure. Consistent with the studies using single photon
emission computed tomography (SPECT) with ['*I]-MIBG, prognostic value of
quantitative [''C]-mHED PET findings in patients with heart failure can be expected.

Unfortunately, limited number of studies have investigated this aspect with PET
and [!'C]-mHED or other tracers. In a study by Pietild and colleagues (2001), 46
NYHA class II-IIT patients with dilated cardiomyopathy were investigated with
quantitative ['!C]-mHED and PET. During the follow-up period of about 4.5 years,
['!C]-mHED retention together with peak oxygen uptake and left ventricular end-
diastolic volume was statistically significantly linked with the cardiac events. The
lower was the [!!C]-mHED uptake, the poorer was the prognosis (Fig. 12.3). There
are no studies demonstrating the prognostic value of the mismatch between pre- and
postsynaptic functions.

12.5 Innervation Imaging in the Future

Innervation imaging with PET can be expected to hold great promise for the clinical
use. However, the method has not yet received wider clinical acceptance mainly due
to limited access to PET tracers. In addition, the clinical studies for prognostic value
are very limited. To ascertain the clinical value of innervation PET imaging in
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various specific indications such as heart failure, randomized studies are required.
New expensive therapies for heart failure (e.g., biventricular pacemakers) are being
introduced, and innervation imaging could be one of the methods to identify those
patients who would benefit the most from these expensive therapies.

12.6 Summary

The studies suggest a potential role for sympathetic and parasympathetic neuronal
and receptor PET imaging in patients with heart failure. This information could be
valuable in predicting the progression of ventricular remodeling and outcome in
heart failure. Although innervation imaging with PET in heart failure holds great
promise, the method has not received wider clinical acceptance. Larger randomized
studies are required to confirm the incremental value of innervation imaging in vari-
ous specific indications.
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Abstract

Conventional nuclear imaging with single-photon emitting radionuclides can be
used for qualitative and quantitative assessment of cardiac autonomic function in
patients with heart failure. Status of sympathetic innervation can be assessed
using ['2I]-metaiodobenzylguanidine (['*I]-MIBG), an analogue of norepineph-
rine. Reduced myocardial ['**I]-MIBG uptake is common in heart failure patients,
and the severity of global and regional abnormalities is indicative of the level of
risk for mortality and occurrence of ventricular arrhythmias. ['**I]-MIBG imag-
ing can identify early damage from cardiotoxic chemotherapy and early evidence
of reinnervation in transplanted hearts. The extent of ['**I]-MIBG tomographic
defects provides an indicator of the likelihood of appropriate implantable
cardioverter-defibrillator (ICD) activation and may be useful in assessment of
patients being considered for these devices. In the future, ['*I]-MIBG imaging
may provide a non-invasive means to evaluate the effectiveness of heart failure
treatments that reduce autonomic nervous system imbalances common in heart
failure patients.

Abbreviations

ACE Angiotensin-converting enzyme
AHA American Heart Association
ARB Angiotensin receptor blocker
AUC Area under the curve

BNP B-type natriuretic peptide

CRT Cardiac resynchronization therapy
CT Computed tomography

FDG Fluorodeoxyglucose

H/M Heart-to-mediastinum ratio

HF Heart failure

HRV Heart rate variability

ICD Implantable cardioverter-defibrillator
[123]] Iodine-123

LV Left ventricular

LVAD Left ventricular Assist Device
LVEF Left ventricular ejection fraction
MCE Major cardiac event

MIBG Metaiodobenzylguanidine

MPI Myocardial perfusion imaging
NE Norepinephrine

NET Norepinephrine transporter
NYHA New York Heart Association

PET Positron emission tomography
ROC Receiver Operating Characteristic
ROI Region of interest
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SCD Sudden cardiac death

SHFM Seattle Heart Failure Model

SPECT  Single-photon emission computed tomography
[99mTc] Technetium-99m

VMAT Vesicular monoamine transporter

13.1 Underlying Physiological Principles of Scintigraphic
Imaging for Assessing Autonomic Function

The principles that underlie the use of radiolabeled compounds for nuclear imaging
of physiological processes have been described in earlier chapters. With particular
reference to radiopharmaceuticals used for single-photon emission computed
tomography (SPECT) imaging, most such compounds are labeled with either
technetium-99m ([**Tc]) or iodine-123 (['*I]). While compounds labeled with
[*™Tc] tend to be easier to produce because the precursor can be formulated as a
lyophilized kit to which generator-produced pertechnetate solution is added, com-
pounds labeled with radioiodine often have greater physiological activity because
the radionuclide can be incorporated into the molecule without the need for addi-
tional chelators or other linking compounds. Creation of SPECT imaging com-
pounds that bind to cell surface receptors and other proteins is thus more often
accomplished using iodine as the radiolabel.

For the past 30 years, the dominant conventional nuclear imaging pharmaceutical
for examining a component of the autonomic nervous system has been metaiodo-
benzylguanidine (MIBG) (Wieland et al. 1981). MIBG is a structural and functional
analogue of norepinephrine (NE), but it possesses only weak sympathomimetic
effects and is a poor ligand for adrenergic receptors (Shapiro et al. 1984; Smets et al.
1988; Ekelund et al. 2001). MIBG is taken up by the norepinephrine transporter
(NET) with a higher affinity than NE (K,=0.31 and 1.8 pM, respectively), but with
a similar capacity. MIBG uptake is also sensitive to the vesicular monoamine trans-
porter (VMAT) inhibitor reserpine (Smets et al. 1989), and radiolabeled MIBG has
been observed in vesicles using electron spectroscopic imaging (Gaze et al. 1991),
indicating vesicular uptake. MIBG is not metabolized by either monoamine oxidase
(MAO) or catechol-O-methyltransferase (COMT) (Mangner et al. 1986; Tobes et al.
1989); therefore, the majority of MIBG taken up by the NET is available for VMAT
uptake into vesicles. MIBG is also known to enter cells via non-NET-dependent
uptake, activity (Dae et al. 1992; DeGrado et al. 1995). MIBG is therefore subject
to the same uptake and accumulation pathways as NE, but does not share the same
catabolic pathways or pharmacodynamic effects. After every cycle of vesicular exo-
cytosis and reuptake, NE is subject to MAO catabolism in the cytoplasm, prior to
VMAT uptake into the vesicles, whereas MIBG is not. This favors MIBG vesicular
storage over that of NE, particularly over repeated cycles of uptake and release
(Sisson and Wieland 1986).

Based upon whole-body images acquired as part of biodistribution studies, it is
estimated that in a normal individual, slightly less than 1 % of an intravenously
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injected dose of MIBG localizes to the myocardium (Kline et al. 1981). In patients
with congestive heart failure, a close correlation is observed between elevated levels
of plasma and urinary NE and the severity of left ventricular dysfunction (Cohn
et al. 1984; Leimbach et al. 1986). This was reported to be due to decreased cardiac
NE uptake (Bohm et al. 1995; Liang et al. 1989; Ungerer et al. 1998) and a reduced
expression of cardiac NET by posttranscriptional downregulation (Backs et al.
2001). The NET therefore has profound effects on the pharmacology of NE and
consequently also on that of MIBG.

The loss of adrenergic innervation and inhibition of NET or VMAT activity
reduce the uptake and retention of MIBG. High levels of circulating NE may also
reduce accumulation by competing for NET uptake. Chronically high levels of NE
and certain drugs of abuse may also reduce the expression of NET and thus reduce
neuronal accumulation. A loss of MIBG uptake is commonly observed in heart
failure patients, most likely as a result of a decrease in the number of adrenergic
neurons in combination with an overall increase in sympathetic activity, leading to
increased vesicular exocytosis and efflux of MIBG from the synapse.

The functional attributes of MIBG as a NE analogue establish the utility of the
compound as a diagnostic product. Analogous to the use of F-18 FDG, functionally
a marker of glucose metabolism, for PET imaging demonstration of epileptogenic
foci, viable myocardium, and active tumor, MIBG scintigraphy identifies tissues
capable of concentrating neuroadrenergic amines, thereby providing a means to
document the loss of autoregulatory sympathetic neuronal function. In the heart,
MIBG imaging is a sensitive marker for sympathetic neuronal injury, often showing
changes prior to other imaging or clinical evidence of damage. Cardiac ['*I]-MIBG
imaging has been shown to be useful for investigating the severity of heart failure
(Merlet et al. 1992a, b) and for assessing response to standard therapies such as
ACE inhibitors and beta-blockers (Kasama et al. 2005a, b; Agostini et al. 2000). In
recent years, reduced myocardial ['>’[]-MIBG uptake has been demonstrated to be a
powerful prognostic indicator in HF patients, with those with the greatest myocar-
dial denervation having the poorest outcomes (Merlet et al. 1999a, b; Wakabayashi
et al. 2001). These observations apply to morbidity and mortality resulting from
pump failure as well as to unstable arrhythmias that often precede occurrence of
sudden cardiac death (SCD) (Nishisato et al. 2010).

The following sections summarize published results examining the use of
['**I]-MIBG as a diagnostic and prognostic imaging agent in patients with HF of
various etiologies.

13.2 ['%1]-MIBG Imaging Principles and Procedures
13.2.1 Semiquantitative and Quantitative Analyses
For more than 20 years, the most common approach to examination of ['*I]-MIBG

myocardial images in HF patients has been to obtain quantitative measures of uptake
for comparison with reference data from individuals without heart disease. The most
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Fig.13.1 Anterior planar ['**I]-MIBG images of the chest in a healthy control without heart dis-
ease (a) and 3 heart failure patients (c—e). Image (b) reproduces the image of the healthy control
with regions of interest (ROIs) drawn around the visible myocardium (H) and the upper mediasti-
num (M), from which the H/M ratio is calculated by dividing the mean counts per pixel in the
former and latter ROIs. H/M is 2.40 in the healthy patient (a), 1.83 in the HF patient with preserved
sympathetic innervation (c), 1.34 in the HF patient with moderately reduced uptake (d), and 0.96 in
the HF patient with no visible cardiac uptake (e). The finding in image (e) represents the worst
prognosis; this patient died from HF progression 8 months after being studied

widely used technique involves a comparison of global uptake in the heart to another
region within the same image (Fig. 13.1). As the mediastinum is usually included in
images of the thorax and this area lacks specific NET-associated uptake, it has
become the standard reference region for the so-called heart-to-mediastinum ratio
(H/M). The H/M was first employed in analysis of planar images and more recently
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Fig. 13.2 Aligned ['*I]-MIBG and *™Tc-tetrofosmin MPI SPECT images from an 82-year-old
female with no history of heart disease show normal innervation and perfusion. 7op four rows
represent reoriented short-axis images, followed by vertical and horizontal long-axis views

has been adapted for similar analyses using SPECT (Fig. 13.2) (Chen et al. 2012). In
general, ['ZI]-MIBG results are presented in terms of the relationship between a
quantitative value of myocardial uptake (on planar or SPECT imaging) and a specific
outcome event (such as worsening of HF, occurrence of a cardiac event, or death) or
another quantitative parameter (such as change in left ventricular ejection fraction
(LVEF) or MPI defect score). While differences in methodologies and study objec-
tives limit the degree to which data from various studies can be combined, there is
near unanimity of opinion concerning the direct relationship between quantitative
['*I]-MIBG uptake values and clinical outcome (whether representing the natural
history of the disease or its likelihood of responding to a particular therapy). The
overwhelmingly consistent finding has been that the greater the reduction in
['*1]-MIBG uptake, the poorer is the outcome (Verberne et al. 2008).

13.2.2 Proof of Principle of ['?3I]-MIBG Imaging:
Heart Transplantation

In end-stage HF, the final remaining therapeutic option is often heart transplanta-
tion. In several earlier studies (Merlet et al. 1992a, 1999a, b), many native hearts
prior to removal demonstrated virtually no visible MIBG uptake (H/M ratio
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approximately 1.0). However, in an interesting irony, ['*I]-MIBG imaging of the
transplanted heart has in some instances provided compelling validation of the
method as a measure of sympathetic innervation, in that initially the transplanted
heart is totally denervated and demonstrates no specific uptake of MIBG, essentially
the same finding as for the organ that was removed. However, over time the trans-
planted heart serves as a model of the potential for recovery of this innervation. This
has been best demonstrated in a study by Estorch et al. (1999), in which 31 subjects
from 6 months to 12 years posttransplant underwent planar and SPECT ['*I]-MIBG
imaging. Considering an H/M ratio <1.3 as no significant uptake, 4 of 9 subjects
within 2 years of transplant and 18 of 22 at 2—12 years posttransplant showed visible
myocardial activity. For all subjects in these groups, mean H/M ratio was signifi-
cantly higher in the latter (1.62 (0.2) vs. 1.34 (0.2)). Regional MIBG uptake on
SPECT imaging was seen almost exclusively in the anterior and lateral walls.
However, in a more recent study by Yap et al. (2006), none of the eight patients
studied 1.1-6.3 years post-heterotopic transplantation showed detectable uptake on
either planar or SPECT ['**[]-MIBG imaging. While these results indicate that rein-
nervation does occur in some transplanted hearts, the clinical significance of whether
it occurs in specific patients is still uncertain.

13.3 ['%I]-MIBG Imaging Findings in HF Patients

The following section contains a brief review of a representative selection of the
several hundred ['*I]-MIBG imaging studies in HF patients published in the past
20 years. This literature has provided a clear picture of the importance of cardiac
sympathetic innervation as a prognostic factor in patients with HF.

A large number of investigators have demonstrated that HF patients with lower
cardiac uptake of ['**I]-MIBG, typically quantified using the H/M ratio, have poorer
prognosis in terms of all-cause and cardiac mortality. The mean planar H/M ratio in
patients who died was typically 0.2-0.3 less than in the surviving patients
(Wakabayashi et al. 2001; Momose et al. 1999; Yamada et al. 2003; Merlet et al.
1999a, b; Nakata et al. 2005). Several recent meta-analyses confirmed these indi-
vidual observations in aggregations of over 2,000 HF patients (Verberne et al. 2008;
Kuwabara et al. 2011).

It has long been appreciated that derangements of the sympathetic nervous sys-
tem play a role in the loss of myocardial contractile function. The increased circu-
lating NE levels commonly seen in patients with HF and the poor prognosis of
individuals with particularly high NE levels are associated with a decreased respon-
siveness of the heart to adrenergic stimulation and downregulation of cardiac
B-receptors (Cohn et al. 1984; Bohm et al. 1995; Backs et al. 2001; Tsukamoto et al.
2007). The success of beta-blocker therapy as a treatment for HF is associated with
recovery of at least some of the sympathetic neuronal function in the myocardium,
particularly among those with sufficient myocardial viability to sustain a reasonable
level of pump function. Imaging of myocardial sympathetic innervation provides a
means to judge the recovery of this regulatory system in HF patients receiving stan-
dard of care medical therapy (Agostini et al. 2000). More recent research suggests
that such imaging may also be of value in assessing effectiveness of therapy using
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devices such as biventricular pacemakers and left ventricular assist devices (Cha
et al. 2008).

Most studies of ['**I]-MIBG imaging in patients with HF have examined the
prognostic value of the method for prediction of specific clinical outcomes. Some
have been longitudinal studies to determine the relationship between imaging and
clinical variables and long-term survival, while others have examined the potential
role of ['®I]-MIBG imaging in managing or optimizing medical therapy for
HF. Most earlier studies relied upon planar imaging and H/M ratios, while many
more recent trials have incorporated SPECT imaging as a significant component of
the investigational plan.

13.3.1 Overall Prognosis

Numerous investigators have examined the utility of ['**I]-MIBG imaging as a pre-
dictor of clinical outcome in HF patients being treated with standard therapeutic
regimens (digoxin, diuretics, beta-blockers, ACE inhibitors, etc.). The following
table summarizes a representative selection of such studies, with outcome events
generally being cardiac death or heart transplantation. In all studies, the mean H/M
for subjects with events was significantly lower than for subjects without events
(Table 13.1).

In the studies of Merlet et al. (1992a, 1999a, b), multivariate discriminant analy-
sis showed quantitation of ['?*[]-MIBG uptake as the most powerful independent
predictor of mortality. Many other studies, including those of Momose et al. (1999),
Nakata et al. (1998), Wakabayashi et al. (2001), Ebina et al. (2002), Kyuma et al.
(2004), Agostini et al. (2008), and Tamaki et al. (2009) showed similar results in
multivariate models for cardiac death and other adverse cardiac outcomes.

The objective of the study of Matsui et al. (2002) was somewhat different than
those cited above, in that ['**[]-MIBG imaging was performed twice, before and
after 6 months of intensive therapy, to determine the prognostic significance of the
change in quantitative uptake. Although 85 subjects were studied at entry, only 74
had the second imaging study and then were followed clinically. During follow-up,
there were 12 deaths and 11 other adverse outcomes. Although there was no differ-
ence in the mean H/M ratios at baseline between subjects who did and did not sur-
vive, 11 of those who died showed decrease in H/M ratio between the two
['2I]-MIBG studies, a finding not seen among survivors. Overall, the change in
['2I]-MIBG uptake was a better predictor of adverse long-term outcome than either
NE or b-type natriuretic peptide (BNP) levels, which were also measured at baseline
and after the first 6 months of treatment.

In the study published by Agostini et al. (2008), ['>*I]-MIBG scans obtained on
290 HF patients (262 with LVEF <50 %) from six European centers were reana-
lyzed using a standardized methodology to determine the H/M ratio on delayed
planar images. Major cardiac events (MCE) (cardiac death; cardiac transplant;
potentially fatal arrhythmia, including ICD discharge) during a 24-month follow-up
were confirmed by an adjudication committee of cardiologists. Such events occurred
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in 67 subjects (26 %), and mean H/M ratios were significantly lower in this group
than in those who did not have events (1.51+0.30 for MCE group, 1.97+0.54 for
non-MCE group (p<0.001)). Two-year event-free survival using an “optimum”
H/M ratio threshold of 1.75 was 62 % for H/M ratio <1.75, 95 % for H/M ratio
>1.75 (p<0.0001). Logistic regression showed H/M ratio and LVEF as the only
significant predictors of MCE. For the lower and upper H/M quartiles of <1.45 and
>2.17, 2-year event-free survival was 52 and 98 %, respectively.

The results of the largest prospective trial examining the prognostic significance
of ['**I]-MIBG imaging in HF were published in 2010 (Jacobson et al. 2010). In the
ADMIRE-HF study, 961 NYHA class II and III HF patients with LVEF <35 %
underwent ['?I]-MIBG imaging and clinical follow-up for a mean of 17 months.
Time to first occurrence of NYHA functional class progression, potentially life-
threatening arrhythmic event, or cardiac death was compared with H/M in relation
to an estimated lower limit of normal of 1.60. A total of 237 subjects (25 %) expe-
rienced events, of which only 25 occurred in the 201 subjects with H/M >1.60.
Two-year event rate was 15 % for H/M >1.60 and 37 % for H/M <1.60; hazard
ratios for individual event categories were HF progression, 0.49 (p=0.002); arrhyth-
mic events, 0.37 (p=0.02); and cardiac death, 0.14 (p=0.006). In a multivariate Cox
proportional hazards model, significant variables were H/M, LVEF, BNP, and
NYHA functional class. The predictive value of the H/M was subsequently recon-
firmed in analyses of all-cause mortality following additional follow-up to a median
of 24 months (Narula et al. 2010) (Fig. 13.3).

There is overwhelming evidence from the cited studies and numerous others
performed in the past 20 years that significant myocardial denervation is associated
with a substantial increase in the occurrence of severe adverse outcomes in HF
patients. With the increasing methodological standardization of planar and SPECT
['**I]-MIBG imaging (Flotats et al. 2010), broader use of this technique as part of
risk stratification of HF patients appears justified. During the past decade, it has
become increasingly evident that this method provides information that should be of
substantial value to the clinicians responsible for managing these patients.

13.3.2 Monitoring Therapeutic Response

One of the major challenges in the management of HF is the optimization of the
medical regimen, with drugs such as beta-blockers and ACE inhibitors requiring
careful titration to achieve the maximum therapeutic benefit with the fewest side
effects. Patients with significantly impaired cardiac function often have a relatively
narrow window for therapeutic efficacy, with adverse reactions acting as a poten-
tially significant disincentive for adherence to often complex multidrug regimens.
While imaging studies are widely used to monitor parameters of cardiac function
such as LVEF and end-diastolic volume, there remains a need for more sophisti-
cated means to judge the likely success of proposed therapeutic strategies, in order
to improve the selection of drugs and dosages in clinical practice.
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Fig. 13.3 Two-year all-cause mortality rates from the prospective multicenter international
ADMIRE-HF extension trial of 961 NYHA class II/III HF patients with LVEF <35 %. There was
a progressive decrease of all-cause and cardiac mortality (latter not shown) with increasing planar
H/M ratio. No deaths occurred in the 47 subjects (5 %) with H/M >1.8

['2I]-MIBG imaging has been employed as a method for quantitative assessment
of therapeutic response in a number of small prospective studies. As a marker of
cardiac sympathetic innervation, it is not surprising that ['**I]-MIBG has been used
most often in studies examining the effectiveness of beta-blockers. Two such studies
were reported by Merlet et al. (1999a) and Suwa et al. (1997). In the former, 18
subjects underwent planar ['?[]-MIBG imaging at baseline and after 6 months of
treatment with metoprolol titrated to a maximum daily dosage of 150 mg.
Effectiveness of the treatment was documented in terms of increased mean H/M
ratio (1.29 (0.1) to 1.38 (0.17)), increased mean LVEF (20 % to 27 %), and decreased
mean plasma NE (0.93 to 0.72 ng/ml), and all changes were statistically significant.
In the study of Suwa et al. (1997), 45 subjects with nonischemic dilated cardiomy-
opathy had ['ZI]-MIBG scans prior to initiation of bisoprolol therapy, and the
response was assessed after 6 months. Overall, 30 subjects responded to treatment
(as reflected by >20 % increase in LV fractional shortening on echocardiography);
mean H/M ratio of responders was 2.1 (0.4) versus 1.5 (0.2) for non-responders
(»<0.001). Using an H/M ratio threshold of 1.7 allowed prediction of response with
sensitivity of 91 % and specificity of 92 %. Kasama et al. (2002) reported data from
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a study of 30 HF patients, 15 of whom were randomized to receive spironolactone
in addition to their standard therapeutic regimen. ['**I]-MIBG planar imaging per-
formed at baseline and 6 months showed improvement in the mean H/M ratio only
in the spironolactone group (1.62 (0.2)-1.83 (0.2) vs. 1.7 (0.2)-1.67 (0.2)).
Corresponding to this imaging improvement, only this group was judged clinically
improved (based upon NYHA classifications). These data were published only a
few years following completion of the first large clinical trial documenting the sur-
vival benefit of aldosterone inhibition in patients with severe HF (Pitt et al. 1999).

Studies have shown beneficial effects on cardiac sympathetic innervation
(assessed by ['*’I]-MIBG imaging) for almost all contemporary HF therapies. These
include angiotensin receptor blockers (Kasama et al. 2003, 2005a), cardiac resyn-
chronization therapy (Nishioka et al. 2007; Cha et al. 2008), and ventricular assist
devices (Drakos et al. 2010). In total, more than 40 studies comparing cardiac
uptake of ['**I]-MIBG before and after initiation of various HF therapies have been
published in the past 15 years. A recent review of the medication dosages at entry
into the ADMIRE-HF trial demonstrated that the H/M retained its prognostic valid-
ity regardless of the intensity of treatment (based upon range of dosage) using beta-
blockers, ACE inhibitors, ARBs, and aldosterone inhibitors (Pina et al. 2012).

In aggregate, the above-cited studies demonstrate the potential benefit of neuro-
cardiac imaging as an aid for rationalizing selection of drug therapy in HF.
['**I]-MIBG imaging might be used initially to judge the likelihood of success of a
category of drugs (such as beta-blockers) based upon the severity of the adrenergic
deficiency and later might provide insight regarding optimal drug dosage through
quantitative measures of changes in myocardial uptake parameters. Analogous to
the use of this modality for prognostic assessment of HF patients, ['*I]-MIBG
imaging is a tool that could be particularly valuable for the HF specialist in manag-
ing more difficult cases such as individuals with multiple comorbidities.

13.3.3 ['21]-MIBG Imaging in Pre-heart Failure:
Patients with Malignancy Receiving Cardiotoxic
Chemotherapeutic Agents

Analogous to the documented reduction in cardiac uptake of ['**I]-MIBG in patients
with HF, similar observations have been made in cancer patients who experienced
cardiac toxicity as a result of chemotherapeutic agents. Particularly for known car-
diotoxic drugs such as the anthracyclines, studies have shown decreased myocardial
['2I]-MIBG uptake as a result of such treatment. In one study of 21 patients treated
with either doxorubicin or epirubicin (Valdes Olmos et al. 1995), the most signifi-
cant reduction in cardiac ['*I]-MIBG uptake was seen in the patients who received
the highest doses. In 8 patients who developed persistently reduced LVEF at high
doxorubicin cumulative dose levels, ['*I]-MIBG imaging performed after discon-
tinuation of chemotherapy remained abnormal. In another study of 59 patients who
received Adriamycin (Niitsu et al. 1995), increase in washout rate (WR) was related
to the total dose of Adriamycin, and as the WR increased, the frequency of
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ventricular arrhythmias also increased. The WR usually normalized 3-6 months
after the discontinuation of Adriamycin. Finally, Carrio et al. (1995) reported on 36
patients who received doxorubicin and had normal ['ZI]-MIBG uptake (H/M
1.85+0.29) and LVEF (61 % +8 %) before chemotherapy. At a cumulative dose of
240-300 mg/m? doxorubicin, ['*I]-MIBG uptake was unchanged (mean H/M
1.80+0.2), but after 420—-600 mg/m?, both ['?*I]-MIBG uptake (mean H/M 1.76 £0.2,
p<0.05) and LVEF (mean 52 % +8 % (p<0.05)) were decreased. These results are
all consistent with the larger HF literature, reflecting that HF induced by cardiotoxic
drugs produces the same reduction in cardiac ['*’I]-MIBG neuronal uptake as occurs
in association with ischemic and nonischemic cardiomyopathy.

13.3.4 ['21]-MIBG Imaging and Risk of Life-Threatening
Arrhythmia

Heterogeneity of sympathetic innervation has been associated with increased
arrhythmogenicity (Inoue and Zipes 1987; Stanton and Zipes 1991; Mitrani et al.
1993). The coexistence of denervated and hyperinnervated areas in the diseased
myocardium produces increased electrophysiological heterogeneity during sympa-
thetic activation, leading to ventricular arrhythmia and SCD (Chen et al. 2007).
Adrenergic denervation of viable myocardium may also result in denervation super-
sensitivity, with exaggerated response of myocardium to sympathetic stimulation
and increased vulnerability to ventricular arrhythmias (Dae et al. 1995; Minardo
et al. 1988). Therefore, ['*I]-MIBG imaging provides the capability to identify
presence of denervated but viable myocardium as a means to judge risk for ventricu-
lar arrhythmic events.

Although patients with both ischemic and nonischemic HF have abnormal car-
diac uptake of ['?’I]-MIBG, the pattern of such abnormalities tends to differ
between the two types of HF. In patients with previous myocardial infarction (MI),
there is usually a discrete focal defect on [?*I]-MIBG SPECT images, correspond-
ing to the location of the MI but typically larger in size than the defect seen on MPI
SPECT (McGhie et al. 1991; Yukinaka et al. 1998; Simoes et al. 2004) (Fig. 13.4).
In patients with nonischemic cardiomyopathy, the pattern of uptake on ['*I]-MIBG
SPECT is usually heterogeneous, and focal defects are usually smaller than in
patients with prior MI (Maeno et al. 1993; Parthenakis et al. 2002). Total
['Z1]-MIBG SPECT defect scores are usually smaller in nonischemic than isch-
emic HF patients; in some of the former patients, MPI SPECT is qualitatively
normal (Clements et al. 2012). While there is a growing body of evidence that
larger ['**I]-MIBG SPECT defect is associated with increased risk for SCD and
ICD activations (Boogers et al. 2010), it remains to be determined if different
thresholds for interpretation of ['**I]-MIBG SPECT findings in ischemic and non-
ischemic patients are needed.

Current available methods for precise identification of individuals at risk for
SCD and therefore at the greatest need for ICDs have definite limitations. For exam-
ple, non-invasive tests reflecting autonomic function, such as heart rate variability
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Fig.13.4 Aligned *"Tc-tetrofosmin MPI and ['**T]-MIBG SPECT images from a 42-year-old male
with history of lateral wall myocardial infarction. 7op two rows represent reoriented short-axis
images, followed by vertical and horizontal long-axis views. There is a small perfusion defect at the
base of the lateral wall, corresponding to the known infarct. There is a much larger innervation
defect, including both the region of the lateral infarct and almost the entire inferior wall. This pattern
of innervation-perfusion mismatch is associated with an increased risk for ventricular arrhythmias

(HRV), signal-averaged ECG (SAECG), and microvolt t-wave alternans (MTA),
have limited sensitivity and positive predictive value (Bailey et al. 2001; Gehl et al.
2005). This has led to increased interest in the potential of ['*I]-MIBG imaging for
such assessments. One of the earliest examinations of this use of the ['*I]-MIBG
imaging method was published by Arora et al. (2003), who evaluated 17 patients
with ICDs using ['?*I]-MIBG cardiac imaging (as means of assessing myocardial
sympathetic innervation) and spectral analysis of HRV (as means of assessing cen-
tral autonomic tone). Patients with previous ICD discharges had lower early H/M,
more extensive ['1]-MIBG SPECT defects, and more ['ZI]-MIBG/*™Tc-sestamibi
MPI mismatch segments (denervation in areas of myocardial viability) as compared
with patients without previous ICD discharges. The combined non-invasive evalua-
tion of local cardiac autonomic innervation and systemic autonomic function by
means of ['*I]-MIBG and HRV allowed correct identification of patients at high
and low risk for potentially fatal arrhythmias.

Another study which examined several indicators of autonomic function in rela-
tion to arrhythmic events was reported by Koutelou et al. (2009). Twenty-five
patients with NYHA class I or II HF and recent ICD implants were studied for
baroreflex sensitivity, 24-h heart rate variability, and ['**[]-MIBG imaging. During
mean 32 months follow-up, the frequency of fast ventricular arrhythmic episodes
correlated with measures from all three tests, and among the tests there was limited
interdependence. These results suggest that various measures of autonomic
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dysfunction can provide complementary information for assessing degree of risk for
fast ventricular arrhythmias in HF patients.

There has been considerable recent interest in determining if defect size on
['**I]-MIBG SPECT imaging can identify HF patients most and least likely to need
ICDs as protection from occurrence of SCD. Studies examining this question have
generally involved a mixture of patients receiving devices for primary and second-
ary prevention. Results for several such studies are summarized below.

A prospective pilot study was performed to determine whether alterations in
cardiac sympathetic innervation as measured by ['*I]-MIBG scintigraphy were
related to inducibility of ventricular tachyarrhythmias during electrophysiology
(EP) testing in patients with previous myocardial infarction (Bax et al. 2008). Of
50 subjects with complete data, including *"Tc-tetrofosmin MPI SPECT, 30 had
positive and 20 negative EP tests. Of all the imaging and clinical variables, only the
['*I]-MIBG SPECT defect size discriminated between subjects with positive and
negative EP tests (42.7+8.8 vs. 34.9+9.8; p=0.005). A 4-h ['*I]-MIBG SPECT
defect score of >37 yielded a sensitivity of 77 % and specificity of 75 % for pre-
dicting EP results.

A study of 116 HF subjects referred for ICD therapy included both ['*I]-MIBG
and MPI SPECT procedures at baseline (Boogers et al. 2010). During a mean fol-
low-up of 23+ 15 months, appropriate ICD therapy occurred in 24 (21 %) patients
and cardiac death occurred in 8 (28 %) patients. Late ['*I]-MIBG SPECT defect
score was an independent predictor for both end points. Patients with a late
['2*I]-MIBG SPECT defect score >26 showed significantly more appropriate ICD
therapy (52 % vs. 5 %, p<0.01) and appropriate ICD therapy or cardiac death (57 %
vs. 10 %, p<0.01) than patients with smaller defects.

In the study of Nishisato et al. (2010), 60 ICD patients underwent ['*I]-MIBG
planar and SPECT imaging and rest " Tc-tetrofosmin MPI and then were followed
for a mean 29 months. During this time, 30 patients (50 %) experienced at least one
appropriate ICD discharge. Patients with impaired ['*I]-MIBG uptake (H/M <1.9)
and tetrofosmin defect score >12 had a significantly greater event rate (94 %) than
did the group with impaired uptake of ['*’I]-MIBG and preserved uptake of tetrofos-
min [45 %; p<0.05] and the group with preserved uptake of both agents (18 %).
These results suggest that ['*’I]-MIBG and MPI provide complementary informa-
tion for identifying patients most in need of ICD protection against SCD.

In the recent study by Kasama et al. (2012), the relationship between ['*I]-MIBG
results and late ventricular potentials (LP) was examined in 56 patients with dilated
cardiomyopathy. ['**[]-MIBG SPECT defect score was significantly higher (35+8
vs. 28+6, p<0.005), and the H/M ratio was significantly lower (1.57+0.23 vs.
1.78+0.20, p<0.005) in patients who were LP positive. During a mean follow-up
time of 4.5 years, there were nine sudden deaths, and occurrence of these events was
significantly higher in LP-positive patients with washout rate >50 %. This study
provided further evidence of the increased risk for SCD associated with large inner-
vation abnormalities on ['**I]-MIBG imaging.
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13.3.5 Combination of ['23]]-MIBG Imaging
and Clinical Risk Models

Many clinical models of prognosis from HF have been developed in the past
20 years. These models generally incorporate patient demographics, medical his-
tory, medication usage, and selected laboratory and imaging measurements to pro-
vide estimates of all-cause and cardiac mortality rates and risk for nonfatal events
such as HF hospitalization or need for heart transplantation. Although providing
greater rigor for categorizing relative risk in the HF population, clinical models have
not gained wide acceptance as a tool to assist in the management of patient care.
Especially for cardiologists who employ cardiology society guidelines as the basis
for HF management decisions, the additional value of model calculations of future
morbidity and mortality risk may not be obvious.

The subjectivity associated with definition of risk contributes to the reticence of
clinicians to employ such calculations in patient-care decisions. Nevertheless, con-
cern about overutilization of ICDs has raised awareness of the potential value of
accurate identification of low-risk patients as a means to reduce the number of
implanted devices that never fire. The basic logic is that if a clinical model or diag-
nostic test can identify patients with a very low risk of dying from any cause, those
individuals do not require interventions to protect them from possible SCD. There
is a growing body of evidence that addition of results of ['*I]-MIBG imaging to
clinical prediction models produces improved accuracy for identifying both high-
and low-risk HF patients.

One of the most widely used and well-validated HF prediction models, devel-
oped by Levy and associates, is known as the Seattle HF Model (SHFM) (Levy
et al. 2006). SHFM includes a variety of demographic and clinical markers to pre-
dict 1-5-year mortality in HF patients. It also shows changes in life expectancy with
alterations in heart failure medications and by placement of ICDs, biventricular
CRT, and left ventricular assist devices (LVADs).

None of the variables included in the SHFM provide a direct measure of cardiac
sympathetic neuronal status. An indication that addition of ['*I]-MIBG imaging
results could improve performance of the SHFM was provided by a recent analysis
of data from a small HF trial in the pre-beta-blocker era (Kuramoto et al. 2011).
A larger analysis of SHFM in conjunction with the ADMIRE-HF dataset demon-
strated improvement in multiple indices of predictive accuracy for all-cause mortal-
ity, including receiver operating characteristic (ROC) curve area under the curve
(AUC) and net reclassification improvement (NRI) (Ketchum et al. 2012). The
observed 2-year mortality in the highest-risk SHFM subjects (rounded SHFM score
of 1) was 24 %, but varied from 46 % with H/M <1.2 to 0 % with H/M >1.80. NRI
was 22.7 % (p<0.001), with 14.9 % of subjects who died reclassified into a higher-
risk category than suggested by SHFM score alone (p=0.01) and 7.9 % of subjects
who survived reclassified into a lower-risk category (p<0.0001). The 1-year ROC
curve AUC showed significant improvement for the combined model with H/M
compared to the SHFM alone (+0.04, p=0.026).
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13.4 Limitations of ['2]I]-MIBG SPECT for Cardiac
Neuronal Evaluation

As noted earlier, an important element of the evaluation of cardiac sympathetic
neuronal function with ['?*[]-MIBG is quantitation of uptake of the radiopharma-
ceutical. However, the known limitations associated with quantitative analyses of
imaging with SPECT agents must be acknowledged. Unlike PET imaging, whose
characteristics tend to be suitable for quantitative analysis, imaging with conven-
tional single-photon tracers requires a number of corrections, such as for scatter and
attenuation, in order to produce numerical values that approximate the in vitro dis-
tribution of these agents. Such corrections have not been routinely used in most
studies involving ['*I]-MIBG. In addition, the complexity of the photon emissions
from ['?’I], including both high-energy (>500 kev) gamma photons and low-energy
(<30 keV) characteristic x-rays, requires use of additional corrections to account for
image degradation due to collimator septal penetration and errors in measurements
of administered activity in nuclear medicine dose calibrators. Several of these issues
are discussed further in this section.

While the most common quantitative measurement used in ['*I]-MIBG imaging
is the H/M, the values of this parameter, whether determined from planar or SPECT
images, represent relative rather than absolute estimators. Whereas the normal
value of the H/M on planar images acquired using a low-energy high-resolution
(LEHR) collimator is in the range of 2-2.5, phantom experiments have demon-
strated that the absolute concentration ratio which yields this range is on the order
of eight to ten times higher (Chen et al. 2006). Uncorrected SPECT images provide
H/M values somewhat closer to reality (normal range 3.5-5), but only with scatter,
attenuation, and septal penetration corrections do SPECT H/M ratios approach the
actual values associated with the measurements (Chen et al. 2006). While medium-
energy collimators result in H/M values about 10-20 % higher than LEHR collima-
tors, the magnitude of this difference is small compared to the effect achieved by
the various SPECT correction techniques (Inoue et al. 2003; Fletcher et al. 2010).
In this regard, reasonable quantitation of ['**I]-MIBG SPECT images requires simi-
larly sophisticated correction techniques as are routinely employed in analysis of
PET images.

Accurate determination of the amount of ['*I]-MIBG activity administered to a
patient is required both to insure adequate image counts and limit radiation dose to
the minimum required to produce diagnostic images. Nuclear medicine dose cali-
brators are typically adjusted for a single conversion factor (ionization current to
activity) for ['?’I], and this factor can be as much as 20-30 % low or high depending
upon the container in which the radiopharmaceutical is measured (Jacobson et al.
2011). This range reflects the effect of variable penetration of low-energy character-
istic x-rays on the photon flux detected by the dose calibrator ionization chamber.
While determining the appropriate correction factor for a syringe or vial is not dif-
ficult, it is nevertheless important as a routine quality control activity for a nuclear
medicine laboratory that performs ['*T]-MIBG imaging.
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On the most basic level, the greatest challenge for performing ['*I]-MIBG
SPECT imaging in HF patients is the low level of specific myocardial uptake pres-
ent in significant numbers of such patients. Nuclear imaging is much better for
detecting physiological processes with increased rather than decreased uptake,
which is one reason techniques such as FDG PET and radionuclide bone imaging
are highly effective. MPI SPECT and PET have been successful because there is
usually high contrast between normally perfused myocardial regions and adjacent
areas of ischemia and infarction. In contrast, the normal myocardium demonstrates
a lower level of ['*I]-MIBG than MPI tracer uptake, and uptake of the former tends
to be reduced more in non-infarcted regions, regardless of whether the patient has
HF of ischemic or nonischemic etiology. These phenomena produce images with
relatively low target-to-background ratios which can be difficult to interpret.
Additional complexity in interpretation results from persistent high liver activity
(particularly problematic for the inferior wall) and frequent presence of significant
lung activity (affecting visualization of anterior and lateral walls). These various
SPECT challenges have contributed to the use of global ['**[]-MIBG uptake deter-
minations in most studies, as these are less affected by the various confounding
factors. Nevertheless, there remains potential for significant improvement in SPECT
imaging through the use of iterative reconstruction techniques and the various cor-
rection procedures described earlier (Chen et al. 2012). Image fusion with MPI
SPECT also holds promise as a means to provide more accurate quantitation of
regional ['*I]-MIBG defects. As all aspects of SPECT imaging (equipment and
software) continue to improve, the clinical value of ['*I]-MIBG SPECT imaging
will also become greater.

13.5 Future Directions

In the USA, HF is one of the most common reasons for medical care visits, respon-
sible for more than one million hospitalizations and more than 3.4 million doctors’
office visits (Rosamond et al. 2008). The annual cost ($39 billion) and human con-
sequences of HF (mentioned on >277,000 death certificates and as the underlying
cause of >56,000 of those deaths (Lloyd-Jones et al. 2010; Roger et al. 2012)) are
substantial. In spite of many recent advances in treatments for HF and resultant
improvements in clinical outcome, many patients still do not respond adequately to
medical therapy as recommended in professional society guidelines (Hunt et al.
2009). Such patients now often receive implanted devices for additional therapy,
despite the fact that the majority of patients who receive ICDs for primary preven-
tion of SCD never experience an appropriate device discharge (Ezekowitz et al.
2003) and a significant minority who receive biventricular pacemakers for CRT do
not improve (Birnie and Tang 2006).

Effectiveness of treatments, procedures, and devices in HF patients has been
established among groups participating in prospective clinical trials (Hunt et al.
2009). However, determining whether an individual patient will benefit from a par-
ticular therapeutic strategy requires an understanding of his/her prognosis,
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particularly with regard to risk of near-term mortality. Although physicians employ
both professional society guidelines and their own clinical judgment in providing
treatment for their HF patients, they often do not obtain quantitative estimates of
mortality risk as a further guide to management decisions. Individualized assess-
ment of risk (e.g., estimated 1- and 2-year mortality), and in some instances specific
subcategorization of that risk (e.g., relative risk for death from pump failure vs.
ventricular arrhythmias), would be important in assuring that patients receive the
best and most appropriate therapies for their specific circumstances.

In current clinical practice, HF patients who require reevaluation of their condi-
tion typically undergo a battery of laboratory and imaging tests. However, none of
these provide an indication of the status of cardiac sympathetic neurons. Important
decisions on use of potentially lifesaving treatments, such as ICDs or biventricular
pacemakers for CRT, are often based on measurements such as left ventricular ejec-
tion fraction (LVEF) from echocardiography and QRS duration from 12-lead elec-
trocardiogram (ECG), which define populations that may benefit from such
treatments but not specific characteristics of individual patients (Tung et al. 2008;
Buxton 2009). For example, if clinical trials of patients with LVEF of 30-35 %
showed that treatment A had a 40 % response rate that was significantly better than
the 20 % response rate for treatment B, treatment A might be recommended for all
such patients even though 60 % would not benefit from receiving it. There is a need
to introduce more specific individualized quantitative risk assessment procedures
for HF patient evaluation, particularly for patients judged to be at intermediate risk
by the physicians who must make decisions that could involve significant risk and/
or high costs. ['*I]-MIBG imaging for quantitation of sympathetic neuronal integ-
rity can be used alone or in combination with a validated clinical risk model to
provide physicians with valuable new information on mortality risk.

The combination of ['*[]-MIBG imaging and clinical risk models can provide a
reliable estimate of a patient’s mortality risk, which would be of particular impor-
tance for determining whether an apparently intermediate-risk patient (such as a
patient with NYHA class II or III HF and moderate LV dysfunction (LVEF
30-35 %)) actually has a low (e.g., 2 %) or high (e.g., 20 %) annual risk of dying.
For example, a patient with average mortality risk per SHFM-D could have a three
times higher or lower event likelihood with inclusion of ['*I]-MIBG H/M results
(Ketchum et al. 2012). In clinical circumstances, availability of a reliable means to
estimate where the patient falls on the continuum of risk for all-cause mortality (the
most robust and unbiased end point) and cardiac mortality (the most relevant end
point for etiology-specific therapies) will empower clinicians to make better quan-
titative assessments of benefit versus risk relative to available treatment options for
HF patients.

How will assessing the functional status of myocardial sympathetic innervation
provide benefit to the clinical cardiologist and his/her HF patients? By quantifying
myocardial uptake of ['*I]-MIBG, the cardiologist will be able to determine the
likelihood of patient death in the following years and take appropriate steps to incor-
porate this insight into a management strategy. If ['*I]-MIBG uptake is poor, the
physician will know that the patient is at above-average risk for a fatal outcome and
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can consider therapeutic options accordingly. On the other hand, if cardiac uptake is
preserved, the physician will be able to inform the patient of this positive outcome
and maintain a stable therapeutic approach. Finally, if cardiac uptake is heteroge-
neous and discordant with regional myocardial perfusion, the cardiologist will be
alerted to the increased risk of arrhythmic events and SCD. ['®I]-MIBG imaging
provides clinicians with a robust quantitative tool for further stratifying intermediate-
risk HF patients, thereby improving their ability to individualize their approach to
such patients.

13.6 Summary

['2I]-MIBG imaging provides unique information on the status of sympathetic
innervation of the myocardium, a key target of most modern HF therapies, that can-
not be replicated by any of the anatomical imaging procedures or biomarker assays
in common use for evaluating these patients. While the anatomical information pro-
vided by echocardiography, coronary angiography, CT, and MRI can be useful in
the initial diagnostic assessment and subsequent follow-up of HF patients, results of
['2I]-MIBG imaging provide insight into functional impairment at the cellular level
which previously could not be quantified. Similarly, blood levels of BNP and NE
provide indirect evidence of cardiac pathology and sympathetic nervous system
hyperactivity, but neither offers an assessment of the status of sympathetic nerves in
the heart.

Given that derangements of cardiac sympathetic innervation are common in HF
patients and most guidelines-based HF therapies have been shown to improve the
function of this system, quantitative measures of the condition of the cardiac sym-
pathetic nervous system can provide useful supplementary information for the clini-
cian. In the same way that assessment of myocardial perfusion supplements the
information about coronary artery disease provided by angiographic procedures,
assessment of myocardial sympathetic innervation adds to the information on LV
function provided by echocardiography and gated SPECT myocardial perfusion
imaging to provide the clinician with improved understanding of the status of symp-
tomatic, intermediate-risk HF patients.

The results of ['*I]-MIBG imaging can provide benefits to both the HF patient
and the cardiologist responsible for managing his/her care. Estimates of prognosis
for death and morbidity such as HF hospitalization can help the cardiologist better
identify his/her truly high- and low-risk patients and facilitate development of strat-
egies best suited to meeting the individual needs of each patient. In addition,
['2I]-MIBG imaging provides new information about a fundamental physiologic
attribute of the heart, thereby supplementing other methods (LVEF, NYHA classifi-
cation, BNP, etc.) currently used by clinicians as part of routine clinical care. The
ultimate beneficiary of ['**I]-MIBG imaging is the patient, who has a better under-
standing of the severity of his/her condition and is better able to judge whether the
potential benefits of proposed therapeutic options are sufficient to justify any asso-
ciated risks.
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Abstract

Autonomic nerve function plays an important role in the pathogenesis of isch-
emically compromised myocardium. Autonomic imaging using pre- or postsyn-
aptic sympathetic tracers such as ['?*I]-metaiodobenzylguanidine (['*1]-MIBG)
has been applied successfully to characterize ischemia-related alterations in
view of cardiac autonomic function. A number of studies using ['**I]-MIBG and
flow tracers have consistently demonstrated a larger ['*I]-MIBG defect than
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perfusion defect, indicating that sympathetic nerve terminals are more suscep-
tible to ischemia than myocardial tissue. Furthermore, there is an increasing
body of evidence that autonomic imaging provides important clinical informa-
tion such as prognosis and therapy response in patients with coronary heart
disease (CHD). Autonomic positron emission tomography (PET) imaging using
pre- or postsynaptic sympathetic tracers such as [!!C]-metahydroxyephedrine
(mHED) is particularly useful when regional assessment of sympathetic nerve
function is of concern such as those encountered in CHD. However, inconsistent
autonomic imaging results have been published in vasospastic angina, silent
myocardial ischemia, and reinnervation after myocardial infarction. Therefore,
more work needs to be done to establish its clinical role in these
circumstances.

Abbreviations

CHD Coronary heart disease
CHF Chronic heart failure

CRT Cardiac resynchronization therapy
EPI Epinephrine

H/M Heart to mediastinum

ICD Implantable cardioverter defibrillator
LV Left ventricle

LVEF  Left ventricular ejection fraction

mHED  Metahydroxyephedrine

MIBG  Metaiodobenzylguanidine

PET Positron emission tomography

SCD Sudden cardiac death

SPECT Single photon emission computed tomography
SROC  Summary receiver operating characteristic
TMR Transmyocardial laser revascularization

14.1 Introduction

Despite recent advances in diagnostic and therapeutic options, myocardial isch-
emia/infarction continues to be a major cause of mortality and morbidity in many
countries (Go et al. 2013). Autonomic nerve function is known to play an important
role in the pathogenesis of ischemically compromised myocardium (Zipes 1992).
Therefore, efforts have been made to characterize myocardial ischemia/infarction in
view of autonomic neuronal function using invasive (Eisenhofer et al. 1996) or non-
invasive techniques (Lautamaki et al. 2007). Autonomic imaging using norepineph-
rine analogues such as ['?’[]-metaiodobenzylguanidine (['*’I]-MIBG) (Wieland
et al. 1981) or [!!C]-metahydroxyephedrine (mHED) (Schwaiger et al. 1990)/epi-
nephrine (EPI) (Munch et al. 2000) is suitable for non-invasive assessment of
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presynaptic sympathetic neuronal integrity of the heart. Postsynaptic receptor func-
tion can also be measured non-invasively using positron emission tomography
(PET) and postsynaptic tracers such as [!C]-CGP-12177 (Delforge et al. 1991). In
this chapter, we describe the state-of-the-art knowledge of autonomic imaging and
its future perspectives in ischemic heart disease.

14.2 Autonomiclmaging in Myocardial Infarction

It has been well documented, both experimentally (Dae et al. 1991; Minardo et al.
1988; Nishimura et al. 1992; Sisson et al. 1990) and clinically (Fagret et al. 1989;
McGhie et al. 1991), that myocardial ischemia causes sympathetic neuronal dam-
age exceeding the area of necrosis/scar. A number of studies (Dae et al. 1995;
Fagret et al. 1989; Hartikainen et al. 1994; Lekakis et al. 1994; Mantysaari et al.
1995; McGhie et al. 1991; Nakajima et al. 1995; Spinnler et al. 1993; Tomoda
et al. 1994) using ['**I]-MIBG and flow tracers have consistently demonstrated a
larger ['ZI]-MIBG defect than perfusion defect since the introduction of this
tracer. A representative case example showing a larger ['*I]-MIBG defect than
perfusion is illustrated in Fig. 14.1. By contrast, none of the published studies
have shown a smaller ['?*I]-MIBG defect than perfusion defect. Figure 14.2 dis-
plays polar maps of myocardial area at risk, infarct size, and ['**I]-MIBG images

SA VLA HLA
"
: \
Tc-99m MIBI

Polar map

15 min \
1-123 MIBG
3h
I-123 MIBG

-
—_

Fig.14.1 [*"Tc]-MIBI (upper) and 15 min (middle) and 3 h (lower) ['*I]-MIBG SPECT images
and polar maps from a patient with inferior myocardial infarction. Both 15 min and 3 h ['*I]-MIBG
images show a larger inferior defect than [*™Tc]-MIBI perfusion images. SA indicates short axis,
VLA vertical long axis, HLA horizontal long axis
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Fig.14.2 Polar maps of myocardium at risk (leff) and infarct size (center) and ['**1]-MIBG (right)
images from a patient with anterior myocardial infarction. Quantified defect areas on each polar
map are filled with blue or red color, and measured defect sizes are expressed as the percentage of
left ventricular myocardium (%LV)

from a patient with anterior myocardial infarction. The area at risk image shows a
large defect that involves the anterior to septal wall. After reperfusion, defect size
remarkably decreased, from 57.8 to 15.2 % of left ventricular myocardium. The
['ZI]-MIBG defect, on the other hand, was similar to the area at risk in both size
and location. As such, the extent of sympathetic neuronal damage is determined
by the area of ischemia in patients with acute coronary syndromes (Matsunari
et al. 2000). These observations indicate that sympathetic nerve terminals are
more susceptible to ischemia than myocardial tissue. Such dysinnervated but via-
ble myocardium may be linked to the pathogenesis of lethal ventricular arrhyth-
mias (Zipes 1992).

Using PET and ["'C]-mHED as a tracer for cardiac sympathetic presynaptic
function, Allman et al. have demonstrated a more extensive area of [''C]-mHED
abnormalities than that of blood flow, which is essentially similar to the observa-
tions reported using ['*I]-MIBG single photon emission computed tomography
(SPECT) (Allman et al. 1993). Although ['!C]-mHED PET is technically more
demanding, including the necessity for on-site cyclotron, it consistently yields bet-
ter quality images and appears to be more suitable for assessing regional abnormali-
ties than ['*I]-MIBG SPECT as typically illustrated in Fig. 14.3 (Matsunari et al.
2010). Furthermore, although there is a close correlation between ['I]-MIBG
heart-to-mediastinum (H/M) uptake ratio and [''C]-mHED retention (Matsunari
etal. 2010), PET imaging using presynaptic sympathetic tracers such as [''C]-mHED
or [''C]-epinephrine provides the possibility of absolute quantification of cardiac
sympathetic innervation on regional basis by routine use of attenuation/scatter cor-
rection. This feature may become important when regional, rather than global, car-
diac sympathetic innervation is of concern (Sasano et al. 2008). However, clinical
experience with PET autonomic imaging is still limited, and therefore more work
needs to be done to determine its clinical role in assessing myocardial infarction.
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Fig.14.3 ['*’1]-MIBG SPECT (upper and middle) and [''C]-mHED PET (lower) images from a
male patient with anterior and inferior myocardial infarction. The quality of 15 min and 3 h
['#1]-MIBG SPECT and [''C]-mHED PET images was judged as fair, poor, and good, respectively.
In particular, the low myocardial tracer uptake and intense adjacent liver activity on the late
['*I]-MIBG SPECT degrade the image quality. SA indicates short axis, VLA vertical long axis,
HILA horizontal long axis

14.3 AutonomicImaging in Remote Myocardium in Patients
After Myocardial Infarction

After myocardial infarction, the left ventricular remodeling involves not only the
infarcted but also non-infarcted myocardium. From a therapeutic viewpoint, attenu-
ation of remodeling process is expected to result in reduced morbidity and better
prognosis (Pfeffer and Braunwald 1991). Therefore, characterization of such non-
infarcted myocardium is important as a target of medical treatments. To date, how-
ever, there is only limited data available in literature that focused on remote
myocardium after myocardial infarction. A planar ['*I]-MIBG imaging study in
patients after acute myocardial infarction has demonstrated a faster myocardial
['2I]-MIBG washout involving remote myocardium as compared with normal sub-
jects, indicating increased sympathetic nerve tone (Bengel et al. 1999). Spyrou et al.
performed PET imaging using ['!C]-CGP-12177, a 3-adrenergic receptor ligand, in
patients soon after myocardial infarction and found that B-adrenergic receptor den-
sity was decreased in both infarcted and remote myocardia (Spyrou et al. 2002).
They also found that the degree of -adrenergic receptor density reduction was cor-
related with later left ventricular dilation. The downregulation of postsynaptic
B-adrenergic density in remote myocardium was also confirmed in a PET study by
Ohte et al. (2012). In a study using ['*’I]-MIBG SPECT by Sakata et al., patients
with left ventricle (LV) dilatation had more severe ['*I]-MIBG abnormality than
those without left ventricular dilatation, suggesting the contribution of cardiac sym-
pathetic neuronal function in left ventricular remodeling (Sakata et al. 2000).
However, sympathetic innervation in non-infarcted myocardium could not be
assessed in that study, because absolute quantification of tracer uptake was not
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possible with ['?*[]-MIBG imaging due to non-quantitative nature of SPECT, which
usually relies on relative rather than absolute uptake values. Caldwell et al. per-
formed PET imaging using [''C]-mHED and [''C]-CGP-12177 in patients with
ischemic heart failure and found decreased presynaptic function combined with a
small decrease in postsynaptic function (mismatch) in non-infarcted myocardium
(Caldwell et al. 2008). Thus, autonomic dysfunction in non-infarcted myocardium
may play a role in the pathogenesis of left ventricular remodeling.

14.4 Autonomiclmaging in Myocardial Ischemia Without
Infarction

14.4.1 Stable Coronary Artery Disease

Although many of the studies on autonomic imaging in CHD mainly focused on
patients after myocardial infarction, cardiac sympathetic nerve terminals are more
sensitive to ischemia than myocardial cells as described earlier (Matsunari et al.
2000). Therefore, it is conceivable that ischemic sympathetic neuronal damage
would occur even in the absence of infarction. This was confirmed by clinical stud-
ies demonstrating ['?’T]-MIBG defects exceeding perfusion defects in patients with-
out a history of myocardial infarction (Guertner et al. 1993; Hartikainen et al. 1997).
Similar results were observed using [''C]-mHED PET (Bulow et al. 2003). This
concept was also supported by an experimental study by Luisi et al. using a pig
model of chronic hibernation without infarction showing extensive defects in
['!C]-mHED uptake in the area of hibernating but viable myocardium (Luisi et al.
2005).

14.4.2 Vasospastic Angina

Vasospastic angina is a form of angina characterized by a sudden spasm of one of
the coronary arteries without significant stenosis. It is known that vasospastic angina
is often associated with altered autonomic nervous activity (Ricci et al. 1979).
Because coronary vasospasm causes a transient ischemia in that vascular territory,
such an ischemic episode may cause reduction in ['**I]-MIBG uptake despite pre-
served perfusion. The results of meta-analysis using Meta-DiSc software (Zamora
et al. 2006) from seven published studies (Ha et al. 1998; Hirano et al. 2002; Inobe
et al. 1997; Sakata et al. 1997; Takano et al. 1995; Taki et al. 1998; Watanabe et al.
2002a) that reported the diagnostic value of ['**I]-MIBG imaging are summarized in
Fig. 14.4. The pooled estimates of sensitivity and specificity were 77 % (95 % con-
fident intervals: 70-82 %) and 77 % (95 % confident intervals: 70-83 %), respec-
tively. The area under the summary receiver operating characteristic analysis
(SROC) curve and its Q*-point were 89+5% and 82+5 %, respectively. However,
both sensitivities and specificities had significant heterogeneity (P<0.0001 for
both), as is evident from the wide range (42—100 % for sensitivity and 40-100 % for
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Fig. 14.4 Forrest plot of sensitivities (upper leff) and specificities (upper right) from published
['*1]-MIBG studies in the diagnostic performance of vasospastic angina on patient basis and sum-
mary receiver operating characteristic (SROC) curve (lower). Each red circle represents individual
study in meta-analysis, with size of circle proportional to sample size of study. Red diamond
denotes an estimate of pooled values with 95 % confidence intervals (CI) in red line. Blue lines in
the forest plots represent 95 % CI of each study. Best-fit curve (middle curve) in the SROC curve
lies between two curves that demarcate its 95 % CI

specificity) and the high inconsistency index (90.8 % for sensitivity and 80.8 % for
specificity). The heterogeneity in diagnostic performance is also evident from the
wide 95 % confidence intervals in SROC curves. In a study by Sakata et al., the use
of lower ['ZI]-MIBG washout rate rather than reduced ['*I]-MIBG uptake as a



296 I. Matsunari and J. Taki

marker of vasospastic angina significantly improved sensitivity and specificity from
42 to 76 % and 72 to 87 %, respectively, indicating that cardiac sympathetic nerve
activity in vasospastic angina is suppressed probably because of the enhanced para-
sympathetic nerve activity (Sakata et al. 1997). Furthermore, a subsequent study
from the same authors has demonstrated that high H/M ratio or lower washout rate
was a marker of future cardiac events (Sakata et al. 2005). By contrast, Inobe et al.
have demonstrated that the patients with higher disease activity were frequently
associated with either the uptake reduction or the abnormally high washout of
['Z1]-MIBG (Inobe et al. 1997). Although these inconsistent published results could
be explained in part by different patient characteristics such as disease severity and
duration and by different methodologies among the studies (Ha et al. 1998; Hirano
et al. 2002; Inobe et al. 1997; Sakata et al. 1997; Takano et al. 1995; Taki et al. 1998;
Watanabe et al. 2002a), the exact underlying mechanisms are still unclear. Thus, the
clinical use of autonomic imaging in vasospastic angina remains to be established
by further work.

14.4.3 Silent Myocardial Ischemia

Silent myocardial ischemia is defined as evidence for ischemia without symptoms
such as chest pain (Gutterman 2009). It is important to note that patients with silent
myocardial ischemia often have a poor prognosis as compared with those with pain-
ful ischemia. Therefore, early detection and monitoring of patients with silent myo-
cardial ischemia before hard cardiac events is clinically relevant. Although the exact
mechanism is yet to be determined, impairment in cardiac sympathetic innervation
is likely to be linked with the occurrence of silent myocardial ischemia. In this
regard, autonomic imaging may play a role for characterization of silent ischemia.
However, published results focusing on this topic using [*)[]-MIBG imaging are
inconclusive so far. In a study by Shakespeare et al. using delayed (4 h) [***I]-MIBG
SPECT, no evidence of denervation was observed in silent ischemia (Shakespeare
et al. 1993). Hartikainen et al. found that the patients with silent ischemia revealed
smaller areas of viable but denervated myocardium than those with chest pain
(Hartikainen et al. 1994). Studies by other groups (Langer et al. 1995; Matsuo et al.
1996; Shimonagata et al. 1995), however, have suggested a link between silent isch-
emia and abnormalities on ['*)[]-MIBG SPECT. A study by Langer et al. have dem-
onstrated that diabetic patients with silent myocardial ischemia had evidence of a
diffuse abnormality in ['%*I]-MIBG uptake (Langer et al. 1995). A subsequent study
by Matsuo et al. showed decreased ['*I]-MIBG uptake particularly in the inferior
wall in patients with silent ischemia (Matsuo et al. 1996). All these studies were
based on relatively small patient sample size, which may have contributed to the
inconclusive results among the studies. It should also be noted that all these studies
mainly relied on interpretation of ['?*[]-MIBG SPECT images, where accurate
assessment of regional abnormalities may sometimes be difficult due to poor image
quality (Matsunari et al. 2010). Thus, much work still needs to be done to determine
the value of autonomic imaging to characterize silent myocardial ischemia.
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14.5 Reinnervation After Myocardial Infarction or Ischemia

Restoration of cardiac catecholamine uptake and storage site (i.e., reinnervation) is
known to occur after heart transplantation (Schwaiger et al. 1991), where postgan-
glionic sympathetic nerve fibers of the donor heart are interrupted, resulting in com-
plete denervation. It is also known that reinnervation following heart transplantation
is partial and not consistently observed (Bengel et al. 2001). In an experimental dog
study by Minardo et al., ['*)[]-MIBG scintigraphic images returned to normal at
14 weeks after myocardial infarction, which is consistent with the presence of rein-
nervation (Minardo et al. 1988). However, in a pig model of myocardial hibernation
(Fallavollita et al. 2010), [!!C]-mHED defects persisted despite functional improve-
ment at 4 weeks after successful percutaneous coronary intervention or pravastatin
therapy, indicating the lack of plasticity of sympathetic neurons within a short term.
Likewise, conflicting results have been published as to whether and when reinnerva-
tion occurs after myocardial infarction as summarized in Table 14.1. Allman et al.
performed [''C]-mHED PET in patients after myocardial infarction and did not
observe changes in [''C]-mHED defect size between 1 week and 8 months (Allman
et al. 1993). By contrast, Hartikainen et al. found partial reinnervation using
['2*I]-MIBG SPECT in peri-infarcted area during the follow-up period of 12 months
(Hartikainen et al. 1996). In patients with stable coronary heart disease undergoing
percutaneous coronary intervention, Guetner et al. performed ['*’]-MIBG SPECT
before and 3—4 months after the intervention and observed partial reinnervation in 5
of 16 (31 %) patients (Guertner et al. 1993). All of these studies were based on rela-
tively small sample sizes and were performed more than a decade ago using
older-generation cameras. It is also important to note that sympathetic dysinnerva-
tion after ischemic insult can be either functional (stunning), structural (anatomical
denervation), or both (Fallavollita and Canty 2010), which may affect the likelihood
and time course of reinnervation. Thus, whether and how reinnervation occurs as
well as its clinical implications after myocardial infarction or ischemia remain to be
determined by further studies.

14.6 Clinical Applications
14.6.1 Prognostic Value

There is an increasing body of evidence that autonomic imaging using ['*I]-MIBG
provides important prognostic information in patients with heart failure (Agostini
et al. 2008; Jacobson et al. 2010; Kuwabara et al. 2011; Merlet et al. 1992; Nakata
et al. 1998; Verberne et al. 2008). Patients with a reduced late H/M ratio or increased
washout rate are likely to be associated with poor prognosis. Although there are only
a few data available that have specifically looked at patients with coronary heart
disease (Kasama et al. 2011; Wakabayashi et al. 2001), many published studies
regarding prognostic value of ['I]-MIBG imaging included a considerable number
of ischemic heart failure patients. In a large prospective study (ADMIRE-HF) by
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Jacobson et al. involving 961 patients, for example, 61 % of total study population
had ischemic heart failure (Jacobson et al. 2010). Additionally, it is known that myo-
cardial adrenergic nerve activity measured by ['*’I]-MIBG imaging is accelerated in
proportion to severity of heart failure, independent of the underlying cause (Imamura
et al. 1995). Furthermore, in a study by Kasama et al. that focused on patients with
ST-segment elevation myocardial infarction, increased ['**1]-MIBG washout rate was
a significant predictor of cardiac events, independent of left ventricular ejection frac-
tion (LVEF) (Kasama et al. 2011). Thus, it is possible that ['**I]-MIBG imaging
predicts prognosis in patients with ischemic heart disease as does in general heart
failure population. However, it should be noted that the cutoff thresholds of H/M
ratio to identify high-risk patients may not be identical between ischemic and non-
ischemic heart failure, as demonstrated in a study by Wakabayashi et al. (2001).

At present, data on the prognostic value of autonomic PET imaging in CHD is still
limited. Pietila et al. performed [''C]-mHED PET imaging in 46 chronic heart failure
(CHF) patients (72 % of total population were CHD) and found that a low [''C]-mHED
retention was a predictor of poor prognosis (Pietila et al. 2001). Gaemperli et al. have
found that reduced myocardial f-adrenergic receptor density measured by
[''C]-CGP-12177 PET was associated with development of CHF during a median
follow-up period of 12.7 years (Gaemperli et al. 2010). Thus, autonomic PET imaging
also seems to be promising for risk stratification in CHD patients.

14.6.2 Therapy Monitoring and Prediction of Therapy Response

14.6.2.1 Medical

['2I]-MIBG imaging has been used for monitoring of medical therapies such as
beta-blockers in heart failure patients (Agostini et al. 2000; Gerson et al. 2002;
Kasama et al. 2003; Kramer et al. 1999; Lotze et al. 2001; Nakata et al. 2005;
Toyama et al. 2003, 2008; Watanabe et al. 2002b; Yamazaki et al. 2001). Likewise,
it should be possible that autonomic imaging can be used to monitor medical thera-
pies in ischemic heart failure. In patients with acute myocardial infarction, Kasama
et al. (2005, 2007) have demonstrated improved ['*’I]-MIBG defect score, H/M
ratio, and washout rate after short- or long-term nicorandil therapy. ['**I]-MIBG
imaging has also been used to predict therapy response in heart failure patients
(Choi et al. 2001; Fujimoto et al. 2004; Fukuoka et al. 1997; Kakuchi et al. 1999;
Suwa et al. 1997), where those with higher H/M ratio and/or lower washout rate are
likely to improve after treatment. However, there is only limited data available that
specifically focused on the predictive power of [?*[]-MIBG imaging in patients with
coronary heart disease.

14.6.2.2 Cardiac Resynchronization Therapy

Cardiac resynchronization therapy (CRT) has emerged as an effective option to treat
patients with drug-refractory heart failure and left ventricular desynchrony (Abraham
etal. 2002; St John Sutton et al. 2003). In general heart failure population, ['*I]-MIBG
imaging is known to be useful in monitoring CRT response (Burri et al. 2008;
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Cha et al. 2008; Erol-Yilmaz et al. 2005; Higuchi et al. 2006; Shinohara et al. 2011)
and in selecting patients who are likely to improve in response to CRT (Cha et al.
2011; Nishioka et al. 2007; Tanaka et al. 2012). Patients with significant response to
CRT are likely to be associated with improved H/M ratio and slowed washout on
['*I]-MIBG imaging after therapy, whereas those with no response are with no
improvement in these imaging parameters. Furthermore, patients with preserved
['%1]-MIBG H/M ratio and slower washout rate are likely to be associated with sig-
nificant improvement in function after CRT. These concepts may also apply to the
patients with ischemic heart failure. However, there are no studies that specifically
looked at patients with ischemic heart failure, and therefore more work needs to be
done to clarify the value of ['*I]-MIBG imaging in this clinical setting.

14.6.2.3 Implantable Cardioverter Defibrillators (ICDs)

Sudden cardiac death (SCD) due to lethal arrhythmia represents an important cause
of mortality in patients with CHD (Deo and Albert 2012). Implantable cardioverter
defibrillators (ICDs) have emerged as novel devices to prevent SCD (Mirowski et al.
1980). Generally accepted criteria for ICD therapy include severely depressed LVEF
(3040 %) in patients with coronary heart disease, history of cardiac arrest due to
ventricular arrhythmias, sustained ventricular tachycardias, positive electrophysio-
logic testing, and the like. However, many patients who die from SCD actually have
a low-risk profile and are missed for diagnosis by the current LVEF-based criteria.
Thus, we still need a better strategy to identify high-risk CHD patients for SCD who
are most likely to benefit from ICD therapy. In an animal model of post-infarct ven-
tricular tachycardia, Sasano et al. have demonstrated that the degree of perfusion/
innervation mismatch was significantly correlated with the earliest site of ventricular
activation during ventricular tachycardia (Sasano et al. 2008). In patients after acute
myocardial infarction, Simoes et al. have demonstrated a significant correlation
between the extent of sympathetically denervated but viable myocardium and elec-
trophysiological parameters characterizing repolarization and depolarization (Simoes
etal. 2004). Bax et al. performed ['**I]-MIBG imaging and electrophysiologic testing
in patients with a history of myocardial infarction and depressed LV function and
found a significant relationship between late ['**T]-MIBG defect score and inducibil-
ity of sustained ventricular arrhythmias (Bax et al. 2008). These observations suggest
that autonomic imaging may have a role to identify high-risk CHD patients for
SCD. This concept was further supported by subsequent ['*I]-MIBG imaging stud-
ies involving patients with ICD placement, in whom detailed information on arrhyth-
mic events is easily available (Boogers et al. 2010; Nishisato et al. 2010). Thus,
although further prospective large studies are required, autonomic imaging seems to
be useful to identify candidates for ICD placement in CHD.

14.6.2.4 Effects of Revascularization on Cardiac Sympathetic
Innervation in Stable CHD

Although coronary revascularization is a powerful therapeutic option to treat

patients with stable CHD, there are only limited data available that have focused on

the effect of revascularization on cardiac sympathetic innervation. As described in
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earlier Sect. 14.5, inconsistent results have been published as to whether reinnerva-
tion occurs after coronary revascularization (Fallavollita et al. 2010; Guertner et al.
1993).

Transmyocardial laser revascularization (TMR) is another therapeutic option
particularly for patients with severe CHD with refractory angina (Frazier et al.
1999). Although TMR alone may not necessarily improve survival rate, a combina-
tion of TMR and coronary revascularization is reportedly useful in relieving angina
as compared to traditional revascularization therapy (Fihn et al. 2012). There have
been several studies that investigated the effects of TMR on cardiac sympathetic
innervation. Al-Sheikh et al. performed [''C]-mHED PET imaging before and after
TMR and found that TMR causes LV cardiac sympathetic denervation without
affecting myocardial blood flow at rest or during stress, suggesting that the improve-
ment in angina may be due to sympathetic denervation (Al-Sheikh et al. 1999).
Subsequent experimental (Le et al. 2007) and clinical (Beek et al. 2004; Muxi et al.
2003; Teresinska et al. 2004) studies using ['?I]-MIBG have confirmed TMR-
induced denervation, although one experimental study using swine model and auto-
radiography did not show significant reduction in ['*I]-MIBG uptake 3 days after
the treatment (Johnson et al. 2002). Furthermore, similar to those reported for coro-
nary revascularization, whether reinnervation occurs after TMR is still a matter of
discussion (Beek et al. 2004; Muxi et al. 2003; Teresinska et al. 2004). Thus,
although regional denervation after TMR is likely to be related to angina relief,
clinical value of autonomic imaging in this area remains to be determined.

14.7 Conclusion and Future Perspectives

There is a general consensus that sympathetic nerve terminals are more sensitive to
ischemia than myocardial tissue, as confirmed by a number of studies using
['2I]-MIBG. Autonomic imaging has also been applied to characterize various isch-
emia-related alterations in sympathetic nerves such as those encountered in non-
infarcted remote myocardium, stable CHD, and vasospastic angina. Furthermore,
there is an increasing body of evidence that autonomic imaging provides important
clinical information such as prognosis and therapy response in CHD patients. In
addition, autonomic imaging may play a role for selecting patients who are likely to
benefit from CRT/ICD therapy. However, inconsistent ['*I]-MIBG imaging results
have been published in vasospastic angina, silent myocardial ischemia, and rein-
nervation after myocardial infarction. Thus, there are several areas where the role of
autonomic imaging in CHD remains to be established by further studies.

Autonomic PET imaging using pre- or postsynaptic sympathetic tracers such as
['!C]-mHED or [''C]-CGP-12177 has also been applied to characterize ischemia-
related alterations, which is particularly useful when regional assessment of sympa-
thetic nerve function is of concern such as those encountered in CHD. However, its
availability is still limited, resulting in limited clinical experience. New ['8F]-labeled
tracers such as ['®F]-LMI1195 (Yu et al. 2011) may facilitate its wider clinical use
in future.
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Abstract

Patients with diabetes mellitus are at an increased risk of silent myocardial infarction
and are associated with poor outcome related to ventricular arrhythmias and sud-
den cardiac death. Although the cardiac sympathetic nervous system can be evalu-
ated via the relatively simple and non-invasive assessment of heart rate variability,
the evaluation with cardiac nuclear imaging using ['*I]-metaiodobenzylguanidine
(['**I]-MIBG) scintigraphy seems to be more sensitive. In addition, cardiac
['#*I]-MIBG-derived semiquantitative parameters are important predictors of out-
come in patients with diabetes mellitus and heart failure.
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Abbreviations

CAD Coronary artery disease

CAN Cardiac autonomic neuropathy
DM Diabetes mellitus

ECG Electrocardiogram

H/M Heart/mediastinum

HF Heart failure
HRV Heart rate variability
LV Left ventricle

LVEF  Left ventricular ejection fraction

NYHA New York Heart Association

PET Positron emission tomography

RR R-wave to R-wave interval

SPECT  Single-photon emission computer tomography

15.1 Diabetes Mellitus

Diabetes mellitus (DM) is the most common endocrine disease and is primarily
defined by the level of hyperglycemia. Criteria of the American Diabetes Association
for the diagnosis of DM (American Diabetes Association 2008) are:

» Fasting (no caloric intake for at least 8 h) venous plasma glucose concentration
>7.0 mmol/l (126 mg/dl)

e Symptoms of hyperglycemia and a casual plasma glucose >11.1 mmol/l
(200 mg/ dl)

* Two-hour plasma glucose >11.1 mmol/l during an oral glucose tolerance test

Recent estimates indicate that there were 171 million people in the world with
DM in the year 2000 and this is projected to increase to 366 million by 2030 (Wild
et al. 2004).

In 2005, an estimated 1.1 million people died from the complications of DM and
almost half of deaths by DM occurred in people under the age of 70 years. Moreover,
55 % of DM deaths occurred in women (www.diabetes.org 2009).

DM can be classified in type 1 and type 2. DM type 1 (also called type 1 diabetes,
T1D, T1DM, insulin-dependent DM, juvenile diabetes) is an autoimmune disease,
which results in destruction of insulin-producing B-cells of the pancreas. The con-
sequential lack of insulin causes an increase of fasting blood glucose, and eventu-
ally glucose begins to appear in the urine when the urine glucose level is above the
renal reabsorption threshold. The subsequent glycosuria or glucose in the urine
causes the patient to urinate more frequently and drink more than normal (polydip-
sia). These characteristic symptoms often prompted the diagnosis DM.

DM type 2 (formerly called non-insulin-dependent or adult-onset DM) results
from the body’s ineffective use of insulin that is characterized by high blood glucose
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in the context of insulin resistance and relative insulin deficiency. DM type 2 com-
prises 90 % of people with diabetes around the world and is largely the result of
excess body weight and physical inactivity. While DM type 2 is initially often man-
aged by increasing exercise and dietary modification, medications are typically
needed as the disease progresses. Furthermore, DM type 2 is not only associated
with obesity but also with hypertension and elevated cholesterol (combined hyper-
lipidemia). The combination of these conditions is often referred to as the metabolic
syndrome. The symptoms of DM type 2 may be similar to those of DM type 1, but
are often less pronounced.

The long-term complications of DM include microvascular damage of the eyes,
kidneys, and nerves, and macrovascular complications including ischemic heart
disease, stroke, and peripheral vascular disease. Coronary artery disease (CAD) is
the leading cause of morbidity and death in individuals with DM type 2 (American
Diabetes Association 1998). The 10-year mortality rate in patients with known
CAD and diabetes exceeds 70 %. Some studies suggest that the risk for future
cardiac death in patients with diabetes without known CAD is similar to that in
nondiabetic patients with overt clinical CAD (Haffner et al. 1998). In addition,
early and late outcomes of diabetic patients with acute coronary syndromes are
worse than those of their nondiabetic counterparts. To compound the problem,
myocardial ischemia is often asymptomatic in patients with DM, and CAD is fre-
quently in an advanced state, when it becomes clinically manifest (The Bari
Investigators 1997, 2000).

The adverse clinical outcomes in patients with DM underscore the need to develop
practical approaches to detect CAD in an early stage before clinical symptoms occur.
Thus, early detection of CAD and myocardial ischemia seems to be important to
reduce cardiovascular disease, morbidity, and mortality in asymptomatic patients
with DM type 2. From a management perspective, patients with high-risk character-
istics on testing for myocardial ischemia may benefit from coronary revasculariza-
tion. With regard to pharmacological therapy, the knowledge that a patient with
diabetes has CAD may indicate the need to initiate or intensify pharmacological
therapy with aspirins, statins, and angiotensin-converting enzymes inhibitors.

Another important complication of DM is diabetic neuropathy. Diabetic neuropa-
thies are a heterogeneous group of diabetic complications that affect different parts
of the peripheral nervous system. Its pathophysiology is likely to be multifactorial,
involving alterations in metabolism, micro- and macrovascular dysfunction, defi-
ciency of neurohormonal growth factor, and autoimmune nerve damage (Vinik and
Ziegler 2007). Cardiac autonomic neuropathy (CAN) is one of the most important
neuropathies for patients with DM, because it is related with poor cardiac outcome.

15.2 Cardiac Autonomic Neuropathy
CAN due to structural and functional changes has been described in many disease

states. The classical case of cardiac denervation exists after cardiac transplantation,
but autonomic dysfunction is also common in heart failure, chronic kidney disease,
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myocardial ischemia, hibernating myocardium, and DM (Ji and Travin 2010;
Fallavollita and Canty 2010).

The prevalence of CAN in type 2 diabetic patients is estimated to be around
20-30 % of patients. Although diabetic autonomic neuropathy can affect every sys-
tem in the body, CAN is particularly associated with an increased risk of silent
myocardial infarction and associated with poor outcome related to ventricular
arrhythmias and sudden cardiac death (Gerritsen et al. 2001; Zipes and Wellens
1998) thus contributing to significant cardiovascular morbidity and mortality
(Boulton et al. 2005).

CAN results from damage to the autonomic nerve fibers innervating the heart
and blood vessels, which causes abnormalities in heart rate control and impairs
vascular dynamics. Clinical manifestations of CAN include resting tachycardia
(heart rate >100 beats/min), exercise intolerance due to blunting of cardiac output in
response to exercise, orthostatic hypotension (fall in systolic blood pressure
>20 mmHg or diastolic blood pressure >10 mmHg on standing) without an appro-
priate reflex increase in heart rate, asymptomatic (silent) ischemia or painless myo-
cardial infarction, and intraoperative cardiovascular instability (Vinik et al. 2003).

15.3 Heart Rate Variability

In clinical practice, it is possible to assess CAN by measuring heart rate variability
(HRV). HRV is the physiological phenomenon of variation in the time between
heart beats. It can be measured by the variation in the beat-to-beat interval.
Measuring the HRV has shown to be a simple, non-invasive method to evaluate both
the parasympathetic and sympathetic nervous systems using a range of different
tests. These tests can be recorded, for instance, with the aid of a Holter electrocar-
diogram (ECG).

Drugs influencing HRYV, such as p-adrenergic blockers, angiotensin-converting
enzyme inhibitors, angiotensin receptor blocker, and neuroleptic drugs or clozapine,
have to be stopped 1 week before HRV measurement.

Assessment of the parasympathetic nervous system includes:

1. HRV at rest over 150 consecutive beats.

2. Beat-to-beat variation (the mean longest RR interval) with deep breathing at 6 cycles
per minute over 120 consecutive beats, the so-called E(xpiration):I(nspiration) ratio.

3. Immediate heart rate response in reaction to change in position from recumbent
to standing. This can be calculated as the “30-15 ratio,” defined as the longest
RR interval of beats 20—40 divided by the shortest RR interval of beat 5-25 with
beat one being the first one during the process of getting up.

4. HRV during Valsalva maneuver (i.e., moderately forceful attempted exhalation
against a closed airway, usually done by closing one’s mouth, pinching one’s
nose shut while pressing out as if blowing up a balloon): calculated as the ratio
of the longest RR interval following the pressure release to the shortest RR inter-
val during the maneuver.
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Assessment of the sympathetic nervous system includes the resting heart
rate, spectral analysis of heart rate variation, postural blood pressure, handgrip
blood pressure, cold pressor response, sympathetic skin galvanic response,
sudorometry (i.e., assessment of perspiration), and cutaneous blood flow (Vinik
and Ziegler 2007).

A decrease in systolic blood pressure equal to or greater than 30 mmHg within
2 min after standing can also be defined as an abnormal heart rate response (Clarke
etal. 1979). Finally, two or more abnormal cardiovascular reflex tests can be defined
as CAN positive (ECG-based CAN) and one or less as CAN negative (Rose and
Blackburn 1968; Turpeinen et al. 1996; Schnell et al. 2002).

15.4 Prognosis of CAN Measured with HRV

The presence of CAN conveys a poor clinical outcome. In 1976 already, Ewing
et al. published the results of 37 diabetic patients with symptoms and clinical fea-
tures suggestive of autonomic neuropathy who were followed for 33 months (Ewing
et al. 1976). The authors concluded that simple autonomic function tests provided
significant prognostic information, with abnormal tests being associated with a high
mortality. These results were confirmed in a larger population (n=605) of the Hoorn
study with a follow-up period of 9 years (Gerritsen et al. 2001). Mortality during the
follow-up was 17 % (n=101 patients), and patients with diabetes and impaired
autonomic function had a twofold mortality risk. Meta-analysis by Vinik and
coworkers assessed also the prognostic value of CAN in diabetic patients (Vinik
et al. 2003). Using the pooled analyses from 12 studies involving 1,486 study sub-
jects, they estimated that the pooled prevalence rate risk for silent myocardial
infarction in diabetic patients was 1.96 (95 % confidence interval 1.53-2.51,
P<0.001) (Vinik et al. 2003). In the same review, the pooled estimate of the relative
risk for mortality, based on 15 studies with 2,900 patients, was 2.14 (95 % confi-
dence interval 1.83-2.51, P<0.0001) for diabetic patients with CAN. The role of
CAN in asymptomatic diabetic patients has been described by Valensi and col-
leagues (Valensi et al. 2001). In this study, 75 patients with at least two cardiovas-
cular risk factors were evaluated for silent myocardial ischemia and CAN with a
3—7 years follow-up period. Eleven (15 %) patients had a major cardiovascular
event, and multivariate analysis demonstrated that CAN was a better predictor of
major cardiac events than silent myocardial ischemia.

Thus, it was estimated that the 5-year mortality rate is five times higher in dia-
betic patients with CAN compared with patients without evidence of CAN (Vinik
et al. 2003; Vinik and Ziegler 2007). Therefore, early diagnosis and recognition of
CAN are crucial as it may impact on the clinical decision-making of these patients.

However, all these tests are indirect assessments of the autonomic nervous sys-
tem and are less sensitive than direct assessments by cardiac radionuclide imaging
with single-photon emission computer tomography (SPECT) or positron emission
tomography (PET) (Ziegler et al. 1998; Stevens et al. 1998).
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15.5 Radionuclide Imaging of CAN in DM

SPECT and PET imaging are nowadays available for the assessment of cardiac
sympathetic adrenergic innervation and activation. Both techniques can evaluate
abnormalities in cardiac sympathetic innervation by visualizing the uptake and stor-
age of radiolabeled neurotransmitters transported into the presynaptic nerve
terminals.

15.5.1 ['>1]-MIBG SPECT

At present, several studies using ['*’I]-MIBG imaging have demonstrated the pres-
ence of global and regional abnormalities in sympathetic innervation in diabetic
patients (Turpeinen et al. 1996; Nagamachi et al. 2002, 2006; Kreiner et al. 1995;
Scognamiglo et al. 1998). Turpeinen and colleagues performed ['**1]-MIBG scintig-
raphy to evaluate regional abnormalities in sympathetic innervation pattern in 7 type
1 and 13 type 2 diabetic patients (Turpeinen et al. 1996). Type 2 diabetic patients
showed reduced [’ I]-MIBG uptake in the inferoposterior segments compared with
type 1 diabetic patients. However, conventional indirect measures of autonomic
function by power spectral analysis of HRV failed to detect any differences between
the two groups. Nagamachi and colleagues subsequently evaluated the prognostic
value of cardiac ['**I]-MIBG imaging by retrospectively evaluating 144 type 2 dia-
betic patients for the occurrence of cardiac events (arrthythmia, heart failure, or
acute myocardial infarction) and all-cause mortality (Nagamachi et al. 2006). After
a mean follow-up period of 7.2+3.2 years, 17 (11.8 %), patients experienced a car-
diac event, of which seven died. An additional 9 patients died due to noncardiac
causes. On multivariate analysis, the presence of CAN, defined as a combination of
the delayed heart/mediastinum (H/M) ratio and coefficient of R-wave to R-wave
(RR) interval, was an independent predictor of cardiac events on follow-up (relative
risk 6.75, 95 % confidence interval 1.16-39.3, P=0.03). Similarly, the presence of
CAN (relative risk 17.1, 95 % confidence interval 1.07-27.9, P=0.04) and a reduced
H/M ratio on delayed ['**I]-MIBG imaging (relative risk 6.0, 95 % confidence inter-
val 1.18-30.6, P=0.04) were independent predictors of all-cause mortality.
Previous data have suggested that ['**I]-MIBG scintigraphy may be more sensi-
tive than HRYV for detection of CAN in diabetic subjects (Schnell et al. 2002; Ziegler
et al. 1998). Langer and colleagues investigated CAN according to HRV and
['2*I]-MIBG scintigraphy in 23 normal subjects and 65 asymptomatic patients with
diabetes type 2 and silent myocardial ischemia (Langer et al. 1995). The authors
showed that ['*’I]-MIBG uptake was largely diminished in diabetic patients, espe-
cially in those with clinically detectable CAN; moreover, diffuse abnormalities in
['*I]-MIBG uptake were observed in patients with silent myocardial ischemia.
Scholte and coworkers performed a systematic, head-to-head comparison between
HRV and ['*I]-MIBG scintigraphy in 88 patients with type 2 diabetes asymptom-
atic for CAD to evaluate the presence of CAN (Scholte et al. 2010). The study
included much more patients than the previous studies, but although the inclusion
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Fig.15.1 A 61-year-old female with DM-2 and no cardiac complaints. Myocardial perfusion scintig-
raphy showed normal perfusion at rest and during exercise. Planar cardiac ['*I]-MIBG scintigraphy at
15 min (i.e., early) and 4 h (i.e., late) postinjection (left and right panels). The early and late ['**I]-MIBG
H/M ratios are to be considered as normal. The calculated myocardial washout of ['**I]-MIBG was
approximately 6 % (also within the normal range). However, the reconstructed cardiac ['*I]-MIBG
SPECT images clearly showed reduced ['**I]-MIBG uptake in the inferior myocardial wall

Fig.15.2 Early and delayed short-axis (SA) and vertical long-axis (VLA) views

criteria were different, the results were in line with previous reports observing a
significantly higher proportion of CAN with ['2*I]-MIBG scintigraphy compared to
HRYV (Schnell et al. 1995, 1996, 2002). The fact that more patients exhibit abnor-
malities on cardiac ['*I]-MIBG imaging as compared to HRV, as illustrated in a
patient in Figs. 15.1, 15.2, and 15.3, underscores the suggestion that abnormalities
in cardiac sympathetic innervation occur prior to ECG-based (HRV) cardiac auto-
nomic dysfunction (Schnell et al. 2002). An alternative explanation is that
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Fig. 15.3 Normal HRV registration measurement of the same patient as depicted in Fig. 15.2.
This nicely illustrates that cardiac ['**I]-MIBG seems to be more sensitive for detecting possible
cardiac autonomic neuropathy. (a) Beat-to-beat variation during 5 min at rest. (b) RR interval dur-
ing 2 min of deep inspiration and expiration. (¢) RR interval during Valsalva maneuver of 15 s. (d)
RR interval during laying to standing test

['2I]-MIBG scintigraphy mainly reflects sympathetic innervation, whereas HRV
may be more related to parasympathetic function (Ewing and Clarke 1982). In addi-
tion, HRV is more a reflection of global/systemic autonomic innervation/function,
whereas cardiac ['ZI]-MIBG reflects organ-specific sympathetic innervation and
function. Although it remains to be determined which of these two parameters may
be more useful to predict long-term outcome, HRV and cardiac ['?*]-MIBG imag-
ing may be complementary and add incremental value to each other.

While HRV and other traditional parameters provide an impression of global
innervation abnormalities, ['**I]-MIBG scintigraphy with SPECT provides informa-
tion on regional innervation. The findings in the study from Scholte indicated that
regional abnormalities occur often in patients with asymptomatic diabetes. Other
studies using ['ZI]-MIBG scintigraphy, in populations with varying cardiovascular
diseases, have also shown regional innervation abnormalities (Schnell et al. 1995,
1996, 2002; Scott and Kench 2004). For example, Langer and colleagues, evaluated
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65 diabetic patients and noted significantly impaired ['*I]-MIBG uptake in the infe-
rior wall and apex (Langer et al. 1995). Additional studies have shown that abnor-
malities in CAN tend to occur first in the inferior regions of the myocardium and then
progressively spread to adjacent segments (Schnell et al. 1997; Hattori et al. 1996).

15.5.2 Positron Emission Tomography

Absolute quantification of myocardial sympathetic innervation is possible with PET
imaging. Using carbon-11 metahydroxyephedrine (['!C]-mHED) in PET imaging
has the advantage of accurately detecting regional abnormalities in sympathetic
innervation. Regional abnormalities in cardiac sympathetic innervation with
['!C]-mHED PET imaging in 29 diabetic patients compared with ten healthy sub-
jects has been studied by Stevens and coworkers (Stevens et al. 1998). The diabetic
patients were categorized into the presence of mild or severe diabetic autonomic
neuropathy. Using the absolute difference in myocardial tracer uptake, the extent of
regional sympathetic denervation was expressed as the percentage of the left ven-
tricle (LV) in all subjects with diabetes. The study showed that the extent of regional
sympathetic denervation was significantly larger in patients with severe autonomic
neuropathy compared with patients with mild autonomic neuropathy (48+19 % vs.
6+5 %, P<0.01). Furthermore, there was evidence of sympathetic dysinnervation
with increased innervation in the basal myocardial segments but decreased innerva-
tion in the apical myocardial segments. This variation in regional myocardial varia-
tion in sympathetic innervation could contribute to myocardial electrical instability
and potentially life-threatening arrhythmias.

15.6 DM CAN in Heart Failure Patients

The role of ['*I]-MIBG scintigraphy in predicting heart failure (HF) progression
in patients with and without DM has been worked out in a substudy of the
ADMIRE-HF study (Gerson et al. 2011; Jacobson et al. 2010). In this international
multicenter study, the prognostic value of ['?’I]-MIBG cardiac imaging in 961 sub-
jects with NYHA class II-III heart failure and left ventricular ejection fraction
(LVEF) <35 % has been evaluated. Progression of HF, defined as an increase in
NYHA class (from II to III/IV or from III to IV), was observed in 22 % of patients
with DM compared to 14 % in those without DM (P =0.005). In patients with DM,
the late H/M ratio was lower than in those without DM, and only 21 % of patients
with DM in the study had a late H/M ratio > 1.6. This is consistent with cardiac
autonomic neuropathy in patients with HF in general, regardless of the presence of
DM. Moreover, in heart failure patients with H/M ratio< 1.6, DM was associated
with an three times increased risk of HF progression over 2 years compared to
those with DM with normal ['**[]-MIBG uptake (RR, 2.99; P<0.001). The late
H/M ratio was an independent, incremental predictor of HF progression in addition
to B-type natriuretic peptide, LVEF, and NYHA class, supporting the association
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of DM with alterations in cardiac structure and function and highlighting the con-
tribution of cardiac autonomic denervation to the development and progression of
HF (Boudina and Abel 2007).

As discussed by Gerson and colleagues, different pathways may be responsible
for this observation (Gerson et al. 2011). A defective angina warning system can
interfere with identification of myocardial ischemia and infarction (i.e., silent) pre-
venting application of effective therapies for ischemic heart disease. In addition, this
defective warning system leads to an activation of the renin-angiotensin-aldosterone
system, tachycardia by uninhibited sympathetic activity, orthostatic hypotension,
and uncontrolled hypertension (Gerson et al. 2011). As a result, left ventricular sys-
tolic and diastolic dysfunction can progress. Also, autonomic dysfunction involving
cardiac efferent sympathetic nerve transmission is an important determinant of coro-
nary blood flow under conditions of increased sympathetic stimulation. In response
to sympathetic activation by cold pressor stress, Di Carli and colleagues showed a
31+12 % increase in myocardial blood flow with a 13 % fall in coronary vascular
resistance in diabetics without sympathetic nerve dysfunction compared to only a
14+10 % increase in myocardial blood flow and a 5 % increase in coronary resis-
tance in diabetics with sympathetic nerve dysfunction (Di Carli et al. 1999).

15.7 Clinical Implications and Conclusions

Of all established diabetes mellitus-related and cardiac risk factors in patients with
diabetes, poor glycemic control is of great importance in the development and pro-
gression of CAN (Ziegler et al. 1998; Schnell et al. 1997). Accordingly, early detec-
tion of CAN is of utmost importance, and cardiac [**[]-MIBG scintigraphy appears
more sensitive than HRV to detect CAN in diabetic patients. Identification of these
patients may permit risk factor modification, and intensive medical treatment, aim-
ing at better glycemic control, which in turn may favorably affect outcome (Anan
et al. 2005, 2006, 2007a, b). Indeed, several studies have shown that improvement
of CAN (as evidenced by HRV) can be achieved by weight loss as a result of regular
exercise (Howorka et al. 1997; Kontopoulos et al. 1997). Furthermore, progression
of CAN can also be delayed by intensive medical therapy, thereby reducing the risk
of premature mortality and progression of heart failure (Ziegler 1994).
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Abstract

Cardiac amyloidosis is a restrictive cardiomyopathy with potentially fatal con-
sequences due to amyloid deposition in the myocardial tissue, but also to amy-
loid infiltration in the nerve conduction system. The prognosis is poor because
of progressive cardiac disease. Early detection of cardiac involvement has
become of major clinical interest, because its occurrence and severity limits the
choice of treatment. The use of iodine-123 labelled metaiodobenzylguanidine
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([***I]-MIBG), a chemical modified analogue of norepinephrine, is well estab-
lished in patients with heart failure and plays an important role in cardiac amy-
loidosis. ['I]-MIBG is stored in vesicles in the sympathetic nerve terminals and
is not catabolised like norepinephrine. Decreased heart-to-mediastinum ratios
(HMR) on late planar images and increased wash-out rates indicate cardiac
sympathetic denervation and are associated with poor prognosis. Single-photon
emission computed tomography (SPECT) provides additional information and
has advantages for evaluating abnormalities in regional distribution in the myo-
cardium. However, inferior wall defects should be interpreted with caution.

Abbreviations

AA Serum amyloid A protein type of amyloidosis
AF Atrial fibrillation

AL Immunoglobulin light chain type of amyloidosis
ANS Autonomic nervous system

ATTR  Transthyretin type of amyloidosis

HMR Heart-to-mediastinum ratio

HRV Heart rate variability

LVEF  Left ventricular ejection fraction

MHED Meta-hydroxy-ephedrine

MIBG  Meta-iodobenzylguanidine

MRI Magnetic resonance imaging

SAP Serum amyloid P component

SPECT  Single-photon emission computed tomography
TTE Transthoracic echocardiography

16.1 Introduction

Cardiac amyloidosis is a rare disorder. Amyloidosis is caused by misfolded soluble
serum proteins that are deposited extracellularly as insoluble amyloid fibrils
throughout the body. All major types of systemic amyloidosis may display cardiac
involvement. About 50 % of all amyloidosis patients experience some cardiac mani-
festations related to the disease. The prevalence of this cardiac involvement varies
widely among the different types. It is frequent in AL type (immunoglobulin light
chain derived) and ATTR type (transthyretin derived) but infrequent in AA type
(serum amyloid A protein derived) amyloidosis (Falk et al. 1997; Sipe et al. 2012).
Cardiac involvement eventually leads to a type of cardiomyopathy that does not
present with ventricular hypertrophy or dilatation. Instead, it leads to restricted ven-
tricular filling, resulting in symptoms and signs of heart failure. Heart failure occurs
in at least 25 % of all patients (Dubrey et al. 1998). In ATTR amyloidosis, however,
cardiac involvement initially leads less frequently to systolic dysfunction and heart
failure. Furthermore, symptoms are milder and progression is slower, when
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compared to AL amyloidosis. Restrictions in ventricular filling result in persistently
elevated venous pressures, liver enlargement, ascites and oedema, i.e. the clinical
picture of right-sided heart failure. Consequently, patients usually suffer from dys-
pnoea and fatigue. Amyloidosis is the most common cause of this so-called restric-
tive cardiomyopathy.

The diagnosis is based on histological proof from endomyocardial biopsy,
especially when amyloidosis is limited to the heart. Four samples provide a sensi-
tivity of nearly 100 %, and a negative biopsy almost always rules out the disease.
But this gold standard is not met in most patients, because the diagnosis is very
likely when amyloid has been detected in extra-cardiac tissue (e.g. in subcutane-
ous abdominal fat tissue, see Fig. 16.1) in combination with the typical clinical
picture of amyloid cardiomyopathy (Gertz et al. 2005). Since endomyocardial
biopsy harbours a risk in these patients, a non-invasive diagnostic tool is clinically
valuable. Different imaging modalities are used for haemodynamics and determi-
nation of prognosis. Correct and early recognition of cardiac amyloidosis and its
various types remains a challenge.

The prognosis of cardiac amyloidosis is worse compared to other manifestations
of the disease. Cardiac AL amyloidosis is often rapidly progressive, and, in patients
with ventricular septum thickness >15 mm, left ventricular ejection fraction (LVEF)
<40 % and symptoms of heart failure, the median survival is less than 6 months
(Ronsyn et al. 2011). No specific treatment exists for cardiac amyloidosis or restric-
tive cardiomyopathy. However, heart failure should be treated with diuretics, and
cardiac transplantation might be considered in selected cases. Early detection of
cardiac involvement is essential as the presence and severity of cardiac amyloidosis
clearly influence the treatment options to stop progression of the disease and, even
more importantly, directly affect prognosis.

16.1.1 The Role of Non-scintigraphic Imaging Modalities

A detailed outline on the role of non-scintigraphic imaging modalities to assess
potential cardiac amyloidosis is not in the scope of this book chapter. In short, trans-
thoracic echocardiography and cardiac magnetic resonance imaging with gadolin-
ium enhancement are discussed.

Transthoracic echocardiography plays an important role in the evaluation of car-
diac manifestation of amyloidosis. Nowadays, it is the modality of choice for the
evaluation of amyloid deposition in the heart (Falk et al. 1987). The most common
finding is left ventricular wall thickening due to amyloid deposition in the myocar-
dium. This is often associated with right ventricular wall thickening, diffuse valvu-
lar infiltration, dilated atria and pericardial effusion (Klein et al. 1990). Although
echocardiography plays a major role, the diagnosis of cardiac amyloidosis is often
only possible when the disease has reached an advanced stage, where irreversible
functional and structural myocardial changes have occurred. There is an obvious
need for methods that detect cardiac amyloidosis in an earlier and preferentially
presymptomatic phase.
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Fig. 16.1 An example of an abdominal subcutaneous fat aspirate exposing amyloid deposits,
stained with Congo red. (a) Viewed in normal light: amyloid is stained red. Bar length is 200 pm.
(b) Viewed in polarised light: amyloid shows apple-green birefringence (collagen is bluish white)
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If echocardiography is inconclusive, cardiac magnetic resonance imaging with
gadolinium enhancement might be useful. Gadolinium is an extracellular fluid
tracer which accumulates in expanded interstitial place. Usually, in the intact myo-
cardium, the distribution of gadolinium is very low, and therefore gadolinium
enhancement is absent. However, in the case of myocardial interstitial space expan-
sion, such as in amyloidosis due to extracellular amyloid infiltration, gadolinium
concentration may increase within myocardial tissue. Global subendocardial late
gadolinium enhancement can be found in approximately two-thirds of patients with
systemic amyloidosis (Maceira et al. 2005). However, the value of MRI for the early
detection of cardiac involvement is not clear.

16.1.2 The Role of Scintigraphic Imaging Modalities

Scintigraphy, using labelled serum amyloid P component (SAP), provides not only
information on different organ distributions, but serial scans can provide evidence of
progression and regression of the disease (Hawkins 2002). Unfortunately, these SAP
scans are unsuitable for detecting amyloid deposition in the myocardium, due to size of
the tracer, heart movement, blood-pool content and residual tracer uptake in the spleen.

Autonomic innervation abnormalities resulting in impaired gastric emptying is
fairly common in patients with hereditary ATTR amyloidosis, in which disease a
TTR mutation causes amyloid deposition (Wixner et al. 2012). Scintigraphic gastric
emptying studies can play a role in identifying gastric retention due to ATTR amy-
loidosis. This same modality had been used to evaluate the effect of liver transplan-
tation on gastric emptying. It showed that liver transplantation eventually had no
effect on the gastric emptying time in these patients (Suhr et al. 2003).

Myocardial adrenergic denervation, using iodine-123 meta-iodobenzylguanidine
([**1]-MIBG), has been shown present in patients with amyloidosis (Nakata et al.
1995; Tanaka et al. 1997; Delahaye et al. 1999). Indirectly, ['*I]-MIBG visualises
the effect of amyloid deposition in the myocardium. This technique might be able
to detect early cardiac denervation before ongoing deposition of amyloid leads to
actual heart failure. Table 16.1 provides an overview of the diagnostic criteria for
the assessment of cardiac amyloidosis, using the above-mentioned imaging modali-
ties. The purpose of this book chapter is to discuss the role of ['*I]-MIBG in the
assessment of cardiac amyloidosis.

16.2 Consequences of Impaired Sympathetic Innervation
in Cardiac Amyloidosis

Cardiac amyloidosis is a form of restrictive cardiomyopathy, due to the progressive
deposition of amyloid fibrils in myocardium and direct depression of diastolic func-
tion. Usually this occurs in both left and right ventricles, causing biventricular heart
failure. But cardiac amyloidosis often presents itself as severe right-sided heart fail-
ure only. Eventually, systolic dysfunction leads to congestive heart failure. This
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Table 16.1 Diagnostic criteria for cardiac amyloidosis

Findings in cardiac

Imaging modality amyloidosis Remarks
Endomyocardial biopsy | Positive Congo red staining | Gold standard, however invasive
method
Transthoracic Main findings: Modality of choice, however often
echocardiography Left ventricular wall only positive in advanced stage of
thickening disease
Highly refractile
(sparkling cardiac
echoes)
Associated findings:
Right ventricular wall
thickening
Diffuse valvular
infiltration
Dilated atria
Pericardial effusion
Magnetic resonance Global subendocardial late | Aspecific finding. No role in early
imaging gadolinium enhancement stage of disease
['**1]-MIBG scintigraphy | Planar views: Restricted to AL and ATTR patients.

Positive test results before
abnormalities on echocardiography

Low heart-to- However, inferior wall defect on
mediastinum ratio SPECT can be false positive
(HMR, <1.6) at4 h
post injection

High wash-out rate
(>20 %) at 4 h post
injection

SPECT:

Segmental defect on
polar map view

occurs only in late stages because the left ventricular ejection fraction (LVEF)
remains (nearly) normal until late in disease. Symptoms caused by heart failure are
dyspnoea, orthopnoea, peripheral oedema and sometimes, in late stages of the dis-
ease, ascites.

Amyloid deposition in the atria can cause atrial fibrillation (AF) that causes com-
plaints of fast and irregular heart action. Also, AF is associated with the develop-
ment of thromboembolism. A poor LVEF and amyloid infiltration can contribute to
the complications of embolisms (e.g. cerebral infarction).

Furthermore, microvascular disease does not only cause complaints of angina
due to myocardial ischemia (Mueller et al. 2000), it also often leads to syncope
(Chamarthi et al. 1997). The development of syncope seems to be based on multiple
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factors. First, it may be a consequence of bradycardia due to amyloid infiltration in
the conduction system. Secondly, a syncope can be a result of sustained ventricular
tachycardia. Third, it may be caused by hypotension due to autonomic neuropathy
or forward failure, sometimes aggravated by overuse of diuretic drugs. Finally, it
may be the onset of sudden cardiac death due to electromechanical dissociation
rather than ventricular dysrhythmias (Falk et al. 1984).

16.3 Use of Planar Images of ['2I]-MIBG in Amyloidosis

The use of ['**I]-MIBG is studied most intensively in patients with hereditary ATTR
amyloidosis with polyneuropathy, formerly called familial amyloidotic polyneurop-
athy. The first reported case of severe peripheral neuropathy due to hereditary ATTR,
in which 111 MBq [**’I]-MIBG was used, did not show any definite myocardial
activity in all cardiac regions on either early (30 min post injection (pi)) or late
images (4 h pi) (Nakata et al. 1995); see also an example of a normal and abnormal
[*2*I]-MIBG scan in Figs. 16.2 and 16.3. Although the cardiac walls were markedly
thickened by amyloid, the left ventricular ejection fraction was normal on radionu-
clide ventriculography, as well as myocardial perfusion using thallium-201 ([**'T1]).
Analysis of heart rate variability (HRV) suggested highly damaged vagal and sympa-
thetic activities. Thus, the defects on the ['*I]-MIBG scan were considered to repre-
sent impaired sympathetic nerve endings in the heart due to amyloid deposition.
The lack of ['**I]-MIBG uptake in myocardial tissue was also seen in a second case
report (Arbab et al. 1997). In this patient with hereditary ATTR, a ['?*[]-MIBG scan
was performed, which showed no uptake in the heart, indicating severe impairment
of cardiac sympathetic function. Also several other investigations were performed,
including technetium-99m-labelled dimercaptosuccinic acid ([*™Tc]-DMSA),

Fig.16.2 An example of normal ['*’I]-MIBG uptake. HMR on early (leff) image 2.50, HMR on
late (right) image 2.50, wash-out 0 %
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Fig. 16.3 An example of abnormal ['*I]-MIBG uptake in a patient with amyloid deposition.
HMR on early (left) image 1.89, HMR on late (right) image 1.37, wash-out 27 %

[*'T1] and iodine-123-labelled 15-(p-iodophenyl)-3-(R,S)-methyl-pentadecanoic
acid (['**I]-BMIPP) studies. These studies showed myocardial involvement of amy-
loidosis ([*™Tc]-DMSA), normal myocardial perfusion ([*°'T1]) and normal fatty
acid metabolism (['*I]-BMIPP), respectively.

In the first clinical study, 12 patients with hereditary ATTR and polyneuropathy
were prospectively followed, using ['2*I]-MIBG and comparing it to echocardiogra-
phy, and to [**'T1] and [*™Tc]-labelled pyrophosphate ([***Tc]-PYP) imaging stud-
ies (Tanaka et al. 1997). All 12 patients suffered from biopsy-proven cardiac
amyloidosis. Four mCi (148 MBq) ['*I]-MIBG was administered and scans were
performed 30 min and 3 h post injection (pi). In 8 out of these 12 patients no myo-
cardial uptake of ['2I]-MIBG was found on either the early or the late images. The
remaining four patients showed only limited uptake in the anterior wall on both
early and late images. Four patients had left ventricle (LV) wall thickening on echo-
cardiography, with otherwise normal results. There was no significant correlation
found between the prevalence of decreased uptake of ['*I]-MIBG and LV wall
thickness and results of [*™Tc]-PYP scans. All 12 patients had normal myocardial
perfusion on [*°'T1] scan. So, in conclusion, patients with hereditary ATTR amyloi-
dosis and polyneuropathy were found to have a high incidence of myocardial adren-
ergic denervation with viable myocardium, which can be found early in cardiac
amyloidosis in the absence of clinically apparent heart disease.

In the second clinical study, 17 patients with hereditary ATTR amyloidosis and
polyneuropathy were analysed before liver transplantation (Delahaye et al. 1999).
All patients had biopsy-proven ATTR amyloid by specimens from either rectal
mucosa or peripheral nerves. These patients underwent ['ZI]-MIBG (300 MBq)
scanning at 20 min and 4 h pi, heart rate variability analysis, coronary angiography,
radionuclide ventriculography, rest [*°'T1] scan, echocardiography and measure-
ment of plasma catecholamine levels. ['*I]-MIBG scans were also performed in 12
age-matched control subjects. Planar ['ZI]-MIBG images were analysed using
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HMR and wash-out rate, defined as percent change in activity from early to late
images within the LV. No patients showed evidence of coronary artery disease, per-
fusion defects or diminished LVEF. However, cardiac ['*I]-MIBG uptake was dra-
matically decreased in ATTR patients compared to the age-matched control
population, on both early and late images (HMR at 4 h: 1.36+0.26 vs. 1.98+0.35,
p<0.001). The wash-out rate was not significantly different. On the other hand,
cardiac ['*I]-MIBG uptake at 4 h correlated with the severity of polyneuropathy. In
concordance to the results of the former mentioned study, these patients with ATTR
amyloidosis had sympathetic denervation as assessed by ['*I]-MIBG imaging,
despite normal LV systolic function and myocardial perfusion.

In continuation of these findings a subsequent study in 31 patients with heredi-
tary ATTR amyloidosis and polyneuropathy was performed after liver transplanta-
tion (Delahaye et al. 2006). The purpose of this study was to evaluate the outcomes
of cardiac sympathetic innervation and amyloid infiltration after liver transplanta-
tion. Cardiac sympathetic innervation was assessed in the same manner as the study
published in 1999 by the same authors: 300 MBq ['*I]-MIBG, scans at 20 min and
4 h pi and the use of HMR and wash-out rates. A similar age-matched control popu-
lation was used for normal values of HMR and wash-out rate. All patients also
underwent a [°'T1] scan at rest, heart rate variability analysis, echocardiography,
and right heart catheterisation. Sympathetic denervation was found in patients
before liver transplantation compared to the control population (HMR 1.45+0.29
vs. 1.98+0.35, p<0.001) After liver transplantation, there was no significant change
in global ['**I]-MIBG HMR (1.46+0.28). This may implicate that progression of
cardiac sympathetic denervation stops after liver transplantation and that early re-
innervation cannot be measured within 2 years after liver transplantation. There was
no correlation found between age and echocardiographic findings. However, con-
duction disturbances, ventricular arrhythmias and LV wall thickening were associ-
ated with low ['**I]-MIBG uptake and progressed after liver transplantation. This
may implicate progression of cardiac amyloid infiltration after liver transplantation
(Haagsma et al. 2007). Low cardiac ['*I]-MIBG uptake was also in this study asso-
ciated with severity of polyneuropathy, which worsened after liver transplantation.
The authors conclude that ['**I]-MIBG imaging can provide an objective measure-
ment of cardiac sympathetic innervation, which could help to guide the indications
for liver transplantation in patients with early stage of hereditary ATTR amyloidosis
and polyneuropathy.

Although symptoms and consequences of cardiac amyloid deposition in AL
amyloidosis are often more frequent and severe than in ATTR amyloidosis (causing
more frequently fatal dysfunction), the use of ['*I]-MIBG in this type of disease has
hardly been studied. In fact only one major study has been performed in which the
presence of impaired myocardial sympathetic innervation was related to clinical
autonomic abnormalities and congestive heart failure in AL amyloidosis (Hongo
et al. 2002). In this study 25 patients with biopsy-proven cardiac manifestation of
AL amyloidosis underwent autonomic function tests, echocardiography, heart rate
variability analysis and ['*I]-MIBG scanning. The ['*I]-MIBG scans were per-
formed using 111 MBq ['**I]-MIBG with uptake at 30 min and 3 h pi. Myocardial
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uptake and wash-out rates were calculated using HMR. Furthermore, 20 of 25
patients underwent [*°!T1] scan at rest for myocardial perfusion. Of the 25 patients,
9 suffered from autonomic dysfunction and 16 did not. Five of 9 patients with auto-
nomic dysfunction and 10 of 16 without had congestive heart failure. Between the
two groups with and without autonomic dysfunction, no significant difference was
found in amyloid deposition in the right and left ventricular wall based on echocar-
diographic thickness. None of the patients had myocardial perfusion defects. In
patients with autonomic dysfunction, HMR (1.37+0.05 vs. 1.66+0.09 after 30 min,
p<0.001, and 1.29£0.05 vs. 1.53+0.06 after 3 h, p<0.001) and wash-out rates
(30.8+4.0 % vs. 41.5+4.8 %) were significantly decreased compared to the patients
without autonomic dysfunction. In both groups, HMR was significantly decreased
and wash-out rate increased in patients with heart failure (10 of 16 without auto-
nomic dysfunction, 5 of 9 with autonomic symptoms) compared to the patients
without heart failure. Therefore, myocardial uptake and turnover of ['*I]-MIBG in
patients with AL amyloidosis are heterogeneous and seem to depend on the pres-
ence of both congestive heart failure and cardiac autonomic dysfunction.

In the most recent study, 61 patients with biopsy-proven amyloidosis (39 AL, 11
AA, 11 ATTR) underwent general clinical work-up, echocardiography and
['*I]-MIBG scintigraphy (Noordzij et al. 2012). Using echocardiography, left ven-
tricular internal dimensions and wall thickness were measured, and highly refractile
(‘sparkling’) cardiac echoes were assessed. These findings were compared with the
early (15 min) and late (4 h) HMR and wash-out rates, determined after administra-
tion of ['*I]-MIBG. The echocardiographic parameters did not significantly differ
among the three patient groups. Sparkling was present in 72 % of ATTR patients, in
54 % of AL patients and in 45 % of AA patients. Mean late HMR in all patients was
2.3+0.75, and the mean wash-out rate was 8.6+14 % (the latter did not signifi-
cantly differ among the patient groups). Late HMR was significantly lower in
patients with echocardiographic signs of amyloidosis than in patients without
(2.0£0.70 vs. 2.8+0.58, p<0.001). Also, wash-out rates were significantly higher
in these patients (17+10 % vs. =3.3+9.9 %, p<0.001). Furthermore, in ATTR
patients with polyneuropathy but without echocardiographic signs of amyloidosis,
HMR was lower than in patients with other types of amyloidosis (2.0+0.59 vs.
2.9+0.50, p=0.007).

So, in conclusion, this study confirms that ['>*I]-MIBG HMR is lower and wash-
out rate is higher in patients with echocardiographic signs of amyloidosis. Also,
['**I]-MIBG scintigraphy is able to detect cardiac denervation in ATTR patients
before signs of amyloidosis are evident on echocardiography.

16.4 Discussion

Amyloidoses are systemic diseases that affect multiple organs and tissues and carry a
poor prognosis. The need to identify cardiac involvement is very urgent, because of
high rates of arrhythmia, rapid deterioration and sudden cardiac death. Diagnostic
imaging is important for risk assessment and decision making concerning drug
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treatment, liver transplantation, Implantable Cardioverter Defibrillator (ICD) implants
and heart transplantation. This book chapter focuses on the use of ['**I]-MIBG, being
the best literature-based imaging modality for cardiac sympathetic denervation.
Myocardial defects in ['*I]-MIBG activity correlate with impaired cardiac sympathetic
function due to amyloid deposition. This can be identified early in the disease.
Furthermore, lower HMR and higher wash-out rates correspond to severity of the
disease.

The use of HMR and wash-out rates have also been used in patients with other
forms of heart failure. These studies have shown that decreased HMR on late images
and increased wash-out rates are related to an increase in systolic dysfunction.
Lower ['**I]-MIBG uptake was even reported to indicate poorer prognosis in patients
with heart failure. In the recently published ADMIRE-HF (AdreView Myocardial
for Risk Evaluation in Heart Failure, AdreView =['I]-MIBG) study, 961 patients
with NYHA (New York Heart Association) functional class II/IIl and LVEF <35 %
were followed for 2 years. All underwent ['21]-MIBG (early and late) and myocar-
dial perfusion imaging. The primary goal was to relate HMR <1.60 to a composite
end point, including progression of NYHA functional class (worsening of heart
failure), potentially life-threatening arrhythmic event or cardiac death. The cumula-
tive 2-year event rate of the composite end point was significantly lower in patients
with HMR >1.60 (15 % vs. 38 %, p<0.001) (Jacobson et al. 2010). Imaging with
['**I]-MIBG seemed to be of independent prognostic value in patients with heart
failure. In a subsequent multivariate analysis, HMR was reported to be an indepen-
dent predictor of both cardiac and all-cause death (Travin et al. 2009). Surprisingly,
this multivariate analysis showed that diabetes was no independent predictor.
Patients with diabetes are considered to develop autonomic neuropathy during their
life. However, another group did show that patients with diabetes, without clinical
symptoms of myocardial ischemia, had low HMR and high wash-out (Scholte et al.
2010). ['®I]-MIBG scintigraphy even identified autonomic neuropathy in more
patients than sequential performed heart rate variety analysis. Furthermore, in the
past it was already shown that HMR of patients with diabetes was lower than healthy
control subjects (Langer et al. 1995). This may indicate that in patients with amyloi-
dosis, diabetes may play a confounding role.

As mentioned before, normal values for HMR and wash-out rates seem to vary,
not only among different ages but also among different image acquisitions protocols.
Concerning the image acquisition, the most important factor seems to be the collima-
tor used for ['ZI]-MIBG imaging. In addition to the 159 keV peak which is used for
imaging, ['**I]-MIBG also has a 529 keV peak. Collimators exhibit different degree
of scattering by gamma rays of 529 keV, so that these rays mix in with the data from
159 keV rays. The image quality is impaired by these scattered rays, when using low-
energy collimators. A medium energy collimator seems to solve this problem,
although not every institution will have access to such a collimator (Verberne et al.
2005; Dobbeleir et al. 1999; Inoue et al. 2003). Other factors causing differences in
HMR and wash-out rates are the methods of setting regions of interest (ROIs) (espe-
cially concerning site, size and form), the moment of late images, the duration of an
acquisition and the correction for decay (Yamashino and Yamazaki 2007; Verberne
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et al. 2008). On the other hand, according to blood activity, the slope of vascular
clearance curves or estimated renal function (eGFR), variations in the quantity of
vascular structures in the mediastinum and the rate of renal clearance of ['**[]-MIBG
from the blood pool do not seem to contribute to increased inter individual variation
in uptake on either early or late images (Verberne et al. 2011). In a recent proposal to
standardise ['*’I]-MIBG cardiac sympathetic imaging, evidence-based recommenda-
tions for, among others, image acquisition, collimator choice and data analysis are
enlisted for routine clinical application. Standardisation of ['*[]-MIBG cardiac
imaging should contribute to its clinical applicability and integration into current
nuclear cardiology practice (Verberne et al. 2008; Flotats et al. 2010).

16.4.1 Single-Photon Emission Computed Tomography (SPECT)

The focus of this book chapter was the role of planar images of ['**I]-MIBG in car-
diac amyloidosis and their place in the evaluation of cardiac sympathetic function.
The acquisition of SPECT has also been reported and has advantages for evaluating
abnormalities in regional distribution in the myocardium (Nakata et al. 1995; Tanaka
et al. 1997; Delahaye et al. 1999, 2006; Arbab et al. 1997; Hongo et al. 2002).
Usually, the reconstructed data are displayed in three planes (short axis, horizontal
long axis and vertical long axis), which is similar to that used in myocardial perfu-
sion SPECT. Various distribution patterns of myocardial [**I]-MIBG accumulation
have been reported. In 16 patients with AL amyloidosis who had no autonomic
dysfunction, only two had a homogeneous distribution of ['**I]-MIBG (Hongo et al.
2002). The reduced uptake in the other patients was mainly localised in inferior and
inferoposterior wall segments. Of the nine patients with autonomic dysfunction,
five had only ['*I]-MIBG accumulation in the anterior wall. The reduced uptake
and focal defects in the inferior wall were also reported in the ATTR patients stud-
ied before liver transplantation (Delahaye et al. 1999). These inferior wall defects
should be interpreted carefully, hence substantial ['**I]-MIBG uptake in the liver
may overlap the myocardial inferoposterior wall. In addition, even in normal cases,
['2I]-MIBG uptake is relatively low in the inferior wall, especially in the elderly
(Gill et al. 1993; Estorch et al. 1995; Tsuchimochi et al. 1995).

Analogue to myocardial perfusion imaging, the use of polar maps can be used
to calculate extent and severity scores for segmental defects. Comparing perfu-
sion imaging to ['*I]-MIBG distribution provides extra information about the
presence or absence of mismatch patterns. Myocardial ischemia or infarction
disrupts sympathetic transmission, which may lead to denervation of a region
larger than affected by ischemia only. Furthermore, sympathetic nervous tissue is
more sensitive to ischemia than cardiomyocytes. The presence of innervation/
perfusion imaging mismatches correlates with electrophysiological abnormali-
ties and increasing inducibility of potential lethal dysrhythmia (Simoes et al.
2004; Sasano et al. 2008).
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16.4.2 Future Perspectives

Various positron emission tomography (PET) analogues of norepinephrine are
evaluated in heart diseases (Bengel and Schwaiger 2004). These PET tracers
even show more similarities to norepinephrine than [!**I]-MIBG and bear several
advantages for imaging. [!!C]-meta-hydroxy-ephedrine ([!!C]-mHED) is the
most commonly used PET tracer. It has a higher sensitivity for the uptake-1
mechanism than ['"?*I]-MIBG and is not influenced by the uptake-2 mechanism,
which might implicate a better differentiation between innervated and dener-
vated myocardium. In a group of 21 patients with left ventricular dysfunction
who underwent both ['?)[]-MIBG and [''C]-mHED imaging, the correlation
between ['*]]-MIBG wash-out rate and mHED wash-out rate was poor (r=0.57).
But the defect size on both early (r=0.94) and late images (»r=0.88) was more
closely related between these two modalities. [!!C]-mHED seems to have advan-
tages over ['2I]-MIBG in regional abnormalities (Matsunari et al. 2010). Other
[!!C]-labelled tracers like [!!C]-phenethylguanidine are currently under investi-
gation. Promisingresultsfromastudyusingrats show that[!!C]-phenethylguanidine
and its analogues are transported slower than MIBG and mHED and therefore
might provide a more accurate measurement of cardiac nerve activation (Raffel
et al. 2007). Finally, a fluorine-18 (['8F])-labelled PET tracer has been devel-
oped: N-[3-Bromo-4-(3-['®F]fluoro-propoxy)-benzyl]-guanidine (LMI1195),
which is a norepinephrine transporter substrate (Yu et al. 2011). In rats, the
uptake of LM1195 in the heart appeared to be similar to ['**I]-MIBG, whereas
the heart-to-lung ratios were significantly higher. Chemical cardiac sympathetic
denervation resulted in a decrease in cardiac LM1195 uptake.

We are not aware that PET tracers already have been used to visualise cardiac
denervation in patients with cardiac manifestation of amyloidosis.

Conclusions

The use of ['*I]-MIBG in cardiac sympathetic denervation is well established.
Several studies point out the value of HMR and wash-out rate as parameters for
sympathetic innervation abnormalities in cardiac amyloidosis. The method is
highly reproducible and easily accessible, thereby making substitution by other
modalities less attractive. However, there is an increasing urge to standardise
quantitative values, such as HMR and wash-out rate.
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Abstract

Sympathetic reinnervation of the transplanted heart is a unique example of the
plasticity and regenerative capacity of the autonomic nervous system.
Radionuclide imaging studies have played a key role in demonstrating that
cardiac allografts regain catecholamine storage capacity, i.e., functional sym-
pathetic nerve terminals after complete denervation due to transplant surgery.
Since its initial demonstration, the regionally heterogeneous pattern of rein-
ner