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CHAPTER 1
General introduction:
Clinical applications of nuclear
medicine modalities
in autonomic innervation
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INTRODUCTION
Nuclear medicine is a rapidly developing field, which focuses on imaging of
physiological processes (diagnostic performance and therapy evaluation of diseases)
and in a lesser extent also therapeutic intervention. These purposes distinguish
nuclear medicine from the imaging modality radiology, which predominantly
focuses on imaging anatomic information.
Within medicine a wide range of radiopharmaceuticals are applied for the
mentioned purposes. Radiopharmaceuticals differ from each other due to different
kinetics and can therefore be clinically used to image functional processes of specific
organs, i.e. perfusion, metabolism or a specific cellular target with its specific
property such as receptor expression, enzyme activity, and DNA amplification.
Radiopharmaceuticals used for diagnostic purposes are administered intravenously.
Therefore, the patient is the source of radioactivity and emits Υ-rays. Gammacamera and positron emission tomography / computed tomography (PET/CT)-camera
systems are used to visualize the distribution of radiopharmaceuticals in the body.
Both systems detect Υ-rays from the patient and transform it into an image. More
details of both imaging modalities will be explained in the next paragraph. The
choice for either system depends on the property of the radionuclide. Properties of
radionuclides are categorized in half life time (T1/2) and the emitted energy (KeV).
Selection and labelling of a radionuclide depends on the characteristics of the
compound (drug, antibody, enzyme).
A gamma-camera is equipped with a collimator which guides individual
Υ-rays emitted by the radionuclide. For planar imaging, a collimator is used to
transfer only those Υ-rays (or photons), which pass in a perpendicular course. This
camera system is used to visualize the distribution of, for example, iodine-123
([123I]) and technetium-99m ([99m Tc]). Image quality is rather poor due to limited
spatial resolution (approximately 8 mm) and poor statistics of detected photons.
Furthermore, planar imaging (2D) has low contrast due to the presence of overlying
structures that interfere with the region of interest. Single photon emission computed
tomography (SPECT) based on 3D-technology can overcome this superposition and
improves sensitivity.
PET is different from gamma camera systems, since these camera systems
detect two photons originating from annihilation of emitted positrons with
electrons. The detection of both photons is needed to determine the location of the
annihilation in the field of interest (for example inside the thorax). Both photons
have to be detected within a certain time window, to consider these two photons
as one pair from the same annihilation process. A ring-shaped detector system is
needed for this method of photon detection. As an alternative, flat panel detector
systems have been developed recently, and their clinical application is currently
under investigation. In contrast to gamma cameras, PET scanners do not need the
use of a collimator. As a result, the spatial resolution is approximately 4 mm.
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Nowadays, many camera systems are hybrid imaging systems, consisting of
either gamma or PET camera combined with multi-detector computed tomography
(CT). SPECT or PET in combination with an additional CT are performed in an immediate
sequential setting, without changing the position of the patient, providing perfect
co-registration of (patho)physiological with anatomical information. Furthermore,
the use of a low dose CT has additional advantages for attenuation correction. More
recently, hybrid camera systems combining PET with magnetic resonance imaging
(PET/MRI) were introduced, and the clinical value will be evaluated.
In the field of cardiology, nuclear medicine modalities have been playing a
well established role. Especially myocardial perfusion imaging (either with PET or
SPECT) and radionuclide ventriculography (or multiple gated equilibrium radionuclide
angiography (MUGA)) are known for the important clinical consequences of their
results. Imaging of cardiac sympathetic innervation is a novel and developing field
of interest within the area of nuclear cardiology. This introduction chapter focuses
on general aspects of cardiac sympathetic innervation, followed by the clinical
consequences of impaired cardiac sympathetic innervation in different diseases.
Next, three important tracers are discussed. Finally, the outline of this thesis is
presented at the end of this chapter.

Chapter 1

GENERAL CARDIAC SYMPATHETIC INNERVATION:
BACKGROUND, ARRHYTHMIAS & THERAPY ASSESSMENT
The autonomic nervous system is divided into three sub-systems: the enteric nervous
system, the parasympathetic nervous system, and the sympathetic nervous system. The
main site of autonomic nervous system, which is among other functions responsible
for cardiac regulation, is located in the medulla oblongata in the lower brainstem.
It receives sensory input from baroreceptors and chemoreceptors located mainly in
the large arteries and veins, but also communicates with the hypothalamus. Neurons
travel from the medulla oblongata to the lateral horn of the spinal cord. From here,
preganglionic neurons arise from the thoracolumbar spinal cord. Those neurons for
cardiac sympathetic innervation arise from the lateral horn of the spinal cord from
T1 to T4, and synapse in the left paravertebral ganglia to a postganglionic neuron.
This synapse is mediated by nicotinic receptors activated by the neurotransmitter
acetylcholine. These long postganglionic neurons travel along epicardial vascular
structures and penetrate into underlying myocardium similar to coronary vessels.
Sympathetic neurons predominantly penetrate the myocardium of the ventricles
and the conduction system, whereas parasympathetic fibres are mainly present in
the atria and less abundant in ventricular myocardium.
Norepinephrine is the major neurotransmitters mediating the sympathetic
synaptic neurotransmission from the postganglionic neurons to the myocytes.
It is synthesized within neurons by an enzymatic cascade. Neuronal stimulation
leads to norepinephrine release into the synaptic cleft. In the synaptic cleft, only
a small amount of released norepinephrine is actually available to activate postsynaptic adrenoreceptors (α1, β1 and β2 receptors) on the myocyte surface. Most
norepinephrine undergoes reuptake into nerve terminals by the presynaptic
norepinephrine transporter via uptake-1 mechanisms (1). Enhanced sympathetic
activity produces positive inotropic (contractility), dromotropic (conduction velocity)
and chronotropic (heart rate) effects via adrenergic receptors.
Prolonged sympathetic stimulation, and thus increase of norepinephrine
into the synaptic cleft over a prolonged period of time, results eventually in
downregulation of beta-adrenoreceptor on the myocyte surface as well as
downregulation of norepinephrine transporters for reuptake into the presynaptic
nerve terminals. Therefore, increased sympathetic tone results into decreased
cardiac sympathetic innervation. A consequence of decreased cardiac sympathetic
innervation is the increased exposure to catecholamines, which leads to an increase
in contractile dysfunction (2).
Cardiac sympathetic innervation can be disrupted as a result of different
underlying diseases, with cardiomyocyte injury and altered myocardial perfusion
or viability studied most frequently (3, 4). As a consequence of cardiomyocyte
damage electrophysiologic instability (for example hyperinnervation) may occur,
which is an important trigger for the development of potential life-threatening
cardiac arrhythmias (ventricular tachycardia and ventricular fibrillation), especially
in patients with left ventricular dysfunction (5, 6). The presence of disrupted cardiac
14
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sympathetic innervation (or dysinnervation, or denervation) seems to be a predictor
of future sudden cardiac death (7).
At present, an implantable cardioverter-defibrillator (ICD) is the most
effective treatment option to prevent death from ventricular arrhythmia, and is
superior compared to the use of anti-arrhythmic drugs alone (8, 9, 10). However,
not all patients eventually suffer from ventricular arrhythmia. Actually, the minority
of patients (approximately 30%) benefit from prophylactic ICD treatment. In recent
studies several predictive factors have been proposed which may identify patients
who will benefit from a prophylactic ICD. Among these factors are a history of
ventricular arrhythmia and successful resuscitation. Nonetheless, waiting for these
situations to occur is not an option. Therefore, there is a clinical need for better
identification of those patients at risk for life threatening arrhythmia and thus
successful ICD therapy. Determination of the volume of denervated myocardial tissue
using nuclear medicine modalities has also been proposed to play an additional
role in better risk assessment of patients at risk for ventricular arrhythmia (11, 12).
Accordingly, imaging the extent of myocardial sympathetic denervation could be
able to better identify those patients who will benefit from ICD therapy.

Chapter 1

CLINICAL APPLICATIONS IN AUTONOMIC INNERVATION
IMAGING
Cardiac amyloidosis
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 (Figure 1). All major types of systemic amyloidosis may display
cardiac involvement. About 50% of all amyloidosis patients experience some cardiac
manifestations related to the disease. The prevalence of this cardiac involvement
varies widely among the different types. It is frequent in AL type (immunoglobin
light chain-derived) and ATTR type (transthyretin-derived), but infrequent in AA
type (serum amyloid A protein-derived) amyloidosis (13, 14).
Figure 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 μm. (B) Viewed in
polarised light: amyloid shows apple-green birefringence (collagen is bluish white).

A

B

Cardiac involvement eventually leads to a type of cardiomyopathy that does not
present with ventricular hypertrophy or dilatation. Instead, it leads to restricted
ventricular filling, resulting in symptoms and signs of heart failure. Heart failure
occurs in at least 25% of all patients (15). In ATTR amyloidosis, however, cardiac
involvement initially leads less frequently to systolic dysfunction and heart failure.
Furthermore, symptoms are milder and progression is slower, 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 rightsided heart failure. Consequently, patients usually suffer from dyspnoea and fatigue.
Amyloidosis is the most common cause of this so-called ‘restrictive cardiomyopathy’.
Amyloid deposition in the atria can result in atrial fibrillation (AF) that
causes complaints of fast and irregular heart action. Also, AF is associated with
the development of thromboembolism. A poor LVEF and amyloid infiltration can
contribute to the complications of embolisms (e.g. cerebral infarction).
16
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Furthermore, microvascular disease does not only cause complaints of
angina due to myocardial ischemia (16), it also often leads to syncope (17). The
development of syncope seems to be based on multiple factors. First, it may be a
consequence of bradycardia due to amyloid infiltration in the conduction system.
Second, 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
dysrhythmia (18).
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 (19). No specific treatment is currently available for cardiac amyloidosis or
restrictive 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.
The diagnosis is based on histological proof from endomyocardial biopsy,
especially when amyloidosis is limited to the heart. Four samples provide a sensitivity
of nearly 100%, and a negative biopsy almost always rules out the disease. But this
invasive gold standard is not achievable in most patients, may cause complications
(bleeding) and sample errors, and further, amyloid diagnosis is generally confirmed
in subcutaneous abdominal fat tissue in combination with the typical clinical picture
of amyloid cardiomyopathy (20). Besides, amyloid deposition in blood vessels makes
them fragile and exposes the patient to an increased risk of bleeding due to rupture.
Different cardiac imaging modalities are used for the evaluation of cardiac function
and to determine prognosis. Correct and early recognition of cardiac amyloidosis
and its various types remains a challenge.
Awareness is the first step for diagnosis, which is further based on the
results of imaging techniques and tissue analysis of the myocardium or other tissues.
Because of ongoing extracellular deposition of amyloid fibrils, cardiac walls become
thickened and stiff. Ultrasound and Magnetic Resonance Imaging (MRI) can detect
both thickened ventricular walls and systolic/diastolic dysfunction (21, 22). However,
these modalities are aspecific; many other heart diseases may present with the same
echocardiographic and MRI phenotype. Furthermore, these findings only become
evident in a relatively advanced stage of the disease, whereas an early diagnosis is a
prerequisite for any efficacious therapy in systemic amyloidosis. So other diagnostic preferable non-invasive - techniques are needed in order to face the multiple clinical
needs of physicians treating patients with suspected or definite amyloidosis.
Physiological information provided by nuclear medicine modalities has
become of value in the diagnosis and prognostic stratification of cardiac amyloidosis
during the last two decades. Different classes of radiopharmaceuticals have the
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potential to bind different constituents of the amyloidotic infiltrates, with some
relevant differences among the various etiologic types of amyloidosis and the
different organs and tissues involved. Therefore, nuclear medicine modalities
provide additional information over ultrasound and MRI in the diagnosis of cardiac
amyloidosis.
Chronic kidney disease
Chronic kidney disease (CKD) is defined as either the presence of kidney damage or
decreased kidney function (glomerular filtration rate (GFR) < 60 mL/(min x 1.73m2))
for a period of more than three months (23). Several underlying mechanisms may
induce CKD, for example diabetes mellitus, hypertension, atherosclerosis and
polycystic kidney disease (24). CKD is classified into five stages according to GFR
values, with the most severe stage (stage 5, or end stage renal disease) defined as
GFR < 15 mL/ (min x 1.73m2).
Besides slowing the progression of CKD and the reduction of albuminuria,
treatment of patients with CKD also includes preventing complications from
impaired GFR and uraemic complications (24). Patients with CKD stage 5 eventually
require renal replacement therapy, either in the form of kidney transplantation or
(haemo- or peritoneal) dialysis. Patients with CKD undergoing maintenance dialysis
suffer from an increased incidence of cardiovascular events and all-cause mortality
compared to age and gender matched healthy control subjects (25). These patients
especially show an increased prevalence of new coronary events, silent myocardial
ischemia, ventricular arrhythmia and atrial fibrillation (26). In addition, dialysis
patients show increased sympathetic tone (elevated serum norepinephrine levels)
and consequently severe cardiovascular autonomic dysfunction (27 - 29). Uraemia is
considered to play an important role in the development of increased sympathetic
neuropathy in CKD patients. The exact cause of sympathetic overactivity in CKD is not
well understood. However, CKD patients undergoing dialysis show higher afferent
signal arising from the failing kidney and consequently show higher sympathetic
tone (30). Furthermore, cardiac sympathetic innervation seems to improve after
renal transplantation (31)
Reducing the risk of cardiovascular events in dialysis patients is eminent. The
traditional risk factors hypertension, smoking and dyslipidaemia do not fully explain
the elevated risk of cardiovascular mortality in this patient group (29). Imaging of
cardiac sympathetic innervation abnormalities may contribute to further insights
and may play a promising role in individual patient’s risk assessment.
Heart failure
Chronic heart failure is a complex clinical syndrome of symptoms and signs suggesting
impaired pump function. Systolic heart failure is defined as heart failure with reduced
LVEF. Usually this is accompanied by reduced contractility of the ventricle walls,
called systolic dysfunction (32). Chronic heart failure can be caused by structural and
18

Carcinoid syndrome and myocardial metastases
Neuroendocrine tumours (NET) of the ileum are indolent tumours, which frequently
produce serotonin, and in lesser extent also catecholamines. Due to the indolent
character of the disease and nonspecific clinical features, there is generally a delay
of diagnosis of several years (46). As a consequence, most of the patients already
show metastases at the time of diagnosis. In case of metastatic disease, especially in
the liver, serotonin is released in large amounts into the circulatory system. Due to
the circulating serotonin, patients eventually may suffer from carcinoid syndrome:
General introduction: Clinical applications of nuclear medicine modalities in autonomic innervation
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functional abnormalities of the heart. Coronary artery disease is the most common
cause of systolic heart failure, referred to as ischemic cardiomyopathy. Of the other
causes of heart failure, eventually leading to a form of non-ischemic cardiomyopathy,
‘idiopathic’ dilating cardiomyopathy is most prevalent. In dilating cardiomyopathy,
structural myocardial abnormalities are mainly due to heterogeneous interstitial
fibrosis, altering ventricular activation and contractility (33). In both ischemic
and non-ischemic cardiomyopathy, myocytes surviving structural changes suffer
from maladaptation to myocardial injury, resulting in pathological remodeling,
consisting of dilation and reduced contractility (34). If this remains untreated,
systolic dysfunction may develop. One of the mechanisms leading to progression
of heart failure is neurohumoral activation of the sympathetic nervous system. This
may already occur in early stages of the disease (35). Continuous stimulation of the
sympathetic nervous system results not only in systemic effects (for example blood
vessel contraction and altered kidney function), but also in myocardial electrical
instability, and thus a higher risk on development of ventricular arrhythmias.
Imaging studies have supported the fact that cardiac sympathetic innervation
is not only impaired in patients with ischemic cardiomyopathy, but also in nonischemic causes, especially dilating cardiomyopathy (36 - 40). Although the location
and area of denervated myocardial tissue can be different is both patient groups,
the presence of cardiac sympathetic denervation in previous imaging studies was
shown to be an independent prognostic factor for cardiac death in both ischemic
and non-ischemic cardiomyopathy (37, 40). This further supports the hypothesis that
both diseases share a common pathophysiological background in the development
of cardiac sympathetic denervation.
Cardiac resynchronization therapy (CRT) is preferred in patients with
sinus rhythm and left bundle branch block (QRS ≥ 120 ms), with moderate to
severe symptoms of heart failure and persistently reduced LVEF, despite optimal
pharmacological treatment (32). CRT reduces the risk of all-cause mortality and
hospital admission because of progression of heart failure (41, 42). Some imaging
studies have reported improvement of cardiac sympathetic innervation abnormalities
due to CRT (43, 44). However, approximately one third of the patients does not
respond to CRT and thus show no improvement of cardiac sympathetic denervation.
Future studies could focus on imaging the degree of cardiac sympathetic denervation
to better identify those patients who will respond to CRT (45).
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flushing, diarrhoea and – in case of long-standing disease - carcinoid heart disease
(47). Although NET patients may show an increase in circulating catecholamines,
which eventually may cause cardiac sympathetic innervation abnormalities, this effect
has not been reported in this group of patients thus far. One could only speculate on
possible explanations of the absence of cardiac sympathetic denervation. Possible
explanations may be found in the not-continuous production of catecholamines or
in less circulating catecholamines compared to heart failure patients.
Predominant locations of metastases of NET are the lymph nodes and the
liver (48). Other locations of metastases, including the heart, are rare with a reported
prevalence of myocardial metastases of less than 5% (49-51). From the data of the
largest available retrospective analysis of the literature in 2010, in which 45 patients
with myocardial metastases were analyzed, it appeared that clinical features of
myocardial metastases are usually absent (47). However, some patients do suffer
from chest pain and intermittent arrhythmia, usually atrial fibrillation. Two of these
45 patients showed life-threatening ventricular arrhythmia and cardiac arrest, due
to metastatic infiltration of the conduction system. The presence of innervation
abnormalities has not been investigated in NET patients.
Cardiac metastases can be detected by different imaging modalities. Since
patients with carcinoid syndrome routinely undergo transthoracic echocardiography,
myocardial metastases were most frequently reported using this imaging
modality (47). Nonetheless, lesions smaller than 10 mm are often not detected by
echocardiography (52). With the introduction of PET tracers, for example gallium-68
([68Ga[) labelled (DOTA-Phe-Tyr)octreotide (DOTATOC) and L-3,4-dihydroxy-6-[18F]
fluoro-phenylalanine (6-[18F]fluoro-L-DOPA, or [18F]-FDOPA), for visualization of NET
activity in daily clinical practice, and the use of state-of-the-art hybrid PET/CT camera
systems, cardiac metastases smaller than 10 mm can be detected.
At present, the prevalence of myocardial metastases of NET detected by
[18F]-FDOPA is unclear. Furthermore, the clinical consequences of the presence
of small metastases, for example with regards to ventricular arrhythmia, is yet
undetermined. Therefore, future studies should not only focus on epidemiological
characteristics, but also investigate whether patients with myocardial metastases
should be treated different than patients without myocardial metastases.
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IMAGING CARDIAC SYMPATHETIC INNERVATION: RADIOPHARMACEUTICALS, IMAGING & QUANTIFICATION
Meta-iodobenzylguanidine
Iodine-123 labelled meta-iodobenzylguanidine ([123I]-MIBG) is the result of chemical
modification of the false neurotransmitter analogue guanethidine, and therefore an
analogue of norepinephrine. The uptake of [123I]-MIBG occurs similar to the uptake
of norepinephrine: predominantly by a specific uptake system (“uptake-1”) and to a
much lesser extent by a non-specific uptake system (passive diffusion, “uptake-2”).
Eventually, like norepinephrine, [123I]-MIBG is stored in granules of presynaptic
nerve terminals (Figure 2). In a normal situation, unlike norepinephrine, [123I]-MIBG
is not bound to receptors on the myocyte membrane and thus not catabolised by
monoamine oxidase (MOA) Therefore, it is retained in these granules (53, 54).
Figure 2
Schematic overview of the uptake and conversion of the different tracers used in cardiac sympathetic
innervation imaging. [18F]-FDOPA = Fluorine-18 labelled L-3,4-dihydroxy-phenylalanine, [123I]-MIBG
= Iodine-123 labelled meta-iodobenzylguanidine, [11C]-mHED = Carbon-11 labelled meta-hydroxyephedrine, NE = norepinephrine.
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At present, planar (anterior view, scanning time 3-5 minutes) images, preferable
using a medium-energy collimator, are acquired 15 minutes and 3 to 5 hours after
administration of 111-300 (mean 185) MBq [123I]-MIBG. The late planar images are
often combined with SPECT images. A semi-quantitative assessment of the heart-tomediastinum ratio (HMR) is used to determine global uptake on the planar images
(Figure 3). The wash-out rate between these images provides additional information
and reflects the degree of sympathicotonia (55, 7). Although normal values for HMR
and wash-out rates seem to vary between age and image acquisition, HMR values
less than 1.6 as well as wash-out rates >20% indicate cardiac denervation.
Figure 3
An example of normal Iodine-123 labelled meta-iodobenzylguanidine uptake. Heart-to-mediastinum
ratio (HMR) on early (left) image 2.50, HMR on late (right) image 2.50, wash-out 0 %.

The acquisition of SPECT has advantages for evaluating abnormalities in regional
distribution in the myocardium. Usually, the reconstructed data are displayed in 3
planes (short axis, horizontal long axis and vertical long axis), which is similar to that
used in myocardial perfusion SPECT.
Analogue to myocardial perfusion imaging, the use of polar maps can be used
to calculate extent and severity scores for segmental innervation defects. Comparing
perfusion imaging to [123I]-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: a mismatch pattern. Furthermore, sympathetic
nervous tissue is more vulnerable to ischemia than cardiomyocytes. The presence
of innervation/perfusion imaging mismatches correlates with electrophysiological
abnormalities and increasing inducibility of potential lethal dysrhythmia (56, 57).

22

Meta-hydroxy-ephedrine

General introduction: Clinical applications of nuclear medicine modalities in autonomic innervation

23

Chapter 1

Carbon-11 labelled meta-hydroxy-ephedrine ([11C]-mHED) is a PET radiopharmaceutical for imaging cardiac sympathetic innervation. [11C]-mHED is derived
from the false norepinephrine analogue metaraminol, which is taken up by the
presynaptic nerve terminals similarly to norepinephrine: uptake-1 mechanism (58,
59). After intravenous injection [11C]-mHED is rapidly cleared from the blood and
is taken up by presynaptic nerve terminals (Figure 2). Like [123I]-MIBG, [11C]-mHED
is not metabolized by catechol-O-methyl transferase, or oxidatively deaminated
by monoamine oxidase. Unlike [123I]-MIBG, [11C]-mHED rapidly leaks out of the
presynaptic vesicles and diffuses into the interstitium and will dynamically recycle
into the neuron again (37). In case of increased sympathetic tone, there is an increase
in spillover of [11C]-mHED from the nerve terminal, leading to a decreased re-uptake
(38). When released into the synaptic cleft by sympathetic nerve stimulation, both
radiopharmaceuticals have no significant postsynaptic effect.
PET imaging has several advantages over conventional nuclear medicine
techniques. One of the reasons is better spatial resolution; 10 mm for conventional
nuclear medicine versus 4 mm for PET. Another advantage of using PET as imaging
modality over conventional nuclear medicine techniques is the possibility of absolute
quantification of tracer uptake. The uptake of [11C]-mHED is expressed by the
retention index, which is defined as the myocardial activity divided by the integral
of the time-activity curve in plasma (60). Since retention of [11C]-mHED is dependent
of myocardial perfusion, a nitrogen-13 labelled ammonia ([13N]-NH3) PET is always
performed before the [11C]-mHED acquisition (Figure 4).
Distribution of [11C]-mHED throughout left ventricular myocardium in
healthy normal individuals is regionally homogeneous with high uptake in all
myocardial segments (61). Therefore, the PET tracer [11C]-mHED is an attractive noninvasive method to quantify the activity and distribution of sympathetic innervation.
There is increasing evidence that diminished cardiac [11C]-mHED retention is
associated with worse clinical outcome in patients with ischemic and non-ischemic
cardiomyopathy (especially dilated cardiomyopathy) (12, 39). Decreased cardiac [11C]mHED retention is inversely related to severity of heart failure symptoms in patients
with DCM, and associated with an increased risk of ventricular arrhythmia in patients
with ischemic cardiomyopathy. So, visualizing cardiac sympathetic innervation using
[11C]-mHED has the potential to play a future role in clinical decision making.
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Figure 4
An example of a matched perfusion and innervation defect in the inferoseptal wall of the left
ventricle. (A) Polar map of rest nitrogen-13 labelled ammonia PET, indicating myocardial infarction
in the inferoseptal wall, (B) polar map of carbon-11 labelled meta-hydroxyephedrine uptake in the
same patient, with a defect in the same area as the myocardial infarction.

L-3,4-dihydroxy-6-[18F]fluoro-phenylalanine
NETs produce a variety of hormones, especially serotonin, but also catecholamines,
dopamine and (nor)epinephrine. These hormones are produced from amine
precursors, through uptake and decarboxylation. The catecholamine pathway in NET
plays an important role in the production of hormones. Among the amine precursors
in this pathway are phenylalanine and its precursor L-3,4-dihydroxyphenylalanine.
Fluorine-18 labelled L-3,4-dihydroxy-phenylalanine ([18F]-FDOPA) is a PET tracer
which is taken up by the catecholamine pathway of NET, and can therefore be used
for the visualization of NET activity. Before administration of the tracer, patients
should be pretreated with carbidopa, to reduce peripheral decarboxylation and
renal clearance, and thus increase tracer uptake in NET lesions (63).
At present, the role of [18F]-FDOPA in the detection of NET lesions is
well established. Earlier studies from our hospital have shown that [18F]-FDOPA
outperforms the conventional nuclear medicine modality somatostatine receptor
scintigraphy (Figure 5) (with SPECT/CT) as well as CT alone for the detection of midgut
NETs (64). The high sensitivity of > 90% for [18F]-FDOPA was recently confirmed in a
meta-analysis of pooled data from studies using histology as the gold standard (65).

24
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Figure 5
(A) Planar anterior image of Indium-111 labelled somatostatin receptor scintigraphy ([111In]-SRS) in
a patient with multiple metastases of a neuroendocrine tumour (NET). Physiological uptake in the
pituitary gland, thyroid gland, spleen, digestive tract, kidneys and normal excretion to the urinary
bladder. In intensity varying lesions in the thorax and abdomen, indicating multiple metastases. (B)
Maximum intensity projection of Fluorine-18 labelled L-3,4-dihydroxy-phenylalanine ([18F]-FDOPA)
PET in the same patient. Note that [18F]-FDOPA shows more NET lesions than [111In]-SRS (especially
in the mediastinum, heart, liver, retroperitoneum, and mesentery), with better spatial resolution.
Physiological uptake in the striatum, oesophagus, kidneys and normal excretion to the urinary
bladder.
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Fluorine-18 labelled dopamine ([18F]-fluorodopamine) is closely related to [18F]FDOPA, since phenylalanine is a precursor of dopamine (Figure 2 and 6). However,
these two tracers differ from each other with regards to their clinical application:
[18F]-fluorodopamine can be used to visualize pheochromocytoma and cardiac
sympathetic innervation (66-68). Since the peripheral conversion of [18F]-FDOPA into
[18F]-fluorodopamine is inhibited by the administration of carbidopa, [18F]-FDOPA
seems unsuitable for the visualisation of cardiac sympathetic innervation. However,
the clinical consequences of elevated [18F]-FDOPA uptake due to cardiac metastases
of NET with regards to innervation abnormalities has not been evaluated in large
patient cohorts.
Figure 6
Uptake mechanism of the catecholamine pathway of neuroendocrine tumour cells. [18F]-FDOPA =
Fluorine-18 labelled L-3,4-dihydroxy-phenylalanine.

26

This introduction chapter provides an overview of different underlying diseases,
which can be accompanied by the development of cardiac sympathetic innervation
abnormalities, and use SPECT and PET to visualize cardiac sympathetic denervation.
The aim of this thesis is to provide more insights in the presence of denervation in
different patient groups, the outcome of patients with denervation and the value of
SPECT and PET in predicting outcome. Future direction is to use cardiac sympathetic
innervation imaging for better identification of those patients at risk of cardiac
events (sudden cardiac death, ventricular arrhythmia and appropriate ICD shocks)
during the development of their disease.
Since the detection of cardiac involvement in patients with amyloidosis
usually occurs in a late stage of the disease, there is a need for a reliable imaging
tool in early stages of this disease. Chapter 2 and 3 compare the use of [123I]-MIBG
to echocardiography in detecting cardiac involvement in patients with early stage
amyloidosis.
Chapter 4 focuses on the use of [123I]-MIBG for denervation imaging in
patients with CKD stage 5 who make the transition from the pre-dialysis phase to
maintenance haemodialysis.
In Chapter 5 and 6, the use of the PET tracer [11C]-mHED in patients with
ischemic and non-ischemic cardiomyopathy in a multicentre and single-centre study
is described respectively. The first study evaluates the degree of cardiac sympathetic
denervation and the risk of ventricular arrhythmia in patients with prophylactic
ICD implantation. The second study reports on the change of cardiac sympathetic
innervation abnormalities in patients treated with CRT.
Up to now, different case studies report on arrhythmia as the first clinical
symptom of the presence of cardiac metastases in patients with serotonin producing
neuro-endocrine tumours. Furthermore some reports state that cardiac metastases
can be considered as a feature of carcinoid heart disease. In Chapter 7 the value
of [18F]-FDOPA in detecting cardiac metastases and the relationship of these
metastases to the presence of typical characteristics of carcinoid heart disease on
echocardiography is evaluated.
At the end of this thesis future perspectives and conclusions are described
in Chapter 8. This chapter focuses on the use of novel tracers for imaging cardiac
sympathetic innervation abnormalities, new methods for image acquisition, and
other indications high lighting the concept of cardiac sympathetic denervation and
the clinical consequences.

General introduction: Clinical applications of nuclear medicine modalities in autonomic innervation

27

Chapter 1

OUTLINE OF THIS THESIS

Chapter 1

REFERENCES
1

2

3

4

5

6

7

8
9

10

11
12

13
14

15

28

Jaques S Jr, Tobes MC, Sisson JC. Sodium dependency of uptake of norepinephrine and
miodobenzylguanidine into cultured human pheochromocytoma cells: evidence for uptakeone. Cancer Res. 1987;47: 3920-3928
Bengel FM, Permanetter B, Ungerer M, Nekolla SG, Schwaiger M. Relationship between altered
sympathetic innervation, oxidative metabolism and contractile function in the cardiomyopathic
human heart; a non-invasive study using positron emission tomography. Eur Heart J.
2001;22:1594-1600
Eguchi M, Tsuchihashi K, Hotta D, Hashimoto A, Sasao H, Yuda S, Nakata T, Shijubou N, Abe S,
Shimamoto K. Technetium-99m sestamibi/tetrofosmin myocardial perfusion scanning in cardiac
and noncardiac sarcoidosis. Cardiology. 2000;94:193-199
Eguchi M, Tsuchihashi K, Nakata T, Hashimoto A, Shimamoto K. Right ventricular abnormalities
assessed by myocardial single-photon emission computed tomography using technetium-99m
sestamibi/tetrofosmin in right ventricle-originated ventricular tachyarrhythmias. J Am Coll
Cardiol. 2000;36:1767-1773
Gradel C, Jain D, Batsford WP, Wackers FJ, Zaret BL. Relationship of scar and ischemia to the
results of programmed electrophysiological stimulation in patients with coronary artery disease.
J Nucl Cardiol. 1997;4:379-386
Wichter T, Hindricks G, Lerch H, Bartenstein P, Borggrefe M, Schober O, Breithardt G. Regional
myocardial sympathetic dysinnervation in arrhythmogenic right ventricular cardiomyopathy. An
analysis using 123I-meta-iodobenzylguanidine scintigraphy. Circulation. 1994;89:667-683
Jacobson AF, Senior R, Cerqueira MD, Wong ND, Thomas GS, Lopez VA, Agostini D, Weiland F,
Chandna H, Narula J; ADMIRE-HF Investigators. Myocardial iodine-123 meta-iodobenzylguanidine
imaging and cardiac events in heart failure. Results of the prospective ADMIRE-HF (AdreView
Myocardial Imaging for Risk Evaluation in Heart Failure) study. J Am Coll Cardiol. 2010;55:22122221
AVID Investigators. Causes of death in the Antiarrhythmics Versus Implantable Defibrillators
(AVID) Trial. J Am Coll Cardiol. 1999;34:1552-1559
Bardy GH, Lee KL, Mark DB, Poole JE, Packer DL, Boineau R, Domanski M, Troutman C, Anderson
J, Johnson G, McNulty SE, Clapp-Channing N, Davidson-Ray LD, Fraulo ES, Fishbein DP, Luceri RM,
Ip JH; Sudden Cardiac Death in Heart Failure Trial (SCD-HeFT) Investigators. Amiodarone or an
implantable cardioverter-defibrillator for congestive heart failure. N Engl J Med. 2005;352:225237
Moss AJ, Zareba W, Hall WJ, Klein H, Wilber DJ, Cannom DS, Daubert JP, Higgins SL, Brown
MW, Andrews ML; Multicenter Automatic Defibrillator Implantation Trial II Investigators.
Prophylactic implantation of a defibrillator in patients with myocardial infarction and reduced
ejection fraction. N Engl J Med. 2002;346:877-883
Sweeney MO, Ruskin JN. Mortality benefits and the implantable cardioverter-defibrillator.
Circulation. 1994;89:1851-1858
Fallavollita JA, Heavey BM, Luisi AJ Jr, Michalek SM, Baldwa S, Mashtare TL Jr, Hutson AD,
Dekemp RA, Haka MS, Sajjad M, Cimato TR, Curtis AB, Cain ME, Canty JM Jr. Regional myocardial
sympathetic denervation predicts the risk of sudden cardiac arrest in ischemic cardiomyopathy.
J Am Coll Cardiol. 2014;63:141-149
Falk RH, Plehn J, Deering T et al. Sensitivity and specificity of the echocardiographic features of
cardiac amyloidosis. Am J Cardiol. 1987;59:418–422
Sipe JD, Benson MD, Buxbaum JN, Ikeda S, Merlini G, Saraiva MJ, Westermark P; Nomenclature
Committee of the International Society of Amyloidosis. Amyloid fibril protein nomenclature:
2012 recommendations from the Nomenclature Committee of the International Society of
Amyloidosis. Amyloid. 2012;19:167-170
Dubrey SW, Cha K, Anderson J et al. The clinical features of immunoglobulin light-chain (AL)
amyloidosis with heart involvement. QJM. 1998;91:141–157

General introduction: Clinical applications of nuclear medicine modalities in autonomic innervation

29

Chapter 1

16 Mueller PS, Edwards WD, Gertz MA. Symptomatic ischemic heart disease resulting from
obstructive intramural coronary amyloidosis. Am J Med. 2000;109:181–188
17 Chamarthi B, Dubrey SW, Cha K et al. Features and prognosis of exertional syncope in light-chain
associated AL cardiac amyloidosis. Am J Cardiol. 1997;80:1242–1245
18 Falk RH, Rubinow A, Cohen AS. Cardiac arrhythmias in systemic amyloidosis: correlation with
echocardiographic abnormalities. J Am Coll Cardiol. 1984;3:107–113
19 Ronsyn M, Shivalkar B, Vrints CJM. Cardiac amyloidosis in full glory. Heart. 2011;97:720
20 Gertz MA, Lacy MQ, Dispenzieri A, Hayman SR. Amyloidosis: diagnosis and management. Clin
Lymphoma Myeloma. 2005;6:208-219
21 Hamer JP, Janssen S, van Rijswijk MH, Lie KI. Amyloid cardiomyopathy in systemic non-hereditary
amyloidosis. Clinical, echocardiographic and electrocardiographic findings in 30 patients with
AA and 24 patients with AL amyloidosis. Eur Heart J 1992;13:623-627
22 Karamitsos TD, Piechnik SK, Banypersad SM, Fontana M, Ntusi NB, Ferreira VM, Whelan CJ,
Myerson SG, Robson MD, Hawkins PN, Neubauer S, Moon JC. Noncontrast T1 mapping for the
diagnosis of cardiac amyloidosis. JACC Cardiovasc Imaging. 2014;6:488-497
23 National Kidney Foundation. K/DOQI clinical practice guidelines for chronic kidney disease:
evaluation, classification, and stratification. Am J Kidney Dis 2002; 39 (2 suppl 1): S1–266
24 Levey AS, Coresh J. Chronic kidney disease. Lancet. 2012;379:165-180
25 Santoro A, Mandreoli M. Chronic Renal Disease and Risk of Cardiovascular Morbidity-Mortality.
Kidney Blood Press Res. 2014;39:142-146
26 Das M, Aronow WS, McClung JA, Belkin RN. Increased prevalence of coronary artery disease,
silent myocardial ischemia, complex ventricular arrhythmias, atrial fibrillation, left ventricular
hypertrophy, mitral annular calcium, and aortic valve calcium in patients with chronic renal
insufficiency. Cardiol Rev. 2006;14:14-17
27 Jassal SV, Douglas JF, Stout RW. Prevalence of central autonomic neuropathy in elderly dialysis
patients. Nephrol Dial Transplant. 1998;13:1702-1708
28 Chan CT, Levin NW, Chertow GM, Larive B, Schulman G, Kotanko P; Frequent Hemodialysis
Network Daily Trial Group. Determinants of cardiac autonomic dysfunction in ESRD. Clin J Am
Soc Nephrol. 2010;5:1821-1827
29 Zoccali C, Mallamaci F, Tripepi G. Traditional and emerging cardiovascular risk factors in endstage renal disease. Kidney Int Suppl. 2003;S105-110
30 Converse RL Jr, Jacobsen TN, Toto RD, Jost CM, Cosentino F, Fouad-Tarazi F, Victor RG. Sympathetic
overactivity in patients with chronic renal failure. N Engl J Med. 1992;327):1912-1918
31 Kurata C, Uehara A, Ishikawa A. Improvement of cardiac sympathetic innervation by renal
transplantation. J Nucl Med. 2004;45:1114-1120
32 McMurray JJ, Adamopoulos S, Anker SD, Auricchio A, Böhm M, Dickstein K, Falk V, Filippatos
G, Fonseca C, Gomez-Sanchez MA, Jaarsma T, Køber L, Lip GY, Maggioni AP, Parkhomenko A,
Pieske BM, Popescu BA, Rønnevik PK, Rutten FH, Schwitter J, Seferovic P, Stepinska J, Trindade
PT, Voors AA, Zannad F, Zeiher A; ESC Committee for Practice Guidelines. ESC Guidelines for
the diagnosis and treatment of acute and chronic heart failure 2012: The Task Force for the
Diagnosis and Treatment of Acute and Chronic Heart Failure 2012 of the European Society of
Cardiology. Developed in collaboration with the Heart Failure Association (HFA) of the ESC. Eur
Heart J. 2012;33:1787-1847
33 Dec GW, Fuster V. Idiopathic dilated cardiomyopathy. N Engl J Med. 1994;331:1564-1575
34 McMurray JJ, Clinical practice. Systolic heart failure. N Engl J Med 2010;362: 228–238
35 Turpeinen AK, Vanninen E, Magga J, Tuomainen P, Kuusisto J, Sipola P, Punnonen K,
Vuolteenaho O, Peuhkurinen K. Cardiac sympathetic activity is associated with inflammation
and neurohumoral activation in patients with idiopathic dilated cardiomyopathy. Clin Physiol
Funct Imaging. 2009;29:414-419
36 Ungerer M, Hartmann F, Karoglan M, Chlistalla A, Ziegler S, Richardt G, Overbeck M, Meisner H,
Schömig A, Schwaiger M. Regional in vivo and in vitro characterization of autonomic innervation
in cardiomyopathic human heart. Circulation. 1998;97:174-180

Chapter 1

37 Hartmann F, Ziegler S, Nekolla S, Hadamitzky M, Seyfarth M, Richardt G, Schwaiger M. Regional
patterns of myocardial sympathetic denervation in dilated cardiomyopathy: an analysis using
carbon-11 hydroxyephedrine and positron emission tomography. Heart. 1999;81:262-270
38 Vesalainen RK, Pietilä M, Tahvanainen KU, Jartti T, Teräs M, Någren K, Lehikoinen P, Huupponen
R, Ukkonen H, Saraste M, Knuuti J, Voipio-Pulkki LM. Cardiac positron emission tomography
imaging with [11C]hydroxyephedrine, a specific tracer for sympathetic nerve endings, and its
functional correlates in congestive heart failure. Am J Cardiol. 1999;84:568-574
39 Pietilä M, Malminiemi K, Ukkonen H, Saraste M, Någren K, Lehikoinen P, Voipio-Pulkki LM.
Reduced myocardial carbon-11 hydroxyephedrine retention is associated with poor prognosis in
chronic heart failure. Eur J Nucl Med. 2001;28:373-376
40 Wakabayashi T, Nakata T, Hashimoto A, Yuda S, Tsuchihashi K, Travin MI, Shimamoto K.
Assessment of underlying etiology and cardiac sympathetic innervation to identify patients at
high risk of cardiac death. J Nucl Med. 2001;42:1757-1767
41 Cleland JG, Daubert JC, Erdmann E, Freemantle N, Gras D, Kappenberger L, Tavazzi L. The
effect of cardiac resynchronization on morbidity and mortality in heart failure. N Engl J Med
2005;352:1539–1549
42 Bristow MR, Saxon LA, Boehmer J, Krueger S, Kass DA, De Marco T, Carson P, DiCarlo L, DeMets
D, White BG, DeVries DW, Feldman AM. Cardiac-resynchronization therapy with or without an
implantable defibrillator in advanced chronic heart failure. N Engl J Med 2004;350:2140–2150
43 Shinohara T, Takahashi N, Saito S, Okada N, Wakisaka O, Yufu K, Hara M, Nakagawa M, Saikawa
T, Yoshimatsu H. Effect of cardiac resynchronization therapy on cardiac sympathetic nervous
dysfunction and serum C-reactive protein level. Pacing Clin Electrophysiol. 2011;34:1225-30
44 Cha YM, Oh J, Miyazaki C, Hayes DL, Rea RF, Shen WK, Asirvatham SJ, Kemp BJ, Hodge DO, Chen
PS, Chareonthaitawee P. Cardiac resynchronization therapy upregulates cardiac autonomic
control. J Cardiovasc Electrophysiol. 2008;19:1045-52
45 Stefanelli A, Treglia G, Giordano A. (123)I-MIBG Scintigraphy as a Powerful Tool to Plan an
Implantable Cardioverter Defibrillator and to Assess Cardiac Resynchronization Therapy in Heart
Failure Patients. Int J Mol Imaging. 2012;2012:690468
46 Gustafsson BI, Kidd M, Chan A, Malfertheiner MV, Modlin IM. Bronchopulmonary neuroendocrine
tumors. Cancer. 2008;113:5-21
47 Jann H, Wertenbruch T, Pape U, Ozcelik C, Denecke T, Mehl S, Wiedenmann B, Pavel M. A matter
of the heart: myocardial metastases in neuroendocrine tumors. Horm Metab Res. 2010;42:967976
48 Pape UF, Perren A, Niederle B, Gross D, Gress T, Costa F, Arnold R, Denecke T, Plöckinger U, Salazar
R, Grossman A; Barcelona Consensus Conference participants. ENETS Consensus Guidelines for
the management of patients with neuroendocrine neoplasms from the jejuno-ileum and the
appendix including goblet cell carcinomas. Neuroendocrinology 2012;95:135-156
49 Pellikka PA, Tajik AJ, Khandheria BK, Seward JB, Callahan JA, Pitot HC, Kvols LK. Carcinoid heart
disease. Clinical and echocardiographic spectrum in 74 patients. Circulation 1993;87:1188-1196
50 Calissendorff J, Sundin A, Falhammar H. 68Ga-DOTA-TOC-PET/CT detects heart metastases from
ileal neuroendocrine tumors. Endocrine 2014;47:169-176
51 Carreras C, Kulkarni HR, Baum RP. Rare metastases detected by (68)Ga-somatostatin receptor
PET/CT in patients with neuroendocrine tumors. Recent Results Cancer Res 2013;194: 379-384
52 Pandya UH, Pellikka PA, Enriquez-Sarano M, Edwards WD, Schaff HV, Connolly HM. Metastatic
carcinoid tumor to the heart: Echocardiographic-pathologic study of 11 patients. J Am Coll
Cardiol 2002;40:1328-1332
53 Kline RC, Swanson DP, Wieland DM, Thrall JH, Gross MD, Pitt B, Beierwaltes WH. Myocardial
imaging in man with I-123 meta-iodobenzylguanidine. J Nucl Med. 1981;22:129-132
54 Wieland DM, Brown LE, Rogers WL, Worthington KC, Wu JL, Clinthorne NH, Otto CA, Swanson
DP, Beierwaltes WH. Myocardial imaging with a radioiodinated norepinephrine storage analog.
J Nucl Med. 1981;22:22-31

30

General introduction: Clinical applications of nuclear medicine modalities in autonomic innervation

31

Chapter 1

55 Ogita H, Shimonagata T, Fukunami M, Kumagai K, Yamada T, Asano Y, Hirata A, Asai M, Kusuoka
H, Hori M, Hoki N. Prognostic significance of cardiac 123I metaiodobenzylguanidine imaging
for mortality and morbidity in patients with chronic heart failure: A prospective study. Heart
2001;86:656-660
56 Simões MV, Barthel P, Matsunari I, Nekolla SG, Schömig A, Schwaiger M, Schmidt G, Bengel
FM. Presence of sympathetically denervated but viable myocardium and its electrophysiologic
correlates after early revascularised, acute myocardial infarction. Eur Heart J 2004;25:551-557
57 Sasano T, Abraham R, Chang KC, Ashikaga H, Mills KJ, Holt DP, Hilton J, Nekolla SG, Dong J,
Lardo AC, Halperin H, Dannals RF, Marbán E, Bengel FM. Abnormal sympathetic innervation of
viable myocardium and the substrate of ventricular tachycardia after myocardial infarction. J
Am Coll Cardiol 2008;51:2266-2275
58 Rosenspire KC, Haka MS, Van Dort ME, Jewett DM, Gildersleeve DL, Schwaiger M, Wieland DM.
Synthesis and preliminary evaluation of carbon-11-meta-hydroxyephedrine: a false transmitter
agent for heart neuronal imaging. J Nucl Med. 1990;31:1328-1334
59 Crout J.R., Alpers H.S., Tatum E.L., Shore P.A. Release of Metaraminol (Aramine) from the Heart
by Sympathetic Nerve Stimulation. Science. 1964;145:828–829
60 Allman KC, Wieland DM, Muzik O, Degrado TR, Wolfe ER Jr, Schwaiger M. Carbon-11
hydroxyephedrine with positron emission tomography for serial assessment of cardiac adrenergic
neuronal function after acute myocardial infarction in humans. J Am Coll Cardiol. 1993;22:368375
61 Schwaiger M, Kalff V, Rosenspire K, Haka MS, Molina E, Hutchins GD, Deeb M, Wolfe E Jr,
Wieland DM. Noninvasive evaluation of sympathetic nervous system in human heart by positron
emission tomography. Circulation. 1990;82:457-464
62 Brown WD, Oakes TR, DeJesus OT, Taylor MD, Roberts AD, Nickles RJ, Holden JE. Fluorine-18fluoro-L-DOPA dosimetry with carbidopa pretreatment. J Nucl Med. 1998;39:1884-1891
63 Koopmans KP, de Vries EG, Kema IP, Elsinga PH, Neels OC, Sluiter WJ, van der Horst-Schrivers AN,
Jager PL. Staging of carcinoid tumours with 18F-DOPA PET: a prospective, diagnostic accuracy
study. Lancet Oncol. 2006;7:728-734
64 Balogova S, Talbot JN, Nataf V, Michaud L, Huchet V, Kerrou K, Montravers F.
18F-fluorodihydroxyphenylalanine vs other radiopharmaceuticals for imaging neuroendocrine
tumours according to their type. Eur J Nucl Med Mol Imaging. 2013;40:943-966
65 Eldadah BA, Pacak K, Eisenhofer G, Holmes C, Kopin IJ, Goldstein DS. Cardiac uptake-1 inhibition
by high circulating norepinephrine levels in patients with pheochromocytoma. Hypertension.
2004;43:1227-1232
66 Goldstein DS. Cardiac denervation in patients with Parkinson disease. Cleve Clin J Med. 2007;74
Suppl 1:S91-4
67 Li ST, Holmes C, Kopin IJ, Goldstein DS. Aging-related changes in cardiac sympathetic function in
humans, assessed by 6-18F-fluorodopamine PET scanning. J Nucl Med. 2003;44:1599-1603

32

