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CHAPTER 1
General introduction:
Clinical applications of nuclear
medicine modalities
in autonomic innervation

Adapted from
Imaging of the autonomic nervous system in cardiac amyloidosis.
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1
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Rheumatology and Clinical Immunology, University of Groningen, University Medical
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In: Slart RHJA, Elsinga PH, Tio RA, Schwaiger M, editors. Autonomic innervation of
the heart. Heidelberg: Springer Verlag; 2014. In press
Nuclear imaging for cardiac amyloidosis.
Walter Noordzij1, Andor W.J.M Glaudemans1, Simone Longhi3,4, Riemer H.J.A. Slart1,
Massimiliano Lorenzini3,4, Bouke P.C. Hazenberg2, Claudio Rapezzi3,4.
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Center Groningen, The Netherlands
3
Department of Cardiology, University of Bologna, Bologna, Italy
4
S. Orsola, Malpighi Hospital, Bologna, Italy
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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:
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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.

20
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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
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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.

Chapter 1

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).
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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.
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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.
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ABSTRACT

Chapter 2

Purpose: Cardiac amyloidosis is a rare disorder, but it may lead to potentially lifethreatening restrictive cardiomyopathy. Cardiac manifestations frequently occur
in primary amyloidosis (AL) and familial amyloidosis (ATTR), but are uncommon in
secondary amyloidosis (AA). Echocardiography is the method of choice for assessing
cardiac amyloidosis. Amyloid deposits impair the function of sympathetic nerve
endings. Disturbance of myocardial sympathetic innervations may play an important
role in the remodelling process. Iodine-123 labelled meta-iodobenzylguanidine
([123I]-MIBG) can detect these innervation changes.
Methods: Patients with biopsy-proven amyloidosis underwent general work-up,
echocardiography and [123I]-MIBG scintigraphy. Left ventricular internal dimensions
and wall thickness were measured, and highly refractile cardiac echoes (sparkling)
were analysed. Early (15 min) and late (4 h) heart-to-mediastinum ratio (HMR) and
wash-out rate were determined after administration of [123I]-MIBG.
Results: included in the study were 61 patients (30 women and 31 men; mean age 62
years; 39 AL, 11 AA, 11 ATTR). Echocardiographic parameters were not significantly
different between the subgroups. 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 not different
between the patient subgroups). Late HMR was significantly lower in patients with
echocardiographic signs of amyloidosis than in patients without (2.0 ± 0.70 versus
2.8 ± 0.58, p < 0.001). Wash-out rates were significantly higher in these patients (-3.3
± 9.9% vs 17 ± 10%, p < 0.001). In ATTR patients without echocardiographic signs
of amyloidosis, HMR was lower than in patients with other types (2.0 ± 0.59 vs 2.9 ±
0.50, p = 0.007).
Conclusion: [123I]-MIBG HMR is lower and wash-out rate is higher in patients with
echocardiographic signs of amyloidosis. Also, [123I]-MIBG scintigraphy can detect
cardiac denervation in ATTR patients before signs of amyloidosis are evident on
echocardiography.
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Amyloidosis comprises a group of diseases characterized by deposition of protein
fibrils with a cross-ß-pleated sheet molecular structure. The deposition of these
amyloid fibrils results in loss of organ function. Even though cardiac amyloidosis
seems to be rare, in the majority of patients, amyloidosis can be complicated by
cardiac involvement. About 50% of all amyloidosis patients experience some cardiac
manifestations related to the disease (1). It is frequent in primary (immunoglobin
light chain, or AL type) and familial amyloidosis (transthyretin, or ATTR type, which
leads to familial amyloidotic polyneuropathy, FAP), but uncommon in secondary
amyloidosis (serum amyloid A protein, or AA type). Up to 90% of all patients with AL
amyloidosis have cardiac manifestation, but only 5% have clinically isolated cardiac
disease. In ATTR amyloidosis, cardiac involvement leads less frequently to systolic
dysfunction and heart failure. Furthermore, symptoms are milder and progression is
slower, when compared to AL amyloidosis.
Cardiac involvement eventually leads to a type of cardiomyopathy in
which ventricular filling is restricted, resulting in symptoms and signs of heart
failure. Heart failure occurs in at least 25 % of all patients (1). The presence of
heart failure is associated with a median survival of only 6 months (1). Amyloidosis is
the most common cause of this co-called ‘restrictive cardiomyopathy’. Transthoracic
echocardiography plays an important role in the evaluation of cardiac manifestations
of amyloidosis. Nowadays it is the modality of choice for the evaluation of amyloid
deposition in the heart (2). The most common findings are left ventricular (LV) wall
thickening due to amyloid deposition in the myocardium and highly refractile cardiac
echoes (sparkling). This is often associated with right ventricular wall thickening,
diffuse valvular infiltration, dilated atria and pericardial effusion (3). However, with
this technique, the diagnosis of cardiac amyloidosis is often established when the
disease has already reached a relatively advanced stage, where irreversible functional
and structural myocardial changes have occurred (remodelling). Disturbance of
myocardial sympathetic innervation may play an important role in this remodelling
process, and may even lead to sudden death due to fatal arrhythmia (2). Amyloid
deposits impair the function of myocardial sympathetic nerve endings.
Scintigraphic imaging using [123I]-MIBG is a validated method to evaluate
sympathetic innervation in the heart, and has also been used in patients with
amyloidosis (4–6). [123I]-MIBG, derived by chemical modification of the false
neurotransmitter analogue guanethidine, and therefore an analogue of
norepinephrine (NE), enters the sympathetic nerve terminals through a specific
“uptake-1 mechanism”. Unlike NE, [123I]-MIBG is stored in granules in the nerve
terminals and is not catabolised. In various case studies and trials, defects on [123I]MIBG scans have been found to represent impaired cardiac sympathetic nerve
endings due to amyloid deposition (4–9). So, [123I]-MIBG indirectly visualizes the
effect of amyloid deposition in the myocardium (10). This technique might be able
to detect early cardiac denervation before actual heart failure occurs, and is also

thought to visualize impaired sympathetic innervation before abnormalities appear
on echocardiography.
The purpose of this study was to determine if [123I]-MIBG scintigraphy is able
to identify cardiac sympathetic denervation in patients with different types of early
stage amyloidosis.
Chapter 2
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MATERIALS AND METHODS
Patients

[123I]-MIBG scintigraphy
Scintigraphy was performed after blockade of thyroid uptake of free [123I] by iodine
potassium iodide (Lugol’s solution). After a 15-min rest period, subjects were injected
with 185 MBq [123I]-MIBG (AdreView; GE Healthcare Medical Diagnostics, Eindhoven,
The Netherlands) through an intravenous catheter. At 15 min (early image) and 4 h
(delayed image) after tracer administration, 10-min static anterior view images of
the chest were acquired using a Symbia S gamma camera (Siemens Medical Systems,
Knoxville, TN) with a medium energy low-penetration parallel-hole collimator, as
recommended in the proposal for standardization of [123I]-MIBG scintigraphy for
cardiac sympathetic innervation imaging (11). A 15 % energy window centred on
159 keV, a 256 × 256 matrix size and a 1.45 zoom factor was used.
Multiple gated equilibrium radionuclide angiography (MUGA)
MUGAs were standardized and performed in the left anterior oblique projection
after in vivo labelling of red blood cells with 750 MBq of [99mTc]-pertechnetate to
determine LVEF. Images were collected in a 64 × 64 matrix in 20 frames/cycle during
a 10-min acquisition. The Symbia S gamma camera with a low-energy all-purpose
collimator was used. The camera head was positioned in the best septal left anterior
oblique projection, typically with a caudal tilt of 5–10°. R-wave triggering was
performed in a 20 % beat acceptance window with two-thirds forward and one-third
backward framing per cardiac cycle, for 20 frames per R-R interval for a total of 6 min.
Iodine-123 labelled metaiodobenzylguanidine for the evaluation of cardiac sympathetic denervation in early
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A total of 63 consecutive patients (31 women, 32 men) with systemic amyloidosis
underwent [123I]-MIBG scintigraphy between June 2007 and August 2011. Diagnosis
of amyloidosis was based on detection of amyloid in a biopsy site typically involved in
systemic amyloidosis, such as abdominal fat tissue, kidney or nerve. One patient was
excluded because of insufficient histological proof of amyloid in the biopsy. History
and physical examination were used to determine the presence of polyneuropathy.
All patients underwent the usual tests including 12-lead electrocardiography (ECG),
dynamic electrocardiography (Holter investigation), Multiple gated equilibrium
radionuclide angiography (MUGA) for LV ejection fraction (LVEF), [123I]-labelled
serum amyloid P scintigraphy to evaluate total body amyloid deposition, autonomic
function testing using bedside manoeuvres, heart rate variability analysis and
echocardiographic examination before [123I]-MIBG scintigraphy.
For [123I]-MIBG imaging, nine age-matched consecutive normal volunteers
were scanned to form a healthy control database. All subjects were in good health
and were not taking medication, especially tricyclic antidepressants or other
sympathicomimetics that can interfere with [123I]-MIBG uptake.
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Data were acquired using 64 × 64 matrices in a 15 % energy window centred on the
140 keV photopeak. Processing was performed on dedicated computers (Syngo MI;
Siemens Medical Systems). For each of the 20 frames a region of interest (ROI) was
automatically drawn around the LV using a validated, fully automated, operatorindependent, contour detection algorithm. Frames were automatically corrected
for background activity. Background activity ROIs were generated automatically.
All LVEF values were generated without decimals and are highly reproducible (12).
Image analysis [123I]-MIBG scintigraphy
For planar images, LV activity was measured over the raw static image using a ROI
along the contour of the LV. A second ROI was placed over the upper mediastinal
area. The heart-to-mediastinum activity ratio (HMR) was measured three times, and
the measurements averaged. The cardiac [123I]-MIBG wash-out rate was defined as
the percentage change in activity ratio from the early to the late images within the
LV ROI as follows: [(HMRearly − HMRlate)/HMRearly] × 100 %, data being corrected for
the physical decay of [123I]. Data were also compared with our local normal database.
Heart rate variability analysis
Heart rate variability based on the 24-h Holter electrocardiogram was analysed
during hospitalization. The following nonspectral indices (time domain) were
computed and expressed in milliseconds: the average NN interval of normal cycles; its
standard deviation (SDNN), which reflects all the cyclic components responsible for
variability; and the SDNN index, which is the mean of all 5-min standard deviations
of NN intervals during a 24-h period.
Echocardiographic examination
The following variables were measured according to standard recommendations
in the M-mode echocardiographic examination: LV internal end-diastolic and endsystolic dimensions, interventricular wall thickness and LV posterior wall thickness
at end-diastole. In the two-dimensional echocardiographic examination, highly
refractile cardiac echoes, the so-called granular sparkling appearance, were sought.
Using Doppler recordings of transmitral flow velocity, the ratio of peak flow velocity
of LV rapid diastolic filling (peak E) to peak flow velocity during atrial contraction
(peak A) was measured, and a ratio lower than 1 was considered abnormal. A
visually estimated LVEF of >55 % was considered normal, between 55 % and 40
% mildly disturbed, between 30 % and 40 % moderately disturbed, and <30 %
severely impaired systolic function.
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The results are expressed as means ± standard deviation, or median (range) if the
data were not normally distributed. The differences between patient categories
were evaluated using unpaired Student’s t-tests. P values <0.05 were considered
significant.

RESULTS
Patient characteristics
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The baseline characteristics of the patients (31 women and 32 men) are summarized
in Table 1. Their mean age was 62 ± 8.8 years. The mean age of the 9 healthy controls
(6 women and 3 men) was not significantly different (52 ± 17 years). Of all 63 patients,
39 were diagnosed with AL amyloidosis, 11 with AA type and 11 with ATTR type. In
one patient, the type of amyloidosis remained unclear, despite extensive testing. One
patient was excluded because the presence of amyloidosis could not be confirmed
histologically. There was no difference in medication use between the different
patient groups. Polyneuropathy was present in 19 patients (10 AL, 1 AA and 8 ATTR).
Clinical evidence of autonomic dysfunction was present in 25 patients (18 AL, 2 AA
and 5 ATTR). The clinical signs of heart failure are also presented in Table 1. No
significant difference between the different patients groups was found regarding
these parameters. ECG abnormalities at baseline included left axis deviation, signs
of LV hypertrophy, conduction delay (QRS >110 ms), and microvoltage in standard
leads. Atrioventricular block recorded on Holter registration was infrequent (ten
patients): five first-degree and 1 s-degree in AL patients and five in ATTR patients.
The QRS complex was significantly longer in ATTR patients: 104 ms versus 88 ms in
AA patients as well as AL patients (p < 0.005), but still within the normal range (<110
ms). Ventricular tachycardia (VT) occurred significantly more often in ATTR patients
(median 1, range 0–13). However, the number of VTs over five beats was the same
in AL and ATTR patients (5). Median LVEF on MUGA was 60 % (range 29–70 %), and
did not differ between the groups. The presence of wall motion abnormalities on
MUGA was not different between the groups.
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Table 1
Patient characteristics at baseline
Frequency (n), mean ± SD or median (range)
AL patients
AA patients
ATTR patients

β-blocker
ACE-i
Anti epileptic agents
SSR-i
ATII-a
Alpha-1 blocker
Laboratory at presentation
NT-pro-BNP (ng/L)
Troponin T (μg/L)
MUGA parameters
LVEF (%)
Wall motion abnormalities LV (n)
None
Diffuse
Regional
RVEF (n)
Normal
Mildly disturbed
Moderately disturbed

21
18
62 ± 8.8
0
10
18

3
8
64 ± 13
0
1
2

7
4
56 ± 13
2
8
5

6
12

1
3

4
7

22
17
27
15
4

8
3
7
3
0

8
3
5
3
0

7
8
4
2
3
0

3
3
1
1
2
1

3
1
1
1
2
0

926
(38-59544)
<0.05
(<0.05-1.32)

792
(29-38308)
0.01
(<0.05-0.08)

777
(80-2596)
<0.05
(<0.05-4.0)

60 (32-70)

65 (51-67)

56 (29-65)

34
3
2

8
1
0

5
1
3

35
3
0

9
0
0

8
0
1
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Gender (n)
Male
Female
Age (years)
Heart biopsy (n)
Polyneuropathy (n)
Autonomic neuropathy (n)
Signs of HF (n)
Cor-thorax ratio > 50
ECG abnormalities
NYHA class for HF (n)
I
II
Hypertension (n)
Oedema (n)
Known CAD (n)
Medication at baseline (n)

HF Heart failure, ACE-I Angiotensin converting enzyme inhibitor, SSR-I Selective
serotonin reuptake inhibitors, ATII-a Angiotensin-2 antagonists, NT-pro-BNP
N-terminus pro-brain natriuretic peptide, MUGA Multiple gated equilibrium
radionuclide angiography, LV Left ventricle, RV Right ventricle
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[123I]-MIBG scans were performed within 186 days (0-412 days) after the date that the
presence of amyloidosis was confirmed by histology. Table 2 summarizes the results
of the [123I]-MIBG scans in the different patient groups and the healthy controls. In
all patients the HMR was significantly lower than in healthy controls (mean HMR
2.3 ± 0.75 vs. 2.9 ± 0.58, p < 0.005; Figure 1) Furthermore, the wash-out rate in all
patients was significantly higher than in healthy controls (mean wash-out rate 8.6 ±
14 % vs. −2.1 ± 10 %, p < 0.05; Figure 2). Among all patients, the mean HMR did not
differ significantly between those with and without polyneuropathy or autonomic
neuropathy. The wash-out rates in patients with polyneuropathy were significantly
higher (14 ± 10.7 vs. 6.6 ± 15, p < 0.05)), but not in patients with autonomic
neuropathy. The HMR was significantly lower in ATTR patients (1.7 ± 0.52) than in
the other groups (2.5 ± 0.75 in AL patients and 2.4 ± 0.75 in AA patients, p < 0.05). In
ATTR patients the HMR was significantly lower than in healthy controls (p < 0.001),
but not different from that in AL or AA patients.
Table 2
[123I]-MIBG findings
Frequency (n), mean ± SD or median (range)
Healthy
AL
AA
ATTR
controls
patients
patients
patients
Late HMR
Wash out rate (%)
Wash out rate cut off at 0 (%)
Wash out rate > 20% (n)
HMR Heart-to-mediastinum ratio
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2.9 ± 0.58
-2.1 ± 10
2.6 ± 3.8
0

2.5 ± 0.75
7.0 ± 14
9.6 ± 11
7

2.4 ± 0.75
5.9 ± 14
8.9 ± 11
2

1.7 (1.0-2.6)
18 ± 8.3
18 ± 8.5
6

Figure 1
Late HMR for all patient groups and the healthy controls.
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The wash-out rate in healthy controls was significantly lower than in the patients
overall. It was also significantly lower than in the ATTR patients (p < 0.001) and in
the AL patients (p < 0.005). There was no difference in wash-out rate between the
three patients groups. Using a wash-out rate ≥0 %, the rate in ATTR patients was
significantly higher than in patients with other types of amyloidosis (p < 0.05). Using
this cut-off, the wash-out rate in healthy controls was significantly lower than in the
patients overall (2.6 ± 3.8 % vs. 11 ± 11 %, p < 0.001). A wash-out rate higher than
20 % occurred significantly more often in AL patients and ATTR patients (p < 0.05)
than in AA patients.
Patients with signs of heart failure, specifically a cor-thorax ratio >50,
showed significantly lower HMR (1.78 ± 0.54 vs. 2.46 ± 0.74, p = 0.003) and higher
wash-out rates (23 ± 6.8 % vs. 5.8 ±13 %, p < 0.001) than those without an enlarged
heart on conventional chest radiographs. Also patients with ECG abnormalities at
baseline showed lower HMR (1.91 ± 0.60 vs. 2.55 ± 0.74, p = 0.001) and higher washout rates (15 ± 12 % vs. 5.1 ± 14 %, p = 0.004) than those with a normal ECG.
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Figure 2
[123I]-MIBG wash-out rates for all patient groups and the healthy controls.
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Cardiac denervation - heart rate variability relationship
There was no difference in SDNN among the three patient groups, nor in the SDNN
index.
Echocardiography
Echocardiography and [123I]-MIBG scans were performed within 81 ± 141 days
consecutively. Table 3 summarizes the echocardiographic examination results. Left
and right ventricular wall thickness was overall normal in the different groups, except
for a slightly thicker posterior LV wall in the ATTR patients. LV diastolic function was
mildly disturbed more frequently in AL patients. However, there were no significant
differences in the frequency of diastolic dysfunction among the different groups.
The HMR and wash-out rate were also not different between patients with and
without diastolic dysfunction on echocardiography. The visually estimated LVEF was
mostly normal in all three patient groups. LVEF measured by MUGA corresponded
well with visually estimated LVEF. The combination of LVEF <40 % and the presence
of parameters of amyloidosis on echocardiography occurred significantly more
often in the ATTR patients (36 %).
44

Table 3
Echocardiographic results
Frequency (n), or median (range)
AL patients
AA patients
ATTR patients

LVEF Left ventricular ejection fraction,
LVEF<40

a

12 (7-23)

12 (8-18)

13 (7-20)

11 (8-19)
5 (3-10)

11 (9-15)
6 (4-8)

16 (8-20)
6 (4-9)

3
5
22
5
4

2
4
5
1
1

0
2
3
3
1

21

5

8

25
11
3
0
3

8
3
0
0
0

6
3
1
1
4
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Wall thickness (mm)
Septal wall
Posterior wall
Right ventricle wall
Diastolic function (n)
Inaccessible
Normal
Mildly disturbed
Moderately disturbed
Severely disturbed
Amyloid parameters on
echocardiograma (n)
LVEF on echocardiogram (n)
Normal
Mildly disturbed
Moderately disturbed
Severely disturbed
Cardiomyopathyb (n)

sparkling and LV wall thickness > 11 mm, b amyloid +

Characteristic sparkling on echocardiography appeared in 73 % of the ATTR patients,
and in 54 % and 45 % in the AL and AA patients, respectively. Of the AL patients,
three had the combination of LVEF <40 % and echocardiographic parameters of
amyloidosis. This combination occurred significantly more often (p < 0.05) in the
ATTR patients (4 out of 11). Late HMR was significantly different between patients
with and without echocardiographic parameters for amyloidosis, defined as
sparkling and LV wall thickness >11 mm (2.0 ± 0.70 vs. 2.8 ± 0.58, p < 0.001; Figure
3). Also, the wash-out rate was significantly higher in these patients (−3.3 ± 9.9 %
vs. 17 ± 10 %, p < 0.001; Figure 4).

Iodine-123 labelled metaiodobenzylguanidine for the evaluation of cardiac sympathetic denervation in early
stage amyloidosis

45

Figure 3
Late HMR in patients with and without echocardiographic signs of amyloidosis.
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There was no difference in HMR or wash-out rate among the three patient groups
in patients with echocardiographic parameters of amyloidosis. However, in ATTR
patients without echocardiographic parameters of amyloidosis, HMR was lower than
in patients with the other types (2.0 ± 0.59 vs. 2.9 ± 0.50, p = 0.007). Furthermore,
wash-out rates were higher in these patients (11 ± 1.4 % vs. −4.6 ± 9.3 %, p =
0.03). There was also no difference in polyneuropathy or autonomic neuropathy in
patients with echocardiographic signs of amyloidosis.
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Figure 4
[123I]-MIBG wash-out rate in patients with and without echocardiographic parameters for amyloidosis.
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DISCUSSION
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Our results indicate that [123I]-MIBG scintigraphy can be used to determine cardiac
sympathetic denervation in patients with early stage amyloidosis. Furthermore, in
ATTR patients cardiac denervation can be found even before echocardiographic
parameters are present. To our knowledge, this is the first study to find a significant
difference between subgroups of amyloidosis patients in echocardiographic findings
of cardiac amyloidosis, and HMR and wash-out rates determined by [123I]-MIBG
scintigraphy prior to an intervention. Sympathetic denervation, determined by
diminished late [123I]-MIBG uptake in HMR and elevated wash-out rate, was prominent
in patients with echocardiographic parameters for amyloidosis. Furthermore, HMR
was lower and wash-out rates higher in patients with amyloidosis than in healthy
controls.
In previous studies involving [123I]-MIBG in patients with amyloidosis,
echocardiography was also performed. The slight increase in wall thickness in
ATTR patients and in those with FAP is in accordance with the findings of previous
studies (6–8). In AL patients thickened ventricular walls have been found, but
only in a minority (5). However, in patients with FAP who had undergone liver
transplantation, an inverse correlation has been found between septal and posterior
wall thickness determined by echocardiography and cardiac [123I]-MIBG uptake
after liver transplantation (8). These authors did not find a correlation before liver
transplantation or between echocardiographic changes and changes in [123I]-MIBG
uptake after the intervention.
About 50 % of all amyloidosis patients experience cardiac manifestations
related to the disease, most frequently in those with AL or ATTR. Symptoms and
consequences of cardiac amyloid deposition in AL amyloidosis are often more
frequent and severe than in FAP (causing more fatal dysfunction). Myocardial defects
in [123I]-MIBG activity correlate with impaired cardiac sympathetic function due to
amyloid deposition. This can be identified early in the disease. Several studies have
shown the value of HMR and wash-out rate as indicators of sympathetic innervation
abnormalities in cardiac amyloidosis. The use of [123I]-MIBG (the best reported
imaging modality for cardiac sympathetic denervation) is highly reproducible and is
an easily accessible method, making it not readily substituted by other modalities.
Furthermore, lower HMR and higher wash-out rates correspond to severity of the
disease.
The use of [123I]-MIBG has been studied most intensively in patients with
FAP. The [123I]-MIBG results in this study were generally less aberrant than those in
previous studies (4–6, 8). Not only did the healthy controls have higher HMR than
in previous studies, but our amyloidosis patients also showed higher [123I]-MIBG
uptake and less wash-out. In the study of patients with FAP who underwent liver
transplantation, the mean HMR was 1.45 ± 0.29 before and 1.46 ± 0.28 after liver
transplantation. Also the wash-out rate in these patients (28.5 ± 9.1 % and 24.6 ±
9.6 %, respectively) was higher than in our group. The most important explanation
of the large difference lies in the collimator type used. The previous studies all used
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low-energy collimators, whereas in this study a medium-energy collimator was used.
The choice of collimator type influences the HMR, with higher HMR on [123I]-MIBG
scintigraphy with a medium-energy collimator than with a low-energy collimator
for scans performed in the same setting (13). Another explanation may be the use of
different [123I]-MIBG specific activities in Japan, the US and The Netherlands. In this
study the specific activity of [123I]-MIBG was 74 MBq/ml (AdreView, GE Healthcare).
Unfortunately, the specific activity of [123I]-MIBG used in previous studies is not
available.
The use of [123I]-MIBG in AL type amyloidosis has been less intensively
studied. Only one major study has been performed in which the presence of
impaired myocardial sympathetic innervation was found to be related to clinical
autonomic abnormalities and congestive heart failure in AL amyloidosis (9). The
mean late HMR in our group of AL patients was higher than the mean value in the
control group in the previous study in patients before liver transplantation (6). The
wash-out rate in the control group in the previous study was generally over 20 %,
whereas in our patients the median wash-out rate was 8 %. This may indicate either
that different ethnic groups have different [123I]-MIBG kinetics or that patients with
early stage amyloidosis, as in our patients, have a less-intense wash-out of [123I]MIBG than patients with later stage amyloidosis.
In our patients, no relationship was found between [123I]-MIBG uptake and
autonomic dysfunction on bedside manoeuvres, or peripheral neuropathy. In other
groups with both FAP and AL type amyloidosis, patients with either autonomic
or peripheral neuropathy had lower late HMR and higher wash-out rates. This
may also be due to the early stage of the amyloidosis in our patients. This may
imply a differential autonomic neuropathy, which means that cardiac autonomic
dysfunction cannot be ruled out in those with normal peripheral autonomic function.
Despite the fact that ten of our AL patients suffered from polyneuropathy and 18
suffered from autonomic neuropathy, we were not able to identify a correlation
between the presence of neuropathy and low HMR or high wash-out rate. This may
have been due to the lower test characteristics of the autonomic function tests.
Furthermore, no significant difference in HMR or wash-out rate between the AL
and AA patients was found. This can be explained partly by the fact that fewer AA
patients show cardiac involvement. Another explanation may be the fact that ATTR
patients suffer from more severe cardiac manifestations in the early stage of the
disease. This is in contrast to the general opinion that amyloidotic cardiomyopathy
in ATTR patients is less aggressive than in AL patients (14). However, the prognosis
in ATTR patients depends on the type of mutation, age of onset and severity of
cardiac manifestations (15). Since the age of the patients in the different groups was
not significantly different, the explanation may be found in the severity of cardiac
disease and the type of mutation.
In our study, SPECT imaging was not performed routinely. SPECT imaging
has been reported to have advantages for evaluating abnormalities in regional
distribution in the myocardium (4–9). Usually, the reconstructed data are displayed
in three planes (short axis, horizontal long axis and vertical long axis), which is
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similar to that used in myocardial perfusion SPECT. Various patterns of distribution
of myocardial [123I]-MIBG accumulation have been reported, but the quality of [123I]MIBG SPECT images is moderate due to the properties of the tracer. Furthermore, no
myocardial perfusion scans were performed. Comparing perfusion imaging to [123I]MIBG distribution gives extra information about the presence or absence of mismatch
patterns. Myocardial ischaemia or infarction disrupts sympathetic transmission,
which may lead to denervation of a region larger than that affected by ischaemia
only. Furthermore, sympathetic nervous tissue is more sensitive to ischaemia than
myocytes. The presence of innervation/perfusion imaging mismatches correlates
with electrophysiological abnormalities and increasing inducibility of potential
lethal arrhythmias (16, 17).
Positron emission tomography in cardiac denervation
Various PET analogues of NE are also under investigation (18). These are even more
similar to NE than [123I]-MIBG and show advantages for imaging. [11C]-meta-hydroxyephedrine ([11C]-mHED) is the most commonly used PET tracer. It has a higher
sensitivity for the uptake-1 mechanism than [123I]-MIBG, and is not linked to the
uptake-2 mechanism, which might allow better differentiation between innervated
and denervated myocardium. In a group of 21 patients with LV dysfunction who
underwent both [123I]-MIBG and [11C]-mHED imaging, the correlation between [123I]MIBG wash-out rate and [11C]-mHED wash-out rate was poor (r = 0.57), but the defect
sizes on both early (r = 0.94) and late images (r = 0.88) with these two modalities were
more closely associated. Therefore, [11C]-mHED seems to have advantages over [123I]MIBG in the detection of regional abnormalities (19). Other [11C]-labelled tracers,
including [11C]-phenethylguanidine, are currently under investigation. Promising
results from a study in rats show that [11C]-phenethylguanidine and its analogues
are transported more slowly that [123I]-MIBG and [11C]-mHED, and therefore might
provide more accurate measurement of cardiac nerve density (20).
To the best of our knowledge no PET tracers have been used to visualize cardiac
denervation in patients with cardiac manifestations of amyloidosis.
Clinical implications
The results and measurements in echocardiography depend on the level of
experience of the user and this may lead to interobserver variability. Experienced
users may be able to detect cardiac amyloidosis accurately and therefore at an early
stage of the disease. The fact that in patients with echocardiographic parameters for
amyloidosis, late [123I]-MIBG uptake was lower and wash-out rate was higher shows
that the two investigations may complement each other. Amyloidosis with cardiac
involvement is a difficult diagnosis and one imaging technique may confirm the
diagnosis or add value to the other. Both types of investigations are well established
in the work-up in patients with amyloidosis and should be performed routinely.
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CONCLUSION
Patients with biopsy-proven amyloidosis and echocardiographic findings of cardiac
manifestations showed significantly lower HMR and higher wash-out rate than
patients without these findings. Furthermore, [123I]-MIBG scintigraphy was able to
detect cardiac sympathetic denervation in ATTR patients before echocardiographic
evidence was apparent. [123I]-MIBG scanning may successfully detect cardiac
sympathetic denervation in all patients with early stage amyloidosis. Finally, [123I]MIBG and echocardiography may complement each other in the diagnosis of cardiac
manifestations of amyloidosis, and should be performed consecutively in a routine
manner.

Iodine-123 labelled metaiodobenzylguanidine for the evaluation of cardiac sympathetic denervation in early
stage amyloidosis

51

Chapter 2

Another point of interest is the role of [123I-MIBG] in predicting sudden cardiac
death in patients with heart failure and even the predictive value of appropriate
implantable cardioverter-defibrillator (ICD) therapy. Several studies indicate that
lower HMR is associated with an increased likelihood of an ICD discharge (21, 22).
[123I]-MIBG scanning may also be able to play a role in decision making concerning
ICD therapy in patients with heart failure due to cardiac amyloidosis.
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Histological proof remains the gold standard for the diagnosis of amyloidosis.
Nuclear medicine imaging techniques are able to determine the amyloid load in the
body. Currently, the best imaging modality is 123I-SAP scintigraphy. This modality has
high sensitivity for detecting amyloid deposits in all amyloid subtypes. Involvement
of liver and spleen can be visualized before clinical signs are present. The addition
of single photon emission computed tomography improves the differentiation of
overlying organs. However, 123I-SAP is not FDA approved. Its availability is limited
to two centres in Europe. Furthermore, it is not suitable for imaging cardiac
involvement of amyloidosis, due to movement, blood-pool content and lack of
fenestrated endothelial in the myocardium. Phosphate derivates labelled with 99
Tc, are able to detect calcium compounds in cardiac amyloidosis. Finally, 123I-MIBG,
an analogue of norepinephrine, can detect cardiac sympathetic innervation
abnormalities as a consequence of amyloid deposits. Both these last techniques
seem to be able to detect cardiac involvement before echocardiographic parameters
are present. We illustrate the clinical use of these modalities with two patients with
ATTR type amyloidosis.
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Histological proof from biopsied tissue, such as adipose tissue, is the gold standard
for the diagnosis of amyloidosis (1). However, this invasive procedure is subject
to sampling errors. Furthermore, although it may provide information on the
presence or absence of systemic amyloidosis, it does not inform about the extent of
involvement of different organs. Therefore, there is a need for adequate imaging
techniques to determine the amyloid load in the body.
Mutations in the normal transport protein transthyretin (TTR) result in
misfolding of the protein, making the protein amyloidogenic and an important
cause of ATTR amyloidosis. These TTR mutations are inherited in an autosomaldominant way and this type of amyloidosis is characterized by peripheral and
autonomic neuropathy and/or cardiomyopathy. However, in elderly patients, normal
TTR can also become amyloidogenic, leading to “wild-type” ATTR amyloidosis that is
characterized by a slowly progressive cardiomyopathy (2). In this report, we provide
an overview of available nuclear medicine imaging modalities, as illustrated by two
cases suffering from ATTR amyloidosis.
Patient A is a male of 67 years of age, who was referred to the internal
medicine outpatient clinic because of wild-type ATTR amyloidosis with indolent
progressive cardiomyopathy. Complaints of fatigue, ankle oedema and dyspnoea
started 5 years earlier, for which he was referred to a cardiologist. An echocardiogram
at that time did not provide any clue for cardiac amyloidosis. The coronary
angiogram showed normal coronary anatomy, however pulmonary artery pressures
were elevated as well as end diastolic pressure in the left ventricle (LV), indicating
diastolic heart failure. He was treated with diuretics, with initially good effect.
During the next two years his complaints of exercise intolerance aggravated again.
A second echocardiogram showed thickened LV walls (septum 13 mm, posterior
wall 17 mm) and highly refractile echoes, typical signs of cardiac amyloidosis. The
myocardial biopsy showed extensive interstitial amyloid deposition, with positive
immunohistochemical stain for transthyretin. Additional analysis of the TTR gene
did not show any mutation, thereby confirming the clinical diagnosis of wild-type
ATTR amyloidosis. Iodine-123 labelled Serum amyloid P component ([123I]-SAP)
scintigraphy revealed no specific uptake in liver, spleen, kidneys and adrenal glands,
whereas some uptake was seen in shoulders and wrists, and the tissue retention
of SAP was elevated (55%). Conventional bone scanning with technetium-99m
labelled hydroxymethane diphosphonate ([99mTc]-HDP) showed uptake in the large
joints, but also in the heart, in concordance with cardiac ATTR amyloidosis (Figure
1). Also, iodine-123 labelled metai-odobenzylguanidine ([123I]-MIBG) scanning was
performed, which showed a late heart-to-mediastinum (HMR) ratio of 1.57 and a
high-washout rate (>20%), indicating cardiac sympathetic denervation.

Figure 1
Anterior and posterior views of a [99mTc]-HDP scintigraphy (A) and a [123I]-SAP in patient A (B).
Myocardial tracer accumulation on the bone scintigraphy is not present on the [123I]-SAP scan.
Both modalities show uptake in the major joints. Normal [123I]-SAP uptake in the thyroid gland and
stomach.
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Patient B is a 66-year-old female, who was also referred to the internal medicine
outpatient clinic because of signs of amyloidosis on an echocardiogram. This patient
was analyzed on the cardiology department because of sudden dyspnoea, which
started one year earlier. She suffered from exercise intolerance, however she had
no ankle oedema. Because of hypertension she was treated with diuretics and
angiotensin converting enzyme inhibitors, which relieved her complaints. Her
medical history revealed hypothyroidism, arthropathy of the right shoulder and
carpal tunnel syndrome on both sides. Laboratory results showed a slightly elevated
level of kappa free light chains (35 mg/L, reference value 2-20 mg/L) and a highly
elevated N-terminal pro brain natriuretic peptide (NT pro-BNP, 2291 ng/L, reference
value < 100 ng/L), TTR gene analysis showed a homozygous TTR-Val122Ile mutation.
Despite the initial clinical suspicion on AL amyloidosis, because of arthropathy and
cardiomyopathy, the final diagnosis appeared to be ATTR amyloidosis. [123I]-SAP
scintigraphy was performed and showed specific uptake in the spleen, as well as
in the shoulders and wrists. Also the tissue retention of SAP was elevated (60%).
Conventional bone scanning revealed high tracer uptake in the shoulders and wrists
as well, with high accumulation in the myocardium. Additional [123I]-MIBG scanning
showed signs of cardiac sympathetic denervation, with late HMR 1.13 and washout
rate 28% (Figure 2).
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Figure 2
Anterior views of the thorax of patient B, 15 min (A) and 4 h (B) after administration of [123I]-MIBG.
The low uptake in the myocardium, as well as the decrease in uptake over time, indicate cardiac
sympathetic denervation.
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Currently, the best modality for the extent and distribution of amyloid deposition
in all types of amyloidosis is the [123I]-SAP-scintigraphy (3). However, its availability
is limited since it has not been approved by the US Food and Drug Administration
due to the human plasma source of this protein. In fact, it is used only in the
University College London (UK) and the University Medical Center Groningen (the
Netherlands). Despite the fact that SAP is also present in healthy individuals, mainly
circulating in the plasma compartment, its concentration is much higher in amyloid
depositions of patients with systemic amyloidosis. When labelled to iodine-123, it
makes [123I]-SAP very suitable for amyloid imaging. Clinical studies have proven high
sensitivity in determining sites of amyloid deposition for all amyloid subtypes (4).
Involvement of either the liver or the spleen can be visualized even before clinical
signs are present. Furthermore, serial scanning can provide evidence of progression
and regression (5). The [123I]-SAP images are analyzed in a semiquantitative way, by
comparing each organ directly or indirectly to the normal blood-pool distribution.
Organ involvement in graded on a 4-point scale [6]. In a healthy individual, there is
no organ deposition and the tracer is confined to the blood-pool and major blood
organs. Therefore, any uptake in for example the joints which is higher than the
surrounding tissue (as in both patients), is considered “specific” for amyloid deposits.
The tissue retention is determined using urinary and blood samples which
are collected the day after administration of [123I]-SAP. The value of the tissue
retention gives an impression of the total body burden and may sometimes help to
diagnose amyloidosis. However, it does not reliably predict clinical stage or prognosis
in individual patients (6).
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Often, uptake in smaller organs such as the adrenal glands is difficult to assess, due
to image quality as well as to high uptake in neighbouring organs (liver and spleen).
Complementary single photon emission computed tomography (SPECT), in which a
three-dimensional reconstruction is performed of the abdomen, is able to identify
amyloid deposits in individual organs which are projected over each other on the
planar images. The introduction of hybrid camera systems combines SPECT with
computed tomography (SPECT/CT) of the abdomen and makes exact localization of
pathological uptake in specific organs easier.
Unfortunately, this modality is not suitable for imaging cardiac amyloidosis,
due to movement, blood-pool content and lack of fenestrated endothelium in the
myocardium (6). Other techniques are available for this indication. One of those
techniques is the use of [99mTc] labelled phosphate derivates (7). Several [99mTc]
labelled radiopharmaceuticals are available for imaging calcium compounds in
amyloid deposits, with pyrophosphate ([99mTc]-PYP), methylene diphosphonate
([99mTc]-MDP) and 3,3-diphosphono-1,2-propanodicarboxylic acid ([99mTc]-DPD) most
frequently reported (8). Interestingly, one report suggests that [99mTc] -DPD is able
to differentiate between AL and ATTR amyloidosis (9). The myocardial uptake
was significantly higher in patients with ATTR amyloidosis, with the AL patients
showing no uptake at all. Those patients also underwent bone scanning using
[99mTc]-MDP, showing no myocardial uptake at all. This last finding is actually in
disconcordance with our two patients, since [99mTc]-MDP and [99mTc]-HDP are very
closely related diphosphonates. However, myocardial uptake on bone scintigraphy
allows early diagnosis of amyloidotic cardiomyopathy, even before abnormalities on
echocardiography are present (10).
Another technique for imaging cardiac amyloidosis, or actually the
consequences of amyloid deposits on the sympathetic nerve system, is the use of
[123I]-MIBG (11). This tracer is widely accepted for diagnosing cardiac sympathetic
denervation. [123I]-MIBG is an analogue of the false neurotransmitter guanethidine,
and therefore of norepinephrine (NE). Like NE, it is taken up by the uptake-1
mechanism and stored in sympathetic nerve endings. In contrast to NE, [123I]-MIBG
is not further metabolized by enzymes. It is retained in vesicles and supposed to be
washed out in the situation of impaired sympathetic tone only. Another parameter,
besides the washout, which is used to define the uptake in the myocardium, is the
HMR on early (15-min post-tracer injection [pi]) and late (4-h pi) images.
Nowadays, a [123I]-MIBG scan using late HMR and washout rates is a wellestablished modality for the evaluation of cardiac sympathetic tone, especially
in patients with ATTR amyloidosis. Not only do these patients show lower HMR
and higher washout rates than other amyloid type patients and healthy controls,
the use of [123I]-MIBG is also able to identify myocardial involvement before
echocardiographic parameters are present (12). Furthermore, it may have a role in
the indirect measurement of amyloid myocardial infiltration (7).
This report mainly focuses on the use of conventional nuclear medicine
modalities, including the use of hybrid SPECT/CT systems. Positron emission
tomography (PET) is another major modality within nuclear medicine. The role of
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PET radiopharmaceuticals, especially [18F]-FDG, in systemic amyloidosis is limited.
However, a recent case report addressed the use of [11C]-BF-227 for visualization of
myocardial amyloid deposits in a patient with ATTR amyloidosis (13).

CONCLUSIONS
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Nuclear medicine imaging modalities are not only useful to provide an entire
overview of extent and distribution of amyloid deposits. They may also be helpful
in identifying consequences of amyloid deposition on the sympathetic innervation
of the myocardium.
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Purpose: patients with chronic kidney disease (CKD) who undergo chronic
haemodialysis (HD) show altered sympathetic tone, increased norepinephrine
levels and decreased global myocardial perfusion, which are related to higher
cardiovascular mortality. The purpose of this study was to investigate the effect of
transition from pre-dialysis to HD on cardiac sympathetic innervation.
Methods: patients with CKD stage G5 were included in this prospective study
between May 2010 and December 2013. All patients underwent iodine-123 labelled
meta-iodobenzylguanidine ([123I]-MIBG) and technetium-99m labelled tetrofosmin
scintigraphy prior to (baseline) and six months after the start of HD (follow up).
Heart-to-mediastinum ratio (HMR) and wash out (WO) were determined after
administration of [123I]-MIBG. Results of [123I]-MIBG scans were compared to healthy
control subjects (HC). Denervation was defined as either HMR<1.6 or WO>20%.
Results: 18 patients and 9 healthy control subjects, mean age 58±18 and 52±17 years
(ns) respectively, were included. HMR did not differ between baseline and follow
up. However, HMR was lower and wash out was higher in patients at follow up than
in HC (HMR 2.3 ± 0.64 vs 2.9 ± 0.58 (p=0.035), and 3.5% (-2.0 – 41) vs -2.1% (-22 – 12)
(p=0.013), respectively). At baseline, three patients had cardiac denervation, which
was unchanged at follow up. Two patients developed new denervation at follow
up. In three out of the five patients with denervation at follow up denervation
seemed to coincide with myocardial perfusion abnormalities.
Conclusion: cardiac sympathetic denervation is disrupted before initiation of
maintenance HD, and seems to be related with myocardial perfusion abnormalities.
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Patients with chronic kidney disease (CKD) who undergo haemodialysis (HD) show
increased sympathetic tone, increased serum norepinephrine levels and decreased
global myocardial perfusion (1-3). In the normal population, cardiac ischemia and
autonomic dysfunction are reliable predictors for future cardiac events and these
are also associated with increased long term mortality (4-6). The presence of these
findings in CKD patients is related to higher cardiovascular mortality, exceeding
that of age and gender matched healthy control subjects (7). Myocardial blood flow
decreases significantly during HD, indicating that acute dialysis-associated factors
play a role in myocardial perfusion abnormalities (8, 9).
There is a large, but as yet unknown number of individuals with CKD
completely asymptomatic for coronary artery disease, especially those with diabetes,
who have myocardial ischemia and concomitant diabetic autonomic neuropathy.
However, the extent of cardiac ischemia and sympathetic dysfunction on one hand,
and the timepoint of development during CKD (i.e. during or even before starting
haemodialysis) on the other are unclear. It was previously shown that cardiomyocytes
are more vulnerable to innervation abnormalities than to ischemia, which may
indicate that cardiac sympathetic dysinnervation precedes myocardial ischemia (10).
Autonomic dysfunction is also commonly present in end-stage renal disease, but
whether this results in lack of symptoms in cardiac ischemia is unknown.
Analysis of the autonomic function of the heart can be performed by
iodine-123 labelled metaiodebenzylguanidine ([123I]-MIBG) a norepinephrine
analogue. This is a well established additional method to evaluate the sympathetic
innervation of the heart (11). ECG-gated single-photon emission computed
tomography (SPECT) myocardial perfusion scintigraphy, using technetium-99m
tetrofosmin ([99mTc]-tetrofosmin) is a widely used non-invasive modality to evaluate
ischemia of (non-) significant stenosis, and provides information about wall motion,
left ventricular volumes and ejection fraction.
Thus far the presence and severity of cardiac autonomic dysfunction and
coronary artery disease (CAD) has never been studied in asymptomatic patients with
CKD stage G5 who are not yet on dialysis. Our hypothesis is that cardiac sympathetic
innervation abnormalities in CKD stage G5 patients can already be visualized before
the start of maintanance HD. Furthermore we hypothesize that cardiac sympathetic
dysinnervation precedes myocardial perfusion abnormalities in asympatomatic
patients. Therefore, the purpose of this study was to determine baseline cardiac
sympathetic innervation using [123I]-MIBG in asymptomatic patients with CKD stage
G5 and to investigate the effect of the initiation of maintenance HD on cardiac
sympathetic innervation. In addition, we studied whether myocardial ischemia
using [99mTc]-tetrofosmin coincides with the development of cardiac sympathetic
innervation abnormalities in patients with CKD.

SUBJECTS AND METHODS
Patients
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Between May 2010 and December 2013 a total of 18 consecutive patients (13 male)
with CKD stage G5 were included in this prospective study. Diagnosis of CKD was
based on serum levels of creatinine, and subsequent estimated glomerular filtration
rate (eGFR), the latter determined by Modification of Diet in Renal Disease (MDRD)
method (12).Included were patients > 18 years of age that had no history of CAD and
were asymptomatic for present CAD, no history of Parkinson’s disease or dementia
with Lewy bodies, no current use of tricyclic antidepressant agents (TCA) which
could interfere with [123I]-MIBG uptake, and were expected to start HD within the
next 6 months. All patients underwent laboratory tests (including serum creatinine
(μmol/L), urea (mmol/L), eGFR (mL/min*1.73m2), total calcium (mmol/L), phosphate
(mmol/L), serum albumin (g/L), and urinary protein excretion (g/24h)). ECG’s at
baseline and follow up were retrieved from the digital patient chart. [123I]-MIBG
scintigraphy for cardiac sympathetic innervation and [99mTc]-tetrofosmin scintigraphy
for myocardial perfusion imaging were performed at baseline (before the start of
HD), and 6 months after the start of HD (follow up). If patients showed CAD at
baseline they were not excluded from the study to investigate the progression of
CAD during maintenance HD. Patients were followed until 6 months after the start
of HD. All scans were performed on interdialytic days.
For [123I]-MIBG imaging, 9 age-matched consecutive normal volunteers were
scanned, each on one occasion, to collect a healthy control database. All subjects
were in good health and did not use medication.
Haemodialysis treatment
Patients were dialyzed thrice weekly. All patients were on bicarbonate dialysis with a
low-flux polysulfone hollow-fiber dialyser F8 (Fresenius Medical Care, Bad Hamburg,
Germany). Blood flow and dialysate flow rates were 250–350 ml/min and 500 ml/min,
respectively. Dialysate temperature was 36.0 or 36,5 °C. Dialysate composition was
sodium 139 mmol/L, potassium 1.0 or 2.0 mmol/L, calcium 1.5 mmol/L, magnesium
0.5 mmol/L, chloride 108 mmol/L, bicarbonate 34 mmol/L, acetate 3.0 mmol/L, and
glucose 1.0 g/dl.
[123I]-MIBG scintigraphy
Scintigraphy was performed after blockade of thyroid uptake of free [123I] by
iodine-potassium iodide (Lugol’s solution). After a 15-min resting period, subjects
were injected with 185 MBq [123I]-MIBG (General Electric (GE) Healthcare Medical
Diagnostics, Eindhoven, The Netherlands) by an intravenous catheter. At 15 min
(early image) and 4 h (delayed image) after tracer administration, a 10-min static
acquisition was performed in anterior view of the chest, using Symbia S gamma
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camera (Siemens Medical System, Knoxville, Tennessee, USA) with a medium-energy
low-penetration parallel-hole collimator [15]. A 15% energy window centred on
159 keV, a 256 x 256 matrix size and a 1.45 zoom factor were used. According to
the proposed guidelines for [123I]-MIBG scintigraphy, the use of beta-adrenoceptor
blocking agents (β-blockers) and angiotensin converting enzyme inhibitors (ACE-i)
were not discontinued (13).
Image analysis [123I]-MIBG scintigraphy

[99mTc]-tetrofosmin scintigraphy
Adenosine stress [99mTc]-tetrofosmin (250 MBq) and rest [99mTc]-tetrofosmin (600 MBq)
SPECT were performed in consecutive order in a 1-day protocol to analyse cardiac
ischemia. Patients were asked to withdraw caffeine containing beverages and/or
food 24 hours before [99mTc]-tetrofosmin SPECT. [99mTc]-tetrofosmin SPECT studies
were obtained 1 h after tracer administration using a dual-headed gamma camera
(equipped with low-energy high-resolution collimators (Symbia T16 gamma camera
(Siemens Medical System, Knoxville, Tennessee, USA)), ECG-gating, and low dose
CT for attenuation correction. All data from the [99mTc]-tetrofosmin SPECT studies
were reorientated in short-axis, horizontal and vertical long-axis sections. Data was
analyzed and displayed in a 17-segment polar map, using the Quantitative Perfusion
SPECT (QPS) application, a commercially available gated cardiac software package
(developed by the Cedars-Sinai Medical Center, Los Angeles, CA, USA) (14). Average
counts per segment were obtained from the 17 segments and the measured counts
were normalized to the segment with the highest average counts.
Statistical analysis
Baseline descriptive statistics are presented as mean ± standard deviation or median
(range) for continuous variables and numbers with percentages for categorical
variables as required. We evaluated differences between the two study groups
using the χ2 test and Fisher’s exact test for categorical data and the Student’s t-test
and Mann–Whitney U test for continuous data, according to whether data were
Cardiac sympathetic innervation is disrupted before the start of renal replacement therapy
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For planar images, left ventricular (LV) activity was measured over the raw static
image using a region of interest (ROI) along the contour of the LV. A second ROI
was placed over the upper mediastinum [13]. Heart-to-mediastinum activity ratio
(HMR) was measured three times, and the average of measurements was taken into
account. Cardiac [123I]-MIBG wash out rate was defined as percentage change in
activity from the early to the late images within the LV ROI as follows: ((Hearly-Hlate)/
Hearly) x 100%, data being corrected for the physical decay of [123I]. The presence
of either HMR < 1.6 or wash out rate > 20% was considered as a sign of impaired
cardiac sympathetic, or denervation. Data were also compared with our local normal
database.

normally distributed. In all analyses, P < 0.05 was considered statistically significant.
Statistical analysis was performed using the SPSS package version 22 (IBM Corp.,
Armonk, NY, USA).
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RESULTS
Patient characteristics
The baseline characteristics of the patients are summarized in Table 1. The mean
age was 58 ± 18 years. For the 9 healthy controls (6 women and 3 men), the age was
not significantly different: 52 ± 17 years. As expected in patients with stage 5 CKD,
eGFR indicated very severely reduced kidney function (<15 mL/min) in all patients.
A majority of the patients had hypertension (78%), and used anti-hypertensive
medication, mainly β-blockade and diuretics. Diabetes mellitus was present in 33%
of the patients. None of the patients appeared to have a history of coronary artery
disease or any other severe cardiac event.
At baseline, none of the patients had electrocardiographic signs of ischemia
or infarction. One patient had a first degree atrio-venticular block, whereas one
other patient had a left bundle branch block (QRS duration 138 ms).

Table 2 shows the results of the [123I]-MIBG scans. All 18 patients underwent [123I]MIBG scintigraphy at baseline and during follow up. Follow up [123I]-MIBG scans
were performed within 6 ± 2 months after the start of HD. Early and late HMR in
patients at baseline were not different from healthy controls. In healthy control
subjects, there was no difference between early and late HMR. However, a statistical
significant decrease in patients’ HMR was observed at both baseline and follow up:
mean early HMR 2.6 ± 0.70 versus (vs) late HMR 2.4 ± 0.76 (p=0.005) at baseline, and
mean early HMR 2.5 ± 0.51 versus (vs) late HMR 2.3 ± 0.64 (p=0.006) at follow up. This
was not present in healthy controls. At baseline four patients had signs of impaired
cardiac sympathetic innervation, whereas five patients showed denervation at
follow up.
In patients, early HMR at baseline was not different from early HMR at
follow up, nor was late HMR at baseline different from late HMR during follow up.
However, patients at follow up showed significant lower late HMR and higher wash
out than healthy controls: mean late HMR 2.3 ± 0.64 vs 2.9 ± 0.58 (p = 0.035), and
mean wash out 10 ± 13% vs -2.1 ± 10% (p = 0.013, Figure 1 and 2). No statistical
difference in wash out of [123I]-MIBG between follow up compared to baseline was
observed. Figure 3 shows the wash out values of the individual patients at baseline
and follow up.
Interestingly, none of patients with signs for denervation on [123I]-MIBG
scintigraphy at follow up used ACE-i. Four of those patients did use β-blockers.
Only one patient with diabetes mellitus developed cardiac sympathetic denervation
during HD.
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[123I]-MIBG scintigraphy

Table 1
Patient characteristics at baseline
Frequency (n), median (range) or mean ± SD
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Gender (n)
Male
Age (years)
Medical history (n)
Hypertension
Hypercholesterolemia
Diabetes Mellitus
Smoking
Coronary artery disease
Medication at baseline (n)
Beta-blocker
ACE-inhibitor
Diuretics
Laboratory at inclusion
Leucocytes (x 109/L)
Haemoglobin (mmol/L)
Trombocytes (x109/L)
C-reactive protein (mg/L)
Sodium (mmol/L)
Potassium (mmol/L)
Chloride (mmol/L)
Urea (mmol/L)
Creatinine (μmol/L)
eGFR (mL/min*1.73 m2)
Uric acid (mmol/L)
Calcium (mmol/L)
Phosphate (mmol/L)
Total protein (g/L)
Albumin (g/L)
HDL (mmol/L)
LDL (mmol/L)
Glucose (mmol/L)
Urinary protein excretion (g/24h)

13 (72 %)
58 ± 18
14 (78%)
6 (33%)
6 (33%)
2 (11%)
0 (0%)
11 (61%)
6 (33%)
8 (44 %)
7.1 (3.3 - 9.8)
6.8 (6.0 - 9.7)
208 (117 - 347)
0 (0 - 59)
140 (135 - 145)
4.9 (4.0 - 5.9)
107 (98.0 - 114)
26 (15 - 38)
584 (339 - 1.31x103)
8.0 (4.0 - 12)
0.45 (0.23 - 0.72)
2.25 (2.07 - 2.53)
1.60 (1.07 - 2.12)
67 (60 - 77)
41 (29 - 46)
1.0 (0.70 - 2.7)
2.2 (0.80 - 4.8)
6.7 (4.1 - 14)
2.7 (0.40 - 6.8)

HDL High-density lipoprotein cholesterol, LDL Low-density lipoprotein cholesterol
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Table 2
[123I]-MIBG findings

Healthy
controls
(N=9)
Early HMR
Late HMR
Wash out rate (%)
Cardiac sympathetic
innervation abnormalities (n)

Frequency (n), or mean ± SD
Patients
Baseline
Follow up
(N=18)
(N=18)

2.8 ± 0.63
2.9 ± 0.58
-2.1 ± 10

2.6 ± 0.70
2.4 ± 0.76
9.2 ± 11

2.5 ± 0.61
2.3 ± 0.64
10 ± 13

0

4

5

HMR Heart-to-mediastinum ratio, Cardiac sympathetic innervation abnormalities (n) = low late
HMR and/or high wash out rate
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Figure 1
Late [123I]-MIBG heart-to-mediastinum ratio’s patients at baseline and follow up, and of healthy
control subjects. Late HMR was significantly lower in patients at follow up than in healthy controls.

Figure 2
Mean [123I]-MIBG wash out values of patients at baseline and follow up, and of healthy controls.
Wash out was significantly lower in healthy controls than in patients at both baseline and follow
up. In patients, there was no significant difference in wash out between baseline and follow up.
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[99mTc]-tetrofosmin scintigraphy
The results of myocardial perfusion SPECT are summarized in Table 3. Baseline
myocardial perfusion SPECT was performed in 17 of 18 (94%) patients. One patient
was not able to undergo the investigation before the start of HD. Myocardial
ischemia was present in six (35%) patients, and five of these six patients also showed
wall motion abnormalities, especially hypokinesia of the affected LV wall. None of
patients had signs of infarction at baseline. Mean left ventricular ejection fraction
(LVEF) was within a normal range (56 ± 17 %).
After the start of HD, follow up myocardial perfusion SPECT was performed
within 6 ± 2 months. At follow up four patients showed myocardial ischemia, and
two of these patients had developed a new myocardial infarction compared with
the baseline study. Thus, of these four patients with myocardial ischemia at follow
up, two patients had developed new myocardial ischemia during HD, while two
patients had myocardial ischemia at baseline that did not change after the start
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of HD. Two patients with myocardial ischemia at baseline had normal myocardial
perfusion SPECT results at follow up. Both patients with myocardial infarction at
follow up showed progression of myocardial ischemia compared to baseline findings.
At follow up, neither mean LVEF, nor mean end-diastolic volumes were
statistically different from baseline.
Figure 3
Individual [123I]-MIBG wash out values of all 18 patients.
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Table 3
Gated myocardial perfusion SPECT results
Frequency or mean ± SD
Baseline (N=17)
Follow up (N=18)
End-diastolic volume (mL)
Left ventricular ejection fraction (%)
Ischemia (n)
Infarction (n)

137 ± 41.2
56 ± 7.0
6
0

Cardiac sympathetic innervation is disrupted before the start of renal replacement therapy

122 ± 51.6
58 ± 7.0
4
2
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Relationship between myocardial perfusion and sympathetic innervation
The baseline characteristics and scan results of the five patients who had cardiac
denervation at follow up are presented in Table 4. Four patients already had signs
of cardiac sympathetic innervation abnormalities at baseline. One patient with
a positive [123I]-MIBG scan at follow up developed new myocardial ischemia, one
patient developed an infarction out of ischemia at baseline (Figure 4 and 5), and
one patient showed an increase in ischemic area. Two patients with positive [123I]MIBG scans at follow up had normal myocardial perfusion scans at both baseline and
follow up. Two other patients, who showed normalization of myocardial ischemia at
baseline, had no signs of cardiac sympathetic innervation abnormalities at baseline
or follow up.
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Figure 4
Polar map reconstruction of the myocardial perfusion SPECT of a patient during follow up: A stress
image, B rest image. The persisting perfusion defect in the antero-apical segments of the left
ventricle wall indicates myocardial infarction.

A
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B

Table 4
Baseline characteristics and results of the patients with denervation at follow up

8

Patient
14

16

17

53
Male
No

82
Female
Yes

82
Female
No

50
Female
No

82
Male
No

No
Yes

No
Yes

No
No

No
Yes

No
Yes

No
No

Yes
No

Yes
No

No
No

No
No

Yes
No

No
Yes

Yes
No

No
No

No
No

1.20
21

1.06
8

1.43
41

2.63
16

2.51
21

1.80
24

1.34
21

1.58
27

1.80
41

1.42
22
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Age (y)
Gender
DM
Medication
ACE-i
β-blocker
MPS Baseline
Ischemia
Infarction
MPS follow up
Ischemia
Infarction
[123I]-MIBG Baseline
Late HMR
Wash out (%)
[123I]-MIBG Follow up
Late HMR
Wash out (%)

1

DM = diabetes mellitus, ACE-i = angiotensin converting enzyme inhibitor, MPS = myocardial
perfusion SPECT, HMR = heart-to-mediastinum ratio.
Figure 5
Planar images of [123I-MIBG] scintigraphy of a patient during follow up. (A) Early image 15 minutes,
and (B) late image 4h after tracer administration. The HMR of panel A was 3.03, of panel B 1.80,
resulting in a wash out of 41%.
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DISCUSSION
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The present study provides the novel information that baseline cardiac sympathetic
innervation in CKD stage G5 patients is already disrupted, according to the significant
lower mean late HMR compared to mean early HMR. This was not the case in age
and gender matched healthy control subjects. Late HMR and wash out at follow up
were not statistically different from baseline; however innervation at follow up was
significantly different from healthy controls.
These data may suggest that cardiac sympathetic denervation precedes
myocardial perfusion defects, since three patients with signs of innervation
abnormalities at baseline showed alteration in myocardial perfusion from baseline
to follow up. This suggestion supports the fact that cardiomyocytes are more
susceptible to sympathetic innervation abnormalities than to decreased blood flow.
Furthermore, two patients in this study also developed sympathetic denervation
without myocardial perfusion abnormalities, which may support the presence of
microvascular coronary dysfunction.
The presence of cardiac sympathetic innervation abnormalities detected by [123I]MIBG scintigraphy in HD patients is not a novel concept. Earlier studies using [123I]MIBG scintigraphy in HD patients showed that [123I]-MIBG wash out was significantly
higher than in healthy control subjects (15,16). Both studies did not find a statistical
difference in HMR between patients and healthy controls.
Cardiac [123I]-MIBG wash out was reported higher in children with CKD on
peritoneal dialysis and HD, compared to conservatively treated patients and those
who underwent kidney transplantation (17). Furthermore, cardiac sympathetic
innervation seems to improve, by means of lower wash out and higher HMR, early
after kidney transplantation (15,18). So, the results of the present study that CKD
patients treated with HD show lower HMR and higher wash out seems to be in line
with earlier results.
The results of this study should be interpreted with caution, due to limited power.
A power analysis was performed and resulted in a required number of 44 included
patients. Due to very slow inclusion, the study was terminated before the necessary
number of patients was included. Eventually, only 18 patients completed the study
protocol. If the required number of patients would have been included, the results
might have been more evident. However, the present study comprises the largest
group of patients in which cardiac sympathetic innervation is evaluated during the
initiation in maintenance HD.
Further, in this study the follow up interval was relatively short. A previous
study showed that HMR is lower in those patients who are treated with HD for a
prolonged period of time, up to 120 months (19). However, in that study [123I]-MIBG
scintigraphy was only performed at one single time point: the effect of transition
from predialysis to HD on HMR was not studied. The present study provides
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Clinical implications and future perspectives
As stated before, the prevalence of CAD in HD patients is high (7). These patients
are therefore at risk of developing ischemic heart failure and severe cardiac events.
According to the 2012 United States Renal Data System annual report, arrhythmia
and sudden cardiac arrest (SCA) accounted for 63% of the cardiovascular and 27%
of all-cause mortality in dialysis patient (24). In a recent study of 75 HD patients with
an implantable cardioverter defibrillator (ICD), nearly 80% of all SCA were caused
by ventricular tachycardia and ventricular fibrillation (25). The authors reported an
improved survival after SCA than previously assumed. The results of [123I]-MIBG scans
are known to have predictive implications for successful ICD therapy in patients
with heart failure (26). Therefore, [123I]-MIBG scintigraphy has the potential to
play a guiding role in clinical ICD decision making in HD patients. Until that time,
prospective studies have to demonstrate the relationship of low HMR and high
[123I]-MIBG wash out on one hand, and the development of heart failure related
arrhythmia on the other.

CONCLUSION
This study showed that cardiac sympathetic innervation in patients with CKD
undergoing HD was already disrupted before the start of HD. In these patients,
late HMR at follow up was lower and wash out was higher compared with healthy
controls, indicating cardiac sympathetic denervation. Furthermore, the development
of sympathetic denervation seems to precede that of myocardial perfusion
abnormalities.
Cardiac sympathetic innervation is disrupted before the start of renal replacement therapy
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additional information that cardiac sympathetic denervation already occurs in CKD
stage G5, before the transition from predialysis to HD.
Of the six patients with diabetes mellitus, only one developed cardiac
sympathetic denervation during HD. This was one out of the two patients who
also developed myocardial infarction out of pre-existing ischemia. For this patient,
diabetes mellitus could be considered as a confounder, since microvascular
dysfunction is known to contribute to lower HMR (20) was an elderly patient with
long-lasting stable history of diabetes mellitus.
The use of ACE-i is known to have a cardioprotective effect in patients with
CKD, by means of decreasing sympathetic hyperactivity (21). Also, HMR increases
significantly in patients with chronic heart failure during treatment with ACE-I
(22,23). In patients with CKD treated with HD, this improvement in HMR has not
been evaluated with [123I]-MIBG yet. Furthermore, according to the proposal for
standardisation of [123I]-MIBG scintigraphy, there is no evidence to withdraw ACE-I
before performing the scan (13). So, up till now there is no supportive evidence that
the patients using ACE-i in our present study may have false-negative [123I]-MIBG
scans.
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Introduction: Patients with ischemic cardiomyopathy (ICM) are at risk for ventricular
arrhythmias and are protected by an implantable cardioverter defibrillator (ICD).
Visualization of cardiac sympathetic innervation may play an additional role to left
ventricular ejection fraction (LVEF) in identifying those patients who will benefit
from ICD therapy. The purpose of this study was to detect the role of sympathetic
denervation in the genesis of ventricular arrhythmias in ICM patients.
Methods: 20 patients with ICM and LVEF < 30% were included in this pilot study.
Included patients were equally stratified into two groups: no history of arrhythmias
(group A) and recurrent arrhythmias (group B). All patients underwent cardiac
sympathetic denervation (using carbon-11 labelled meta-hydroxy-ephedrine ([11C]mHED)), myocardial ischemia and viability detection. Patients were followed up to
one year after the imaging studies.
Results: Mean age was 63 ± 7.5 years. Mean global retention of [11C]-mHED was
0.055 ± 0,012 min-1, and was not different between the two patient groups: 0.056 ±
0.011 min-1 vs 0.054 ± 0.013 min-1 for group A vs group B, respectively. During followup, seven patients developed ventricular arrhythmias, and four patients died. No
difference in [11C]-mHED retention was found between patients with and without
ventricular arrhythmia during follow up. However, size of denervated area was
larger in patients who died during follow up: 10 ± 1 segments vs 6 ± 2 segments, p
= 0.002.
Conclusion: Cardiac sympathetic innervation is impaired in patients with ischemic
cardiomyopathy. All-cause mortality occurred in those patients with large areas of
[11C]-mHED defect.
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Myocardial infarction results in nerve injury, followed by sympathetic nerve
sprouting and regional heterogeneous myocardial hyperinnervation, stimulated by
adjacent borderline ischemia (1,2). The coupling between augmented sympathetic
nerve sprouting and electrically remodelled myocardium may result in ventricular
tachycardia, ventricular fibrillation and sudden cardiac death (1,3,4). However, the
exact role of sympathetic denervation and/or heterogeneous innervation in the
genesis of these arrhythmias is yet not completely understood.
Patients with increased risk on ventricular arrhythmias, and severely
reduced left ventricular ejection fraction (LVEF) of <35% will be protected by an
implantable cardioverter defibrillator (ICD) (5). However, most of these patients
will never develop fatal ventricular arrhythmias. A more accurate method to select
patients for ICD indication is needed. Imaging of the sympathetic neurons involves
radiolabelling of true adrenergic neurotransmitters or synthesis of radiolabelled
catecholamine analogues (6). Carbon-11 labelled meta-hydroxyephedrine ([11C]mHED is the most frequently used positron emission tomography (PET) tracer for
mapping of sympathetic neurons in patients with ischemic cardiomyopathy (710). Distribution of [11C]-mHED throughout left ventricular myocardium in healthy
normal individuals is regionally homogeneous with high uptake in all myocardial
segments (7). It is an accurate non-invasive method to quantify the activity and
distribution of sympathetic innervation.
The purpose of this study was to detect the role of sympathetic denervation
in the genesis of ventricular arrhythmias after myocardial infarction in patients with
ischemic left ventricular dysfunction and an increased risk of sudden cardiac death.
First aim was to perform a preliminary study to evaluate [11C]-mHED uptake and
distribution in infarcted and non-infarcted regions of the left ventricle in patients
with high and low risk on ventricular arrhythmias. Second aim was to evaluate
whether uptake and distribution of [11C]-mHED differs between patients with high
and low risk on ventricular arrhythmias.

MATERIALS AND METHODS
Patients

Chapter 5

This pilot project was a prospective, observational cohort study, in which 20 patients
were included. All patients were eligible to receive, or had already received an ICD
because of underlying ischemic cardiomyopathy. Patients were recruited in the Isala
Hospital in Zwolle. Excluded were patients with disorders known to be associated
with cardiac sympathetic dysfunction (such as hypertrophic cardiomyopathy,
Brugada syndrome, arrhythmogenic right ventricular dysplasia and Parkinson
disease), patients using tricyclic antidepressant agents, and patients with heart
failure and New York Heart Association (NYHA) class III/IV. All patients gave written
informed consent to participate in the study. The study was approved by the local
medical ethics committee.
Included patients were stratified into two groups. The first group (group
A, n=10 patients) involved patients with ischemic heart disease and left ventricular
dysfunction (LVEF< 30%, based on radionuclide ventriculography) and no history of
ventricular arrhythmias. The second group (group B, n=10 patients) involved patients
with ischemic heart disease and reduced left ventricle function (LVEF<30%, based
on radionuclide ventriculography) and a history of recurrent ICD shock therapy due
to VT/VF.
In all patients, myocardial ischemia and viability detection was clinically
assessed in the Isala Hospital in Zwolle, using gated technetium-99m ([99mTc])
labelled tetrofosmin myocardial perfusion single photon emission computed
tomography (MPS) and fluorine-18 labelled fluorodeoxyglucose ([18F]-FDG) PET,
respectively. Patients were transferred to the University Medical Center Groningen
(UMCG) for the [11C]-mHED PET scan, combined with rest myocardial perfusion using
nitrogen-13 labelled ammonia ([13N]-NH3). Diuretics, B-blockers and Ca-antagonists
were withdrawn 24 hours before the [11C]-mHED PET scan.
Data acquisition and image analysis Isala Hospital, Zwolle
Myocardial perfusion: all patients underwent rest MPS using a dose of [99mTc]tetrofosmin (standard 740 MBq, 1,000 MBq in patients > 100kg). Images were
acquires 45-60 minutes after tracer injection. Patients were scanned using a hybrid
64-slice SPECT/CT device (Ventri, GE Healthcare). Images were acquired using a lowenergy, high resolution collimator, a 20% symmetrical window at 140 keV, a 64 x
64 matrix, and elliptical orbit with step-and-shoot acquisition at 6° intervals over
a 180° arc with 30 steps. All patients were imaged in supine position with arms
placed above the head. Acquisition time was 15 minutes. Rest MPS was followed
by unenhanced low-dose CT scan during breath-hold with the following scanning
parameters: 5.0-mm slice thickness using a reconstruction algorithm with a 512x512
matrix, and 800 ms rotation times at 120 kV and 20 mA. Emission images as well as
attenuation map data were entered into a dedicated reconstruction algorithm to
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provide 3-D volume data (available in a Xeleris workstation, GE Healthcare). These
were reoriented in the standard way and displayed in the three traditional cardiac
axes.
Experienced nuclear cardiac readers non-blindly interpreted the images,
including MPS polar maps. Segments were scored using a 20-segment model for the
left ventricle using the following five-point scoring system: 0 normal, 1 equivocal,
2 moderate reduction in radiotracer uptake, 3 severe reduction in radiotracer
uptake, and 4 no detectable tracer uptake in a segment (11,12). Perfusion defect
(with a score ≥ 2) on rest MPS, persisting despite applying CT-based attenuation
correction together with abnormal wall motions in the corresponding segments,
was considered infarcted myocardial tissue.

PET data acquisition and image analysis UMCG, Groningen
All patients underwent dynamic [13N]-NH3 and [11C]-mHED PET scans using a
1-day protocol. Scans were performed on ECAT EXACT HR+ PET camera system
(Siemens Medical System, Knoxville, Tennessee, U.S.A.). Before dynamic scanning, a
transmission scan for attenuation correction according to standard procedures was
performed, using a rotating rod source filled with Ga68/Ge68, which is incorporated
in the PET camera
Myocardial perfusion: to assess myocardial perfusion, following the
transmission scan 400 MBq of [13N]-NH3 was administered. Dynamic data of
[13N]-NH3 were acquired over 15 minutes, followed by gated mode acquisition.
This allowed quantification of perfusion at rest. The [13N]-NH3 emission data were
corrected for attenuation and after reorientation, short-axis images of [13N]-NH3
were obtained with a plane thickness of about 7 mm at an in-plane resolution of
approximately 7 mm. A fully automatic non-operator dependent program (MATLAB)
Sympathetic denervation in patients with ischemic cardiomyopathy and risk on ventricular tachyarrhythmias. A pilot study.
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Viability: all patients underwent gated [18F]-FDG (200 MBq) PET/CT (Discovery 16
slice, GE Healthcare). To stimulate [18F]-FDG uptake, patients were given 75 g of
glucose orally just before scanning or were given 500 mg of acipimox (Nedios, Byk
Pharmaceuticals, Zwanenburg, The Netherlands) orally 90 min before scanning to
lower circulating free fatty acids (13). To prevent side effects of acipimox (e.g. skin
rash), 250 mg of aspirin was administered orally 5 min before acipimox. Dynamic
acquisition followed after 200 MBq of [18F]-FDG was injected intravenously. The
total [18F]-FDG PET acquisition time was 40 min, with the last 20 min acquired in
gated mode with 16 frames per cardiac cycle. The length of each gate was based on
the current R-R interval. The R-R interval was allowed to vary by 10 %. Data were
corrected for attenuation using a low-dose CT scan and were reconstructed using
filtered back projection (Hann filter, 0.5 pixels/cycle).
Viable myocardium was defined as the extent of mismatching area between
myocardial infarction on MPS and tracer uptake on [18F]-FDG PET. Non-viable
myocardial tissue was defined a matching defect on both MPS and [18F]-FDG PET.
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which incorporates spill-over correction was used to quantify the mean blood flow
(MBF) of the segments of the left ventricle (mL/min/100g).
Sympathetic innervation: after injection of approximately 350 MBq (range
200-400 MBq) of [11C]-mHED, dynamic imaging was performed for 60 minutes
and heart rate and blood pressure were monitored continuously. The [11C]-mHED
emission data were corrected for attenuation and residual activity of the earlier
[13N]-NH3 scan. For quantification, a retention index was calculated by dividing the
mean myocardial radioactivity concentration in the last 20 minutes of the PET scan
by the integral of the time-activity curve in arterial blood (derived from a region
of interest in the right ventricular chamber). Images were reoriented to the long
and short axes of the left ventricle using a special workstation. Gating files were
processed in QGS software.
Data was collected and analysed at the nuclear medicine department of
the UMCG. At a three month interval following ICD implantation, the device was
interrogated to assess number of episodes of ventricular arrhythmias. The sympathetic
uptake and distribution between both patient groups were compared. Infarcted
myocardium was quantified from a mismatch analysis between [13N]-NH3 and [18F]FDG. Mean [11C]-mHED retention (min-1) was determined for those areas with both
normal perfusion (>80% of the maximum myocardial blood flow) and innervation
(>75% of the segment with maximum [11C]-mHED retention), areas with a mismatch
pattern: normal perfusion and decreased cardiac sympathetic innervation (<75% of
the segment with maximum [11C]-mHED retention), and both abnormal perfusion
(<80% of the maximum myocardial blood flow) and innervation. The follow up of
the patients after the PET scan was one year.
Statistical analysis
Baseline descriptive statistics are presented as mean ± standard deviation or median
(range) for continuous variables and numbers with percentages for categorical
variables as required. We evaluated differences between the two study groups
using the χ2 test and Fisher’s exact test for categorical data and the Student’s t-test
and Mann–Whitney U test for continuous data, according to whether data were
normally distributed. In all analyses, P < 0.05 was considered statistically significant.
Statistical analysis was performed using the SPSS package version 22 (IBM Corp.,
Armonk, NY, USA).
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RESULTS
Patient characteristics
The baseline characteristics of the patients are summarized in Table 1. Nearly all
patients were male; only one female patient was included. The mean age was 63
± 7.5 years. There was no significant difference in age between patients with low
versus high risk of arrhythmia: 61 ± 5.9 vs 66 ± 8.3 years, respectively. All patients
had a history of acute myocardial infarction. The inferior LV wall was mostly
frequently: in 11 of the 20 patients. Both groups had an equal number of patients
who previously underwent percutaneous coronary intervention (PCI) or coronary
artery bypass grafting (CABG). Traditional risk factors for coronary artery disease
were present in a minority of the patients, and were equally distributed over both
patient groups. The majority of the patients used beta blockers, oral anticoagulants,
angiotensin converting enzyme inhibitors (ACE-i), diuretics and cholesterol lowering
agents (statins).
Viability detection

Cardiac sympathetic innervation
Table 3 shows the results of the [11C]-mHED scans. Mean global retention of [11C]mHED was 0.055 ± 0.012 min-1, and was not different between the two patient
groups: 0.056 ± 0.011 min-1 vs 0.054 ± 0.013 min-1 for low vs high risk patients,
respectively. Mean [11C]-mHED retention values were statistically different between
normal perfusion-innervation, perfusion-innervation mismatch, and both abnormal
perfusion and innervation patterns: 0.069 ± 0.016 min-1, 0.048 ± 0.012 min-1 (p <
0.001) and 0.037 ± 0.011 min-1 (p < 0.001), respectively (Figure 1). Mean [11C]-mHED
retention in mismatch areas was significantly lower in patients with high risk of
arrhythmia compared to those with low risk: 0.044 ± 0.0086 min-1 vs 0.052 ± 0.015
min-1, p = 0.025.
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The results of myocardial perfusion SPECT are summarized in Table 2. All patients had
signs of infarcted myocardium on myocardial perfusion SPECT. LVEF in all patients
was severely reduced. The high risk group showed lower LVEF than the low risk
patients (25 ± 5.9 % vs 35 ± 7.4 %, p = 0.016). End diastolic and end systolic volumes
were significantly higher in high risk group, compared to the low risk group. All
patients showed a defect on cardiac [18F]-FDG imaging, at the area of the perfusion
defect on perfusion SPECT. However, in three patients the defect in [18F]-FDG uptake
was less pronounced than the perfusion defect, indicating some viability of the
affected myocardial wall segments.

Table 1
Patient characteristics
Frequency (n) or mean ± SD
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Age (years)
Male (n)
Medical history (n)
Diabetes
Hypertension
Smoking
Hypercholesterolemia
Family history of CAD
Previous PCI
Previous CABG
Previous VT or VF
Medication at baseline (n)
Oral anticoagulant
Beta blocker
Calcium antagonist
ACE-i
Diuretics
Statin

All
patients

Low risk
patients

High risk
patients

p-value

63 ± 7.5
19

61 ± 5.9
9

66 ± 8.3
10

ns
ns

2
9
10
10
6
12
14
6

1
5
6
4
4
6
7
3

1
4
4
6
2
6
7
3

ns
ns
ns
ns
ns
ns
ns
ns

14
19
4
15
11
16

6
10
2
6
3
8

8
9
2
9
8
8

ns
ns
ns
ns
0,025
ns

PCI percutaneous coronary intervention, CAD coronary artery disease, CABG coronary artery bypass
grafting, VT ventricular tachycardia, VF ventricular fibrillation, OAC oral anticoagulant, ACE-i
angiotensin converting enzyme inhibitor.
Table 2
Myocardial perfusion SPECT results
Frequency (n) or mean ± SD

EDV (mL)
ESV (mL)
LVEF (%)

All
patients

Low risk
patients

High risk
patients

p-value

210 ± 68.8
148 ± 65.5
31 ± 8.3

163 ± 30.8
103 ± 28.4
35 ± 7.4

267 ± 58.3
203 ± 54.7
25 ± 5.9

0.012
0.011
0.016

EDV end-diastolic volume, ESV end-systolic volume, LVEF left ventricular ejection fraction.
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Table 3
[11C]-mHED results
Frequency (n) or mean ± SD

Mean 11C-mHED retention (min-1)
Mismatch segments (n)
Abnormal segments (n)
Reversed mismatch
segments (n)
Normal segments (n)

All
patients

Low risk
patients

High risk
patients

p-value

0.055 ± 0.012
2.8 ± 1.7
5.2 ± 2.1

0.056 ± 0.011
2.6 ± 2.0
4.6 ± 2.5

0.054 ± 0.013
3.0 ± 1.3
5.7 ± 1.6

ns
ns
ns

3.2 ± 1.9
5.9 ± 2.0

2.9 ± 1.5
6.9 ± 1.5

3.4 ± 2.4
4.9 ± 2.0

ns
0.02

Mismatch = segments with normal perfusion (>80% of maximum), and low mHED retention (<75%
of maximum 11C-mHED retention); abnormal = low perfusion and low mHED retention; reversed
mismatch = low perfusion and normal mHED retention; normal = normal perfusion and normal
mHED retention.
Figure 1
Mean [11C]-mHED retention in the different perfusion-innervation patterns
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There was no difference in the number of segments with mismatch patterns between
patient groups. Neither could we find a difference in the number of segments with
both abnormal blood flow and [11C]-mHED retention, and segments with a reversed
mismatch pattern. However, the number of segments with both normal blood flow
and [11C]-mHED retention was lower in the high risk group compared to the low risk
group (4.9 ± 2.0 segments vs 6.9 ± 1.5 segments, p = 0.02).
When comparing the [11C]-mHED data with the [18F]-FDG results, all patients
showed a matching pattern of low [11C]-mHED retention at the sites of low [18F]FDG uptake (Figure 2). However, at the borders of the infarcted area, five patients
had segments with normal [18F]-FDG uptake and low [11C]-mHED retention (viabilityinnervation mismatch pattern), and five other patients showed a reversed viabilityinnervation mismatch pattern (normal [11C]-mHED retention and low [18F]-FDG
uptake). There was no correlation between the presence of either [11C]-mHED - [18F]FDG mismatch or reversed mismatch on one hand, and the risk of arrhythmia on the
other.
Figure 2
Bulls-eye plots of myocardial perfusion, denervation and viability imaging. (A) rest myocardial
perfusion using [13N]-NH3 PET with a perfusion defect in the inferoseptal segments, (B) [11C]-mHED
showing a matched innervation defect in the inferoseptal segments, (C) [18F]-FDG PET showing no
viability of the inferoseptal segments
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Follow up
During follow up, ventricular arrhythmia occurred in seven patients, more often in
the high risk group than the low risk group: six patients vs one patient (p = 0.019,
Table 4). Antitachycardia pacing occurred in four patients who developed VT and
VF. All of these patients showed multiple episodes of VT or VF. Two of these four
patients also received an appropriate shock. Two patients received an appropriate
shock without preceding antitachycardia pacing. Eventually four patients died
during follow up. Mean overall time to follow up was 74 ± 29 months, and was not
different between low and high risk patients.
There was no difference in [11C]-mHED retention between patients with and
without ventricular arrhythmia during follow up. There was also no difference in the
presence of either [11C]-mHED - [18F]-FDG mismatch or reversed mismatch between
the patients developing arrhythmia and those without arrhythmia during follow up.
However, the size of denervated area on [11C]-mHED was larger in patients who died
during follow up: 10 ± 1 segments vs 6 ± 2 segments (p = 0.002).
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DISCUSSION
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Our results suggest that the extent of denervated myocardium on [11C]-mHED PET
in patients with ischemic cardiomyopathy are associated with a higher frequency
of all-cause mortality. We did not find a relationship between a history of VT or VF
after myocardial infarction and the presence or size of denervated myocardium.
Neither a relationship between the presence of myocardial denervation and the
occurrence of ventricular arrhythmia was found during follow up. However, the
stratification of patients between low and risk of developing ventricular arrhythmia
seems to be a good predictor for the actual occurrence of VT of VF during follow up.
A previous PET study described significant lower [11C]-mHED uptake in
perfusion-innervation matched defects and perfusion-innervation mismatch
(normal flow and decreased innervation), compared to matched normal perfusioninnervation areas in patients with an acute myocardial infarction (8). Although all
patients underwent revascularization, there was no sign of reinnervation in any of
these patients after 8 months of follow up, a finding also observed in a later study
(14). It suggests persisting neuronal damage of (peri-) infarcted myocardial tissue,
which can be confirmed by our results.
In a later study, patients with coronary artery disease, but without a history
of myocardial infarction, underwent both [11C]-mHED and [13N]-NH3 PET scans (15).
Cardiac sympathetic denervation was found in a majority of the areas with normal
resting myocardial blood flow. Coronary artery disease (CAD) - defined as ≥90%
stenosis of native vessel / post CABG, ischemia, or post PCI - was present more often
in those areas with low than in areas with normal [11C]-mHED uptake. This finding
suggested higher susceptibility of sympathetic nerves to ischemia compared to
cardiomyocytes. However, also the opposite seems to be true according to a group
of 27 CAD patients, in which cardiac sympathetic innervation was preserved in areas
with reduced myocardial blood flow (16).
In the most recent study using [11C]-mHED in ischemic cardiomyopathy,
patients also underwent [13N]-NH3 and [18F]-FDG PET scans (10). All 204 included
patients were eligible for an ICD, based on a history of myocardial infarction and
LVEF ≤ 35%. Patients were followed every three months, with a median follow up
of more than four years (range 2.5 - 7.2 years). Primary endpoint was sudden cardiac
arrest (SCA), defined as arrhythmic death or ICD discharge for VF or VT > 240 beats
/ minute. Multivariate analysis showed that time to SCA was dependant on the size
of denervated myocardium, LV end-diastolic volume, serum creatinine level and the
absence of ACE-i. In concordance to our study, neither the volume of hibernating
myocardium nor the volume of infarcted tissue was associated with mortality,
suggesting that these parameters are not useful in the prediction of developing
SCA.
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The results of the present study should be interpreted with caution. This pilot study
included a small sample size of patients over a prolonged period of time. Although
patients with ischemic cardiomyopathy have a higher risk of SCA, the frequency of
arrhythmic death or ICD discharge because of VF or VT > 240/min in these twenty
patients was relatively low.
The use of ACE-i is known to provide a cardioprotective effect for developing
SCA, by means of reducing sympathetic hyperactivity (10). In this pilot study, the
majority of patients used ACE-i (75%). During follow up, there was no difference
in the frequency of ventricular arrhythmia in patients with or without angiotensin
blockade.
Up to present, the choice for ICD implantation in patients with ischemic
cardiomyopathy is based on LVEF < 35% (17). However, LVEF alone does not seem
to be a good prognostic factor for successful ICD therapy (18). Cardiac sympathetic
innervation imaging appears to be of prognostic value for survival, independently
of LVEF and NYHA class (18, 19). Therefore, future studies should focus on the
additional value of cardiac sympathetic innervation imaging in the clinical decision
making for appropriate ICD therapy.

CONCLUSION

Sympathetic denervation in patients with ischemic cardiomyopathy and risk on ventricular tachyarrhythmias. A pilot study.
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Cardiac sympathetic innervation is impaired in patients with ischemic cardiomyopathy.
All-cause mortality occurred in those patients with large areas of [11C]-mHED
retention defect. According to this pilot study, the volume of infarcted tissue was
not associated with mortality, suggesting that this parameter is not useful in the
prediction of developing SCA.
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ABSTRACT
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Objectives: Cardiac resynchronization therapy (CRT) by biventricular pacing has
become an established therapeutic strategy in patients with severe heart failure
with electrical and or mechanical delay. In addition, CRT restores autonomic balance.
The aim of this pilot study was to evaluate whether changes in cardiac sympathetic
innervation can be visualised by carbon-11 labelled meta-hydroxyephedrine ([11C]mHED), in heart failure patients who are responders to CRT
Methods: Patients eligible for CRT underwent [11C]-mHED and rest nitrogen-13
labelled ammonia positron emission tomography scans for cardiac sympathetic
innervation and myocardial perfusion, respectively, transthoracic echocardiography,
and Multiple gated equilibrium radionuclide angiography (MUGA), before (baseline)
and six months after (follow up) implantation.
Results: Seven patients with non-ischemic heart failure (three male; median age 61
(range 56-71) years) were included. Response to CRT was high: median change in
left ventricular end-systolic volume was 38 (range 29-72)%. Median LVEF increased
from 26 (range 14-37)% at baseline to 33 (range 19-54)% (p = 0.028) at follow up.
Median global [11C]-mHED retention and global myocardial perfusion were not
different between baseline and follow up: median 48 (range 40-58) x10-3 min-1 vs
52 (range 41-60) x10-3 min-1, and median 64 (range 59-85) mL/min/100g vs 57 (range
50-96) mL/min/100g, respectively.
Conclusion: Response to CRT is in all patients accompanied by improvement in
global [11C]-mHED retention. However, improvement in innervation of individual
patients was accompanied by an increase in LVEF. Future prospective studies should
focus on the role of sympathetic innervation imaging for individual patients who
will be treated with CRT.
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INTRODUCTION

Identification of the role of sympathetic innervation in heart failure patients treated with cardiac
resynchronization therapy. A pilot study.
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Heart failure is the fastest growing cardiovascular diagnosis; the lifetime risk is
estimated at nearly 20%. Cardiac resynchronization therapy (CRT) by biventricular
pacing has become an established therapeutic strategy in patients with severe heart
failure with electrical and or mechanical delay. It reduces symptoms and improves
objective measures of left ventricular (LV) function in selected patients (1-3). Still, 20
to 30% of these selected patients do not respond to CRT. Success of CRT is defined
as a reduction in left ventricular end-systolic volume (LVESV) ≥ 10% (4).
Cardiac resynchronization on top of optimal pharmacological therapy
has been shown to improve symptoms of heart failure, reduce hospital admission,
improve LV function and mortality (5,6). Several mechanisms underlying the benefit
of CRT have been identified: reduction of interventricular dyssynchrony, reversion of
intraventricular conduction delay, and optimization of the AV delay.
Sympathetic activity is increased in patients with congestive heart failure.
This is evidenced by elevated levels of circulating norepinephrine levels and
increases in adrenergic nerve outflow, as measured with microneurography (710). Although the increase in sympathetic activity may play a compensatory role
early during the disease process, chronic adrenergic activation is recognized as a
contributor to the vicious cycle that promotes progression of the disease through
multiple effects, including increased afterload, exertion of a direct toxic effect on
the failing myocardium, increased myocardial oxygen demand, and ventricular
arrhythmias. CRT results in a decrease in serum norepinephrine levels and in less
sympathetic dominance in patients with severe symptoms of heart failure, and
eventually restores autonomic balance in patients with severe heart failure (11-13.
The precise mechanism of autonomic restoration is as of yet unknown.
Carbon-11 labelled meta-hydroxyephedrine ([11C]-mHED) is a well
established positron emission tomography (PET) tracer for the visualisation of
cardiac sympathetic innervation (14,15). However, imaging of changes in cardiac
sympathetic innervation induced by CRT’ using [11C]-mHED has not yet been
reported. The aim of the present study was to evaluate whether changes in cardiac
sympathetic innervation can be visualised by [11C]-mHED, in heart failure patients
who are responders to the treatment with CRT.

PATIENTS AND METHODS
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Seven patients with non-ischemic chronic heart failure (CHF) who had an indication
for CRT, were included to take part in the study. Inclusion criteria were: indication
for CRT (New York Health Association (NYHA) class II+ or III despite optimal
pharmacological treatment, had an left ventricular ejection fraction (LVEF) < 30%, left
ventricular end-diastolic diameter (LVEDD) > 55mm, QRS duration ≥ 150 ms or QRS >
120 ms with evident dyssynchrony on cardiac ultrasound), on stable beta-blockade,
Angiotensin Converting Enzyme Inhibitors or Angiotensin Receptor Blocker and
other heart failure medication during the last 3 months prior to inclusion, stable
NYHA class during the last 3 months, and ability to lie flat for 2 hours. Excluded were
those patients with previous implanted biventricular pacemaker, acute or chronic
infection, untreated clinical hypo- or hyperthyroidism or <3 months euthyroidism,
uncontrolled hypertension (defined as systolic blood pressure >160 mm Hg and/or
diastolic pressure >95 mmHg, and concurrent medical condition (i.e. alcohol or drug
abuse, or severe progressive cardiac disease or Parkinson’s disease).
Prior to implantation all patients were treated for at least 3 months with a
β-adrenoceptor inhibitor and an Angiotensin Converting Enzyme-inhibitor (ACE-i)
or Angiotensin Receptor Blocker (ARB), and diuretics. No changes in the dose of
previous mentioned medication occurred in the 3 months prior to inclusion. During
the 6 months of follow up no changes in β-adrenoceptor inhibitor and ACE-i or ARB
occurred to prevent bias due to medication changes unless the patient’s situation
warrants dose adjustment(s).
Previous medical history was retrieved from the electronic patient chart.
Electrocardiograms (ECG) were performed at inclusion. ECGs were re-evaluated
regarding rhythm, heart rate, QRS axis, PQ interval, QRS duration, presence of
bundle branch block, QTc interval and STT segments. Transthoracic echocardiography
(TTE) findings at the same time point were performed and stored in the local digital
archive of the Department of Cardiology of our hospital. Patients were followed
until six months after CRT implantation. This study was approved by the Institutional
Ethics Review Board.
PET scanning
PET scans for myocardial perfusion and cardiac sympathetic innervation were
performed using a 1-day protocol, at two weeks prior to (baseline) and six months
after CRT implantation (follow up). All scans were performed on ECAT EXACT HR+
PET camera system (Siemens Medical System, Knoxville, Tennessee, U.S.A.). Before
dynamic scanning, a transmission scan for attenuation correction according to
standard procedures was performed, using a rotating rod source filled with [Ga68]/
[Ge68], which is incorporated in the PET camera.
Myocardial perfusion: to assess myocardial perfusion, following the
transmission scan 400 MBq of nitrogen-13 labelled ammonia ([13N]-NH3) was
administered. Dynamic data of [13N]-NH3 were acquired over 15 minutes, followed
100

by gated mode acquisition. This allowed quantification of perfusion at rest. After
reorientation, short-axis images of [13N]-NH3 were obtained with a plane thickness
of about 7 mm at an in-plane resolution of approximately 7 mm. Myocardial tissue
activity was corrected for spill over of activity from the LV cavity. A fully automatic
non-operator dependent program (MATLAB) quantified the mean blood flow (MBF)
of the segments of the left ventricle (mL/min/100g).
Sympathetic innervation: after injection of approximately 350 MBq (range
200-400 MBq) of [11C]-mHED, dynamic imaging was performed for 60 minutes
and heart rate and blood pressure were monitored continuously. The [11C]-mHED
emission data were corrected for attenuation and residual activity of the earlier
[13N]-NH3 scan. For quantification, a retention index was calculated by dividing the
mean myocardial radioactivity concentration in the last 20 minutes of the PET scan
by the integral of the time-activity curve in arterial blood (derived from a region
of interest in the right ventricular chamber). Images were reoriented to the long
and short axes of the left ventricle using a special workstation. Gating files were
processed in QGS software.
Image analysis: perfusion and innervation data from baseline and follow
up were compared. Mean [11C]-mHED retention (min-1) was determined for those
areas with both normal perfusion (>80% of the maximum myocardial blood flow)
and innervation (>75% of the segment with maximum [11C]-mHED retention), areas
with a mismatch pattern: normal perfusion and decreased cardiac sympathetic
innervation (<75% of the segment with maximum [11C]-mHED retention), and both
abnormal perfusion (<80% of the maximum myocardial blood flow) and innervation.
CRT implantation

Identification of the role of sympathetic innervation in heart failure patients treated with cardiac
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Within 2 weeks after the PET scans a CRT system was implanted. The right atrial lead
was placed in the high right atrium or right atrial appendage. The right ventricular
lead was placed in the right ventricular apex. In case of difficulties placing the
lead in the preferred position or unacceptable electrical measurements (e.g.
low R-wave measurement, high pacing threshold), placement in the right septal
position was accepted. Pacing of the left ventricle was done from a place preferably
on the (postero)-lateral wall. If this is not achievable epicardial lead placement
was considered. The device programming was done according to protocol of our
hospital. Pacemaker interrogation occurred according to the standardised protocol
for patients with CRT. This was 2 months after implantation and after six months,
unless more frequent interrogations were necessary. Special attention was paid to
atrial and ventricular rhythm disorders and heart rate variability

Transthoracic echocardiography
The following variables were measured according to standard recommendations in
the M-mode transthoracic echocardiographic examination: left ventricular internal
end-diastolic and end-systolic dimensions, inter-ventricular wall thickness and left
ventricular posterior wall thickness at end-diastole. An eyeballing left ventricular
ejection fraction (LVEF) > 55% was considered to be normal, between 55% and 40%
mildly disturbed, between 30% and 40% moderately disturbed, and < 30% was
considered to represent a severely impaired systolic function.
Multiple gated equilibrium radionuclide angiography (MUGA)
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MUGAs were standardized and performed in the left anterior oblique projection
after the in vivo labelling of red blood cells with 750 MBq of technetium-99m
([99mTc]) labelled pertechnetate to determine LVEF. Images were collected in a 64×64
matrix in 20 frames/cycle during a 10 minute acquisition. A Symbia S gamma camera
(Siemens Medical System, Knoxville, Tennessee, U.S.A.) with a low energy, all purpose
collimator was used. The camera head was positioned in the best septal left anterior
oblique projection, typically with a caudal tilt of 5 to 10°. R-wave triggering was
performed in a 20% beat acceptance window with 2/3 forward and 1/3 backward
framing per cardiac cycle, for 20 frames per R-R interval for a total of six minutes.
Data were acquired using 64×64 matrices in a 15% energy window centred on the
140 keV photopeak. Processing was performed on dedicated available computers
(Syngo MI, Siemens Medical Systems, Knoxville, Tennessee, U.S.A.). For each
of the 20 frames a region of interest (ROI) was automatically drawn around the
left ventricle using a validated, fully automated, operator independent, contour
detection algorithm. Frames were automatically corrected for background activity.
Background activity ROIs were generated automatically. All LVEF values were
generated without decimals and are highly reproducible (16).
Statistical analysis
For this pilot study no formal sample size calculations were performed. For descriptive
statistics the mean ± standard deviation (SD) or median (range) for continuous
variables will be used, and counts with percentages for categorical variables. Student
t-test in case of normally distributed variables and a Mann-Whitney U-test in case
of skewed variables. Paired t test will be used for comparison of measurements at
different time point. Analyses will be performed using the statistical package SPSS
22 (IBM Corp., Armonk, NY, USA).
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RESULTS
Patient characteristics
The baseline characteristics of the patients are summarized in Table 1. Median age
was 61 (range 56-78) years, and there was a slight female predominance (57%).
Six of the seven included had a dilating cardiomyopathy, one patient suffered
from another type of non-ischemic cardiomyopathy. All patients had stable heart
failure, and were in NYHA class III. The majority of the patients used β-adrenoceptor
inhibitor, ACE-i and diuretics. Median NT-pro-BNP was 877 (range 195 - 2875) ng/L.
All patients were in sinus rhythm. Left bundle branch block was present in six
patients, with median QRS duration 178 (range 110-206) ms. Median MUGA-based
LVEF was 26 (range 14-37) %.
PET results
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All baseline PET scans were performed within 2 days before the implantation of
the CRT. Median time between CRT implantation and the follow up PET scans was
6 (range 5-8) months. Table 2 shows the results of the [11C]-mHED and [13N]-NH3
scans. On group level, both global perfusion and innervation were not different
from baseline to follow up. There was also no difference in the presence of matched
normal perfusion and innervation segments, perfusion and innervation mismatch
segments, or matched abnormal perfusion and innervation segments. However,
three patients showed an improvement in [11C]-mHED retention (Figure 1). In two of
these three patients, MUGA based LVEF increased from baseline to follow up. Both
of these two patients showed an improvement in perfusion-innervation pattern:
one patient showed both an increase in matched normal segments (from four to
seven) and a decrease in matched abnormal segments (from 11 to six), and one
patient showed a decrease in mismatch segments (from six to one).

Table 1
Baseline characteristics of all patients
Frequency (n), median (range)
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Age (years)
Male
Medical history
Dilating cardiomyopathy
Other non-ischemic cardiomyopathy
NYHA class
III or higher
Medication
β-adrenoceptor inhibitor
ACE-i
Statin
Diuretics
ARB
Laboratory results
N-terminus pro-brain natriuretic peptide (ng/L)
Electrocardiogram
Sinus rhythm
Heart rate (beats per minute)
Axis
Left
Intermediate
PQ interval (ms)
QRS duration (ms)
QRS shape
Normal
Left bundle branch block
STT segments
Normal
QTc duration (ms)
MUGA
Left Ventricular Ejection Fraction (%)

61 (56-78)
3 (43%)
6 (86%)
1 (14%)
7 (100%)
7 (100%)
6 (86%)
4 (57%)
6 (86%)
2 (28%)
877 (195-2875)
7 (100%)
7 (100%)
72 (63-90)
6 (86%)
1 (14%)
182 (158-252)
178 (110-206)
1 (14%)
6 (86%)
7 (100%)
497 (403-550)
26 (14-37)

NYHA New York heart association, ACE-i Angiotensin converting enzyme inhibitor, ARB Angiotensin
Receptor Blocker, NT-pro-BNP N-terminus pro-brain natriuretic peptide, MUGA Multiple gated
equilibrium radionuclide angiography
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Table 2
Results of the [11C]-mHED and [13N]-NH3 scans
Frequency (n), median (range)

Median [13N]-NH3 uptake
(mL/min/100g)
Median [11C]-mHED retention
(x10-3 min-1)
Normal segments
Mismatch segments
Abnormal segments

Baseline

Follow up

p-value

64 (59-85)

57 (50-96)

ns

48 (40-58)
6 (4-9)
1 (0-7)
3 (1-11)

52 (41-60)
7 (4-12)
1 (1-3)
5 (2-6)

ns
ns
ns
ns

Table 3
Echocardiography results
Frequency (n), median (range)
Follow up

p-value

7 (100%)
74 (62-85)
9.0 (7.0-11)
9.3 (7.7-10)
180 (170-282)
121 (103-245)
61 (60-66)
51 (47-59)
30 (13-43)

7 (100%)
70 (55-78)
11 (9.1-12)
9.4 (6.8-11)
130 (78-349)
87 (34-177)
59 (42-80)
49 (27-60)
33 (24-57)

ns
0.028
ns
ns
0.028
ns
ns
ns
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Transthoracic echocardiography
Heart rate (beats per minute)
IVS (mm)
LVPW (mm)
LVEDV (mL)
LVESV (mL)
LVdID (mm)
LVsID (mm)
LVEF (%)

Baseline

IVS Inter-ventricular septum thickness, LVPW Left ventricle posterior wall thickness, LVEDV Left
ventricle end diastolic volume, LVESV Left ventricle end systolic volume, LVdID Left ventricle
diastolic internal diameter, LVsID Left ventricle systolic internal diameter, LVEF Left ventricular
ejection fraction

Identification of the role of sympathetic innervation in heart failure patients treated with cardiac
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Figure 1
Bulls-eye plots of [13N]-NH3 and [11C]-mHED PET scans, at baseline and follow up, of the patient
with decrease in perfusion-innervation mismatch segments. (A) Global rest [13N]-NH3 distribution
at baseline, showing a perfusion defect in the lateral wall; (B) global [11C]-mHED distribution at
baseline, with overall low retention; (C) global rest [13N]-NH3 distribution at follow up, showing no
significant alteration compared to (A); (D) global [11C]-mHED distribution at follow up, showing an
increase in [11C]-mHED retention especially in the anteroseptal segments.

B

C

D
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Echocardiography
Table 3 summarizes the echocardiographic examination results. There was a
significant decrease in LVESV: median baseline LVESV 121 (range 103-245) mL vs
follow up 87 (range 34-177) mL, p = 0.028. Six of the patients were responders
to CRT. Median change in LVESV in these patients was 38 (range 29-72)%. In one
patient, baseline LVESV was not determined. Therefore, in this patient response to
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CRT could not be determined. Decrease in LVESV was not related to changes in [11C]mHED retention.
At baseline, median interventricular septum and posterior wall thickness
was within normal ranges: 9.0 (range 7.0-11) and 9.3 (range 7.7-10) mm, respectively.
At follow up, interventricular septum thickness was significantly increased: median
11 (range 9.1-12) mm, p 0.028. All other parameters were not different at follow up
compared to baseline.
Follow up
Table 4 shows all other results at follow up. There was a significant decrease in both
PQ and QRS duration. In addition, MUGA based LVEF showed a significant increase:
median baseline LVEF 26 (range 14-37)% vs follow up 33 (range 19-54)%, p = 0.028.
At six months follow up after CRT implantation, in none of the patients ventricular
tachycardias were registered.
Table 4
Follow up results
Frequency (n), median (range)
Follow up

p-value

877 (195-2875)
7 (100%)

1019 (106-3652)
7 (100%)

ns
ns

7 (100%)
0
72 (63-90)

1 (13%)
6 (87%)
73 (57-90)

ns

6 (87%)
1 (13%)
0
0
182 (158-252)
178 (110-206)

1 (13%)
2 (26%)
1 (13%)
3 (39%)
112 (88-154)
154 (118-182)

0.018
0.043

1 (13%)
6 (87%)
497 (403-550)

0
7 (100%)
489 (446-557)

ns
ns
ns

26 (14-37)

33 (19-54)

0.028
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NT-pro-BNP (ng/L)
Electrocardiogram
Rhythm
Sinus rhythm
Pacemaker rhythm
Heart rate (beats per minute)
Axis
Left axis
Intermediate axis
Right axis
Extreme axis
PQ interval (ms)
QRS duration (ms)
QRS shape
Normal
Left bundle branch block
QTc duration (ms)
MUGA
LVEF(%)

Baseline

NT-pro-BNP N-terminus pro-brain natriuretic peptide, MUGA Multiple gated equilibrium
radionuclide angiography, LVEF Left ventricular ejection fraction

Identification of the role of sympathetic innervation in heart failure patients treated with cardiac
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The purpose of this study was to visualize differences in [11C]-mHED retention in
CRT-responders during six months of follow-up. In this study six patients were
responders to CRT (based on > 10% decrease in baseline LVEDV) and showed a
significant increase in MUGA based LVEF. Six months after CRT implantation global
[11C]-mHED retention of all patients was not different from baseline. However, two
patients who showed an improvement in innervation (increase in matched normal
perfusion-innervation segments and decrease in perfusion-innervation mismatch
segments) also showed an increase in LVEF.
Cardiac resynchronization reduces the risk of cardiac events in both high
(NYHA class III or IV) and low symptomatic (NYAH class I or II) heart failure patients,
with either ischemic or non-ischemic cardiomyopathy (17,18). Within the first
two years after CRT implantation, there appears to be no difference in survival in
patients with ICM or DCM (18,19). However, during long-term follow-up, patients
with DCM show lower mortality than those with ICM. This may be explained by both
better hemodynamic and clinical improvement in DCM patients on one side, and
the inherent poor prognosis of ICM on the other side (20). It is unclear if restoration
of autonomic innervation after CRT implantation plays an additional role in this
improvement in DCM patients.
In non-ischemic cardiomyopathy, especially DCM, [11C]-mHED retention
is significantly lower than in healthy controls subjects, especially in apical and
inferoapical segments, and is inversely related to severity of heart failure symptoms
(14,21). Furthermore, [11C]-mHED retention seems to be independently determined
by LVEF (14). In the few available small studies there appears to be no difference
in global or regional [11C]-mHED retention between patients with ischemic or nonischemic causes of chronic heart failure (22,23). However, low [11C]-mHED retention
is associated with poor prognosis (23). The same is true for cardiac sympathetic
innervation imaging using iodine-123 labelled meta-iodobenzylguanide ([123I]MIBG), another analogue of norepinephrine. Low heart-to-mediastinum ratio’s
(HMR) determined with planar [123I]-MIBG imaging in patients with non-ischemic
cardiomyopathy are associated with higher risk of arrhythmic events and cardiac
death. (24,25)
The effect of CRT on cardiac sympathetic innervation has not yet been
visualized using [11C]-mHED. Several small studies, however, investigated the value
of [123I]-MIBG in determination of those patients who will responds to CRT (26-29
HFR). Responders to CRT were defined differently in of these studies: improvement
in functional class in one study, improvement in LVEF in one study and ≥ 15%
decrease in LVESV in two studies. Nonetheless, responders to CRT had higher
baseline HMR and lower was out, than non-responders. Furthermore, response to
CRT was accompanied by an improvement in cardiac sympathetic innervation, based
on increase in HMR and decrease in [123I]-MIBG wash out (26-28). According to these
studies, responders may already be identified using cardiac sympathetic innervation
imaging prior to CRT implantation.
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The main limitation of this study is the low number of patients included. In spite
of this low sample size, global myocardial [11C]-mHED retention may increase as
a result of a response to CRT. Large prospective studies should provide additional
information on improvement of cardiac sympathetic innervation and its role in
further identification of responders to CRT.

CONCLUSION
In spite of the good response rate to CRT and increase in LVEF, global [11C]-mHED
retention of all patients at follow up was not different from baseline. However,
improvement in innervation of individual patients was accompanied by an increase in
LVEF. Future prospective studies should focus on the role of sympathetic innervation
imaging for individual patients who will be treated with CRT.
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ABSTRACT
Purpose: This study evaluates the prevalence of cardiac metastases in patients with
serotonin producing neuroendocrine tumours (NET), examined with [18F]-FDOPA
PET/CT, and the relationship of these metastases to the presence of carcinoid heart
disease (CHD) based on echocardiography.
Background: CHD occurs in patients with serotonin producing NET. The diagnostic
method of choice remains echocardiography. The precise prevalence of cardiac
metastases is unknown given the limitations of standard technologies. Nuclear
medicine modalities have the potential to visualize metastases of NET.
Methods: All patients who underwent [18F]-FDOPA PET/CT because of serotonin
producing NET between November 2009 and May 2012 were retrospectively analyzed.
The presence of cardiac metastasis was defined as myocardial tracer accumulation
higher than the surrounding physiological myocardial uptake. Laboratory tests and
transthoracic echocardiography (TTE) results were digitally collected.
Results: 116 patients (62 male) underwent [18F]-FDOPA PET/CT, mean age was 61 ±
13 years. TTE was performed in 79 patients. Cardiac metastases were present in 15
patients, of which 10 patients also underwent TTE. One patient had both cardiac
metastasis (only on [18F]-FDOPA PET/CT) and echocardiographic signs of CHD. There
were no differences in echocardiographic parameters for CHD between patients
with and without cardiac metastases. TTE in none of the 79 patients showed cardiac
metastases.
Conclusion: The prevalence of cardiac metastases detected with [18F]-FDOPA PET/CT
in this study is 13%. [18F]-FDOPA PET/CT can visualize cardiac metastases in serotonin
producing NET patients. There appears to be no relationship between the presence
of cardiac metastases and TTE parameters of CHD.
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Neuroendocrine tumours (NET) are rare but well-defined neuroendocrine
malignancies, with a low worldwide incidence; approximately 1-2 per 100,000 persons
(1). Nuclear medicine modalities and three-phase CT scans are the cornerstones in
clinical staging of NET (1). Indium-111 ([111In]) labelled pentetreotide scintigraphy
(SRS, planar whole body scan with or without additional single photon emission
computed tomography and CT (SPECT/CT)) and gallium-68 ([68Ga]) labelled (DOTAPhe-Tyr)octreotide (DOTATOC) positron emission tomography (PET) are both used to
visualize somatostatin receptor density. 6-[18F]fluoro-L-DOPA ([18F]-FDOPA) uptake in
NET is analogous to the uptake of amine precursors in these tumours. The overall
sensitivity of [18F]-FDOPA PET/CT for the detection of (metastatic) NET lesions is
higher than that of SRS (2). All these nuclear medicine modalities have the potential
to visualize tracer uptake in myocardial metastases in patient with NET (3,4).
NET of the small bowel frequently produces serotonin which, in case of
metastatic disease, may lead to carcinoid syndrome, consisting of diarrhoea, flushing
and carcinoid heart disease (CHD). CHD, present in up to 60% of patients with
carcinoid syndrome, is characterized by plaque-like endocardial deposits of fibrous
tissue on the ventricular aspect of the tricuspid valve leaflets, the arterial side of the
pulmonary valve cusps, but also in the right atrium, and right ventricle (5,6). This
plaque formation and subsequent endocardial thickening eventually result in valve
dysfunction (7). Tricuspid valve involvement usually leads to regurgitation, whereas
pulmonary valve involvement rather results into stenosis. Despite the indolent
character of CHD, it is associated with a worse clinical outcome, especially when
developing into heart failure (7).
Echocardiography is the modality of choice for diagnosing CHD (8,9).
Characteristic findings consist of thickening of leaflets/cusps that become retracted
and eventually immobile, leading to the combination of valvular regurgitation and
stenosis. Myocardial metastases are sometimes considered as a feature of CHD.
However, these metastases are not always detected with echocardiography, and do
not necessarily lead to typical valve dysfunction (10,11). The prevalence of cardiac
NET metastases is still not well established, partly due to lacking literature. Only few
studies report on cardiac metastases, with a prevalence of 4% (12). This is possibly an
underestimation, partly due to low sensitivity of conventional imaging modalities.
The purpose of this retrospective study was to establish the prevalence
of cardiac metastases in patients with serotonin producing NET, detected by [18F]FDOPA PET/CT, and its relationship with the presence of echocardiography based
CHD.

PATIENTS AND METHODS
All patients who were referred to the Department of Nuclear Medicine and Molecular
Imaging for an [18F]-FDOPA PET/CT between November 2009 and May 2012, were
retrospectively analyzed. Selected were patients with serotonin producing NET
based on elevated urinary 5-hydroxyindole acetic acid (5-HIAA, upper reference limit
3.8 mmol/mol creatinine) and elevated serotonin in platelets (upper reference limit
5.4 nmol/109 platelets). Serum creatinine level was used to determine the estimated
glomerular filtration rate (eGFR). Presence of chronic kidney disease (CKD) was
based on the Kidney Disease Outcomes Quality Initiative CKD classification (13).
Previous medical history was retrieved from the electronic patient chart,
especially history of hypertension (defined as either systolic pressure higher than
140 mmHg, diastolic pressure higher than 90 mm Hg, or the use of anti-hypertensive
medication), atrial fibrillation (AF) and myocardial infarction. Electrocardiograms
(ECG) at the time point of the [18F]-FDOPA PET/CT scan (± 3 months) were collected
from the electronic patient chart, when available. ECGs were re-evaluated regarding
rhythm, heart rate, QRS axis, PQ interval, QRS duration, presence of bundle branch
block, QTc interval and STT segments. Transthoracic echocardiography (TTE)
findings at the same time point were collected from the local digital archive of the
Department of Cardiology of our hospital. Patients were followed until May 2013:
one year after the [18F]-FDOPA PET/CT scan of the last included patient. Information
on cardiac events (either myocardial infarction, or sudden cardiac death) or death
during follow-up was retrieved from the electronic chart. This study was approved by
the Institutional Ethics Review Board (name: ‘medisch ethische toetsingscommissie’
of the University Medical Center Groningen). According to the Dutch law, no
additional informed consent was required. Patient information was anonymized
and de-identified before data analysis.
[18F]-FDOPA PET/CT scanning
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All patients fasted for at least 6 hours and were allowed to continue all medication.
Whole-body (from top of the skull through midthigh) three-dimensional PET images
were acquired 60 minutes after intravenous administration of a standard dose of
200 MBq [18F]-FDOPA on a Biograph mCT (Siemens Medical Systems, Knoxville, TN,
USA). [18F]-FDOPA PET/CT scans were performed with a mean amount of 140 ± 15.5
mg carbidopa premedication, and mean administered activity of 186 ± 39.8 MBq
[18F]-FDOPA. Acquisition was performed in 7 bed positions of 2 minutes emission
scan for patients 60-90 kg. Patient with body weight less than 60 kg and more than
90 kg body weight, were scanned with 1 minute and 3 minutes per bed position,
respectively. Low dose transmission CT was used for attenuation correction.
For the reduction of tracer decarboxylation and subsequent renal clearance, all
patients received 2 mg/kg carbidopa (with a maximum of 150 mg) orally as pretreatment, 1 hour before the [18F]-FDOPA injection, to decrease peripheral uptake
and to increase tracer accumulation in tumor cells. Low dose CT and [18F]-FDOPA
116

PET scans were automatically fused by use of three-dimensional fusion software
(Siemens) with manual fine adjustments. All scans were interpreted by well trained
nuclear medicine physicians as part of routine care. For this study, all scans were
retrospectively analyzed for the presence of myocardial metastases.
Raw data were reconstructed through ultra high definition (Siemens)
and guidelines based standardized algorithms (14,15), for visual assessment and
standardized uptake value (SUV) calculations, respectively. Focal left and/or right
ventricle [18F]-FDOPA uptake higher than the surrounding physiological myocardial
uptake was considered abnormal, and thus suspicious for cardiac metastases.
Transthoracic echocardiography
The following variables were measured according to standard recommendations in
the M-mode transthoracic echocardiographic examination: left ventricular internal
end-diastolic and end-systolic dimensions, inter-ventricular wall thickness and left
ventricular posterior wall thickness at end-diastole. An eyeballing left ventricular
ejection fraction (LVEF) > 55% was considered to be normal, between 55% and 40%
mildly disturbed, between 30% and 40% moderately disturbed, and < 30% was
considered to represent a severely impaired systolic function.
Serotonin induced cardiac involvement was defined as tricuspid or
pulmonary valvular dysfunction (i.e. valve leaflet thickening, shortening, retraction,
hypomobility, or incomplete coaptation) associated with regurgitation or stenosis
(16,17). Pulmonary valve (PV) stenosis (peak gradient across the valve) was graded as
mild (<25 mmHg), moderate (25 to 50 mmHg), or severe (>50 mmHg). Tricuspid valve
(TV) stenosis (mean gradient across the valve) was graded as mild (0 to 5 mmHg),
moderate (5 to 8 mmHg), or severe (>8 mmHg) (18). Tricuspid annular plane systolic
excursion (TAPSE) was measured by M-mode echocardiography at the RV free wall
in the apical four-chamber view (19).
Statistical analysis
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Results are expressed as mean value ± standard deviation, or median (range) in
the case of an abnormal distribution. The differences between patient categories
were evaluated using unpaired Student’s t-tests (in case of normal distribution),
independent sample test (Mann-Whitney U, in case of abnormal distribution), or
Chi-square in case of categories. A p value <0.05 was considered significant. Survival
was analyzed using log rank test. Statistical analysis was performed using the SPSS
package version 20 (IBM Corp., Armonk, NY, USA).

RESULTS
Patient characteristics
Patient selection is shown in Figure 1. Of the 470 patients who underwent [18F]FDOPA PET/CT, those with medullary thyroid carcinoma, pheochromocytoma and
paraganglioma (n=202) were excluded. Of the remaining 268 patients with any
form of NET, 116 patients had a serotonin producing NET. Of these patients 103 had
a primary location in the small bowel, three a primary in lung, and in 10 patients the
exact location of the primary tumour was unknown.
Figure 1
CONSORT diagram

470 patients
Medullary thyroid carcinoma,
Pheochromocytoma,
Paraganglioma
268 suspicion NET
No and unknown
serotonin production
116 serotonin producing NET
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Characteristics of the 116 patients are presented in Table 1. There was a slight male
predominance: 62 (53%) vs 54 female. None of the patients had recordings or
complaints of ventricular dysrhythmia. During follow up (median 24, range 1 - 42
months), no cardiac event (either myocardial infarction, or sudden cardiac death)
was reported. Eventually 30 patients (26%) died during follow-up. Metastatic
disease was the main cause of death. Two patients died from non-disease related
causes (one because of a cerebro-vascular accident, the other patient died due to
pneumonia during the treatment of her co-existing non-Hodgkin’s lymphoma).
In 114 patients (98%), eGFR as a marker for kidney function was determined.
Mean eGFR was within normal ranges. In 22 patients, eGFR was moderately
decreased (values 30-60 mL/min*1.73 m2), however, none of the patients had severe
impaired kidney function, defined as eGFR < 30 mL/min*1.73 m2.
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Table 1
Characteristics of all patients, and patients with and without metastases
Frequency (n), mean ± SD, or median (range)

Age (y)
Male patients (n)
History of (n)
Hypertension
AF
Myocardial infarction
Cardiac medication
β blocker
ACE-i
Diuretic
ATII-a
Statin
CCB
Laboratory tests (n)
Serum
Creat (μmol/L)
eGFR (mL/min/1.73 m2)
Chromogranin A (μg/L)
Platelet serotonin (nmol/109)
Urine
Serotonin (μmol/mol creat)
5-HIAA- (mmol/mol creat)

No cardiac
metastases

Cardiac
metastases

p-value

64 ± 9.3
62 (53%)

64 ± 8.5
55 (54%)

67 ± 8.1
7 (47%)

NS
NS

48 (41%)
3 (3%)
7 (6%)

39 (39%)
2 (1%)
6 (6%)

9 (60%)
1 (1%)
1 (7%)

NS
NS
NS

34 (29%)
18 (16%)
21 (18%)
9 (8%)
28 (24%)
12 (10%)
116 (100%)

28 (28%)
16 (16%)
15 (15%)
8 (8%)
25 (25%)
9 (9%)
101 (87%)

6 (40%)
2 (13%)
6 (40%)
1 (7%)
3 (20%)
3 (20%)
15 (13%)

NS
NS
0.021
NS
NS
NS

84 ± 29
77 ± 20
185 (29.0 44.6x103)
18 (3.8 - 58)

84 ± 30
78 ± 21
168 (29.0 44.6x103)
17 (3.8 - 48)

80 ±16
72 ±18
320 (48.0 19.1x103)
20 (8.2 - 58)

NS
NS
NS

69
67
96
(16 - 1.2x103) (16 - 1.2x103) (36 - 4.3x102)
8.5
7.3
11
(1.8 - 3.9x102) (1.8 - 2.3x102) (3.2 - 3.9x102)
60 (52)
51 (50)
9 (60)
68 ± 17
68 ± 17
67 ± 24
58 (97)
50 (98)
8 (89)
2 (3)
1 (1)
1 (11)
158 ± 23
157 ± 22.6
162 ± 23.2
90 ± 15
90 ± 15
93 ± 10
416 ± 28
416 ± 29.0
420 ± 25.0

NS
NS
NS

NS
NS
NS
NS
NS
NS
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ECG (n)
Heart rate (bpm)
Sinus rhythm
AF
PQ duration (ms)
QRS duration (ms)
QTc duration (ms)

All patients

ACE-I Angiotensin converting enzyme, ATII-a Angiotensin 2 antagonist, CCB Calcium channel
blocker, Creat Creatinine, eGFR estimated glomerular filtration rate, 5-HIAA 5-hydroxyindoleacetic
acid, ECG electrocardiography, AF atrial fibrillation
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An ECG in the period of the [18F]-FDOPA PET/CT was available in 60 patients (52%).
The majority of patients had sinus rhythm at the time of the ECG. In two patients
(2%) AF was recorded. One of these patients was newly diagnosed with AF, whereas
also one patient with previous reported AF was in sinus rhythm at the time of ECG
registration.
[18F]-FDOPA PET/CT findings
Table 2 shows the results of the [18F]-FDOPA PET/CT scans. Fifteen patients (13%)
showed abnormal tracer uptake (focal myocardial uptake higher than the
surrounding physiological myocardial uptake), suspected of being a result of
myocardial metastases of the NET. Of these 15 patients, one patient had a serotonin
producing NET originating from the lung. All others had serotonin producing NET
originating from the small bowel. Three patients had manifestation of one cardiac
metastasis in the left ventricle only, six patients only one metastasis in the right
ventricle free wall, and six patients showed lesions in both left and right ventricle
walls (Figure. 2).
Of these 15 patients, 4 (27%) died during follow-up after the diagnosis of
cardiac metastasis (median 5, range 0-22 months). This was not significantly different
from 26 (26%) patients who died with normal cardiac tracer distribution (median
17, range 2-37 months).
Table 2
[18F]-FDOPA PET/CT results
Frequency (n), mean ± SD, or median (range)
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[18F]-FDOPA PET/CT scan
SUVmax RV
SUVmean RV
SUVmax LV
SUVmean LV
RV right ventricle, LV left ventricle
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All patients

No cardiac
metastases

Cardiac
metastases

116 (100%)
2.1 ± 1.6
1.4 ± 0.37
2.9 ± 1.6
1.7 ± 0.36

101 (87%)
1.9 ± 0.41
1.3 ± 0.32
2.8 ± 1.3
1.7 ± 0.35

15 (13%)
3.9 ± 4.4
1.6 ± 0.65
3.7 ± 2.8
1.7 ± 0.47

p-value

< 0.001
0.015
0.029
NS

Figure 2
Three fusion images of [18F]-FDOPA PET/CT scan in three different patients, indicating cardiac
metastases. (A) Intense tracer accumulation in the apex of the right ventricle wall. (B) Intense uptake
in the inter-ventricular septum. (C) One lesion in the apex of both the left and right ventricle, with
physiological uptake in the rest of the myocardium. The more diffuse and intense uptake projected
in the basal part of the right lung is actually located in large liver metastases.
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Echocardiography
Echocardiography was performed in 79 patients (68%, Table 3). The median time
between the [18F]-FDOPA PET/CT and echocardiography was 0.80 (range 0.20 - 1.4)
months. Mean LV wall thickness and atrial diameter measurements were within
normal ranges. In 10 patients inter-ventricular septum thickness was more than 11
mm, whereas posterior wall was thicker than 11 mm in three patients.
Of these 79 patients, nine patients had abnormal cardiac [18F]-FDOPA
uptake (Table 3). In six patients with abnormal cardiac uptake, no echocardiography
was performed. All of these 15 patients had metastatic disease, based upon the
[18F]-FDOPA PET/CT. Of the echocardiographic parameters, septum thickness,
LVEF, left atrium (wide) measurement and mean peak flow across the aortic valve
appeared to be significantly different in the patients with abnormal cardiac tracer
distribution. Only one of the nine patients with abnormal [18F]-FDOPA uptake had
echocardiographic signs of carcinoid heart disease: hypertrophic left ventricle (both
septum and posterior wall thickness 13 mm), estimated ejection fraction of 30%,
severe tricuspid valve (peak gradient 41 mmHg) and pulmonary valve insufficiency,
and a mild pulmonary stenosis (peak gradient 22 mmHg, Figures 3 and 4). In none
of the patients with abnormal [18F]-FDOPA uptake in the LV wall who underwent
echocardiography a patent foramen ovale could be retrieved on the saved images.
Seven patients with echocardiographic parameters of CHD showed no
signs of myocardial metastases on the [18F]-FDOPA PET/CT. However, the right
ventricle diameter in these patients appeared to be relatively wide (Figure 5). In
two of these patients CHD was based on relatively high maximum peak gradient
of TV regurgitation (31 and 37 mm Hg) and peak gradient across the PV (22 and 16
mmHg). In this small group of CHD patients urine level of 5-HIAA was higher than
those without echo-based CHD: median 153 (range 4.30 - 385) vs 5.70 (range 1.70 160) mmol/mol creatinine, p = 0.001).
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Figure 3
Example of echocardiographic characteristics of a patient with carcinoid heart disease. A: Parasternal
long axis view showing thickened LV walls (inter-ventricular septum 13 mm, posterior wall 13 mm).
B: Continuous wave Doppler of the tricuspid valve jet. The peak velocity (41 mm Hg) indicates severe
tricuspid insufficiency. C: Continuous wave Doppler of the pulmonary valve. The peak gradient (22
mmHg) indicates mild pulmonary valve stenosis. D: 2D four chamber image. On the right in the
image normal function of the mitral valve. On the left in the image retraction and immobilisation
of the tricuspid valve. The leaflets of the tricuspid valves are also hyperechogenic than normal.
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Table 3
Echocardiography results of all patients, and patients with and without abnormal cardiac tracer
uptake
Frequency (n), mean ± SD, or median (range)

Heart rate (bpm)
IVS (mm)
LVPW (mm)
LVEDV (mL)
LVESV (mL)
LVdID (mm)
LVsID (mm)
LVEF (%)
LA diameter (mm)
RA length (mm)
RA wide (mm)
LA length (mm)
LA wide (mm)
PV peak flow (mmHg)
Mild stenosis (< 25 mmHg)
TV peak gradient (mmHg)
Mild stenosis (< 5 mmHg)
Moderate stenosis (5-8 mmHg)
TV regurgitation peak flow (mmHg)
TAPSE (mm)

All patients

No cardiac
metastases

Cardiac
metastases

p-value

71 ± 18
9.4 ± 1.8
8.5 ± 1.7
96.8
(41.3 - 214)
30 (18 - 95)
46 (34 - 76)
28 (22 - 46)
60 ± 9.8
35 ± 5.6
52 ± 5.3
39 ± 6.6
54 ± 8.1
40 ± 6.0
7.7 ± 6.2

72 ± 17
9.2 ± 1.7
8.4 ± 1.6
95.2
(41.3 -214)
30 (18 -95)
46 (34 -76)
28 (22 46)
61 ± 8.6
35 ± 5.6
52 ± 5.3
40 ± 6.5
54 ± 8.4
39 ± 5.9
7.9 ± 5.9
37 (100)
3.4 ± 3.3
6 (60%)
4 (40%)
23 ± 7.1
24 ± 4.3

68 ± 27
11 ± 2.1
9.3 ± 2.0
116
(87.2 -160)
58 (20 -90)
50 (36 -58)
34 (23 -44)
52 ± 14
35 ± 6.3
55 ± 5.0
39 ± 8.7
55 ± 4.6
45 ± 4.8
6.9 ± 7.7
8 (100)
2.2
1 (100%)
0
28 ± 6.7
26 ± 4.7

NS
0.037
NS
NS

3.3 ± 3.1
7
4
24 ± 7.2
24 ± 4.4

NS
NS
NS
0.010
NS
NS
NS
NS
0.019
NS
NS
NS
NS
NS
NS
NS

IVS Inter-ventricular septum thickness, LVPW Left ventricle posterior wall thickness, LVEDV Left
ventricle end diastolic volume, LVESV Left ventricle end systolic volume, LVdID Left ventricle diastolic
internal diameter, LVsID Left ventricle systolic internal diameter, LVEF Left ventricular ejection
fraction, LA Left atrium diameter, RA Right atrium, PV Pulmonary valve , TV Tricuspid valve, TAPSE
Tricuspid annular plane systolic excursion
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Figure 4
[18F]-FDOPA PET/CT scan of the patient illustrated in Figure 2. (A) Maximum intensity projection
showing multiple metastases of the carcinoid tumour in the mediastinum, thoracic wall, liver,
mesentery and skeleton. Physiological uptake in the striatum. Administration artefact in the left
elbow and vein in the left upper arm. The black line is the slice position of panels B, C, and D.
PET alone (B), fused PET/CT (C) and CT alone (D) images on the slice position indicated in panel A.
Physiological uptake in the myocardium with a focus of increased uptake in the right ventricle wall.
Also small focal uptake in the posterior part of a thoracic vertebral body, right sided pleural effusion
and atherosclerosis of the right coronary artery.

B

C

Chapter 7

A

D

Myocardial metastases on 6-[18F]fluoro-L-DOPA PET/CT
A retrospective analysis of 116 serotonin producing neuroendocrine tumour patients

125

Figure 5
Maximum intensity projection (A) of an [18F]-FDOPA PET/CT scan in a patient with echocardiographic
signs of carcinoid heart disease, but without myocardial metastases on the [18F]-FDOPA PET/CT
scan. (B) Fused PET/CT image showing only physiological tracer distribution in the myocardium.
The intense uptake in liver is due to liver metastases. Ascites surrounding the right liver half. (C)
Measurements of the right ventricle (85 mm long, 46 mm wide). (D) Continuous wave Doppler of
the tricuspid valve (peak gradient 31 mmHg), indicating tricuspid insufficiency.
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This study showed cardiac metastases in 15 out of 116 patients (13%). The presence
of cardiac metastases was not related to the occurrence of CHD.
There is slowly growing awareness that cardiac metastases occur rather
frequently. However, the early detection of these metastases, especially with
echocardiography, remains a challenge. The main limitation is that lesions smaller
than 10 mm are non-detectable (20). The conventional nuclear medicine modality
[111In]-SRS has the same limitation, especially in whole body imaging. The addition
of SPECT/CT of the thorax contributes to a better spatial resolution, with more
precise anatomic localization of abnormal tracer accumulation. The introduction of
newer imaging modalities with PET tracers [68Ga]-DOTATOC and [18F]-FDOPA provide
an even better spatial resolution (up to 4 mm) and overall more sensitive detection
of metastases of NET (4). This is the largest cohort of patients referred for [18F]FDOPA PET/CT scans, showing that cardiac metastases of NET are more prevalent
than previously assumed.
In a review of the reported literature thus far in 2010, a total of 45 patients
with cardiac metastases based on imaging, surgery and autopsy findings were
retrospectively analyzed (4). In 21 cases, the presence of cardiac metastasis was
based on echocardiographic findings, whereas nuclear medicine modalities were
positive in 10 patients. PET scans visualized cardiac metastases in three out of those
10 cases. In all of these cases, the presence of cardiac metastases could be verified
with other imaging modalities: echocardiography and MRI. This indicates that both
PET tracers are accurately able to visualize cardiac metastases. A recent report on
rare metastases of NET further confirms this statement (21). In this study a total
of 4,210 [68Ga]-somatostatin-receptor PET/CT scans performed in a 5-year period
were retrospectively analyzed. Cardiac metastases appeared to be rare: in merely
29 of all cases. Both these reports also included non-serotonin producing and nonmetastatic NET. Therefore, the prevalence of cardiac metastases in these cohorts is
less than 1%. However, this is even less than the low prevalence of 4%, as mentioned
previously, and probably a result of selection bias (12). On the other hand, the most
recent study on the presence of cardiac metastases in patients with NET of the small
bowel reported that cardiac metastases detected by [68Ga]-DOTATOC PET/CT were
present in four out of 92 patients with ileal NET (22). These four patients showed
in total seven cardiac metastases, supporting the previously acclaimed prevalence
of approximately 4%. As in our study, all patients with myocardial metastases had
high tumour burden. Although cardiac metastases are usually detected in patients
with widespread metastatic disease, the myocardium can occasionally be the only
location of NET metastases (4). Our study consists of the largest cohort of patients
referred for [18F]-FDOPA PET/CT scans. We clearly add the novel information that
cardiac metastases of NET occur more frequently than previously assumed, and that
[18F]-FDOPA PET/CT appears to be more sensitive in detecting these metastases than
other imaging modalities reported so far.

We showed no relationship between the presence of cardiac metastases and
echocardiographic parameters for CHD. This suggests that myocardial metastases
and typical CHD are two different entities, which do not seem to affect each other.
We could not identify a patent foramen ovale in patients with cardiac metastases,
which may support the idea that the presence of cardiac metastases is independent
of flow. Lower eyeballing LVEF and wider left atrium measurements were considered
to be coincidental findings due to the small group of patients. Urinary excretion
of 5-HIAA was higher in patients with echocardiographic signs of CHD, but not
in patients with cardiac metastases. Although the duration of the disease was
not investigated in this retrospective study, this finding implies that CHD patients
probably had long standing disease. Other laboratory tests, as well as ECG findings
did not differ. This finding is concordant with the progression of CHD (23).

CONCLUSION
The prevalence of cardiac metastases found on [18F]-FDOPA PET/CT is higher
that previously assumed. Cardiac metastases were not related with typical
echocardiographic features of CHD, suggesting that these findings are two different
entities within the same disease. Of importance, the clinical consequences of this
higher incidence of cardiac metastases found on [18F]-FDOPA PET/CT may not be
of high importance, due to the indolent character of the disease, leading to a
comparable survival in patients without cardiac metastases. A large prospective study
of serotonin producing NET patients with cardiac metastases should be performed
to further establish the clinical role of [18F]-FDOPA PET/CT for this indication.
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CHAPTER 8
Summary, discussion and future
perspectives

SUMMARY
This thesis provides farsighted 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. Cardiac amyloidosis is associated with denervation and
therefore belonging to one of these indications. Amyloidosis in general is caused by
misfolded proteins which are deposited throughout the body. Cardiac manifestation
is a rare condition leading to a form of restrictive cardiomyopathy; which is mainly
right-sided heart failure with restrictions in ventricular filling, resulting in liver
enlargement, ascites and oedema. Echocardiography is the modality of choice for the
assessment of cardiac amyloidosis. However, typical findings - focal or generalized
echolucency (highly refractile echo’s, or ‘sparkling’) and interatrial septum and left
ventricular (LV) wall thickening – are usually present in more advanced stages of the
disease. Imaging of cardiac sympathetic innervation is of interest in patients with
cardiac amyloidosis, since these amyloid depositions can also be present along the
sympathetic nerves, and thus leading to electromechanical dissociation.
Chapter 2 investigates the use of iodine-123 labelled metaiodobenzylguanidine ([123I]-MIBG) in three subgroups of patients with systemic
amyloidosis: AL, ATTR, and AA type amyloidosis. Cardiac sympathetic innervation
of the entire cohort of patients is disrupted compared to healthy control subjects.
Amyloidosis patients who show typical features of cardiac involvement on
echocardiography also show more severely impaired cardiac sympathetic innervation.
In this study we demonstrate that in patients with ATTR type amyloidosis [123I]-MIBG
scintigraphy can detect cardiac manifestation even before typical echocardiographic
features are present.
In chapter 3 the clinical use of different nuclear medicine modalities for the
assessment of ATTR amyloidosis are discussed. In addition to [123I]-MIBG scanning,
conventional bone scintigraphy can also detect cardiac involvement in patients with
ATTR amyloidosis. Myocardial accumulation of bone scan tracers also detects cardiac
amyloidosis before typical echocardiography features are present. Therefore,
nuclear medicine modalities are useful to provide an overview of the extent and
severity of cardiac involvement in this group of patients.
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Chronic kidney disease (CKD) is another indication in which cardiac sympathetic
innervation imaging is of interest. CKD can be a result of different underlying
mechanisms, for example diabetes mellitus, hypertension, and atherosclerosis.
Especially patients with end-stage kidney failure and those on renal replacement
therapy (haemodialysis, HD) are at risk for cardiovascular morbidity and mortality,
such as myocardial ischemia, myocardial infarction, ventricular arrhythmias, and
sudden cardiac death. However, the traditional risk factors for cardiovascular events
do not fully explain the higher prevalence of these events. Autonomic dysfunction is
considered as a novel independent risk factor for cardiovascular morbidity. Uraemia
is considered to contribute to an increase in sympathetic activity and thus impaired
cardiac sympathetic innervation.
132

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 HD. Cardiac sympathetic innervation is already disrupted before
the start of maintenance HD. The impaired cardiac sympathetic innervation does
not seem to worsen during the first months of HD. However, cardiac sympathetic
denervation before the start of HD precedes the development of myocardial
perfusion abnormalities. This may further support the idea that the cardiomyocyte
is more vulnerable to innervation changes than to perfusion alterations.
A third group of interest for cardiac sympathetic innervation imaging is patients with
(non-) ischemic heart failure. In both ischemic and non-ischemic cardiomyopathy,
myocytes surviving structural changes suffer from maladaptation to myocardial
injury, resulting in pathological remodelling, consisting of dilation and reduced
contractility. 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. Continuous stimulation of the sympathetic nervous
system results not only in systemic effects, but also in myocardial electrical instability,
and thus a higher risk on development of ventricular arrhythmias.
Chapter 5 describes the use of carbon-11 labelled meta-hydroxy-ephedrine
([11C]-mHED) in patients with ischemic cardiomyopathy, treated with prophylactic
implantable cardioverter defibrillator. This study evaluates the role of cardiac
sympathetic denervation in patients with a low and high risk of ventricular
arrhythmias. As expected, a history of ventricular arrhythmia leads to a higher
prevalence of these arrhythmias during follow up. In addition, larger areas of
denervation are associated with higher mortality.
Chapter 6 investigates the use of [11C]-mHED in patients with non-ischemic
cardiomyopathy treated with cardiac resynchronization therapy (CRT). We were not
able to find a difference in mean [11C]-mHED retention as a reflection of cardiac
sympathetic innervation abnormalities from baseline to six months after the start
of CRT. This lack of improvement is partially in line with earlier research. However,
patients with an improvement of LV ejection fraction after the start of CRT did show
an improvement in presynaptic cardiac sympathetic innervation. This may support
the literature based idea that CRT not only restores postsynaptic β-adrenoceptor
density and balance, but also may improve presynaptic norepinephrine retention.
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Finally, patients with metastasized neuroendocrine tumours are studied. These
tumours frequently produce serotonin, and in lesser extent also catecholamines.
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 may
suffer from carcinoid syndrome, such as flushing, diarrhoea and - in case of longstanding disease - carcinoid heart disease (CHD). Echocardiography is the modality
of choice for the evaluation of CHD, which is characterized by right-sided valve
thickening, and thus tricuspid valve insufficiency and pulmonary valve stenosis.

Furthermore some reports state that cardiac metastases can be considered as a
feature of CHD.
In Chapter 7 the value of L-3,4-dihydroxy-6-[18F]fluoro-phenylalanine ([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. The prevalence of these myocardial metastases, detected using [18F]FDOPA PET, is higher than previously assumed. There was no relationship between
the presence of cardiac metastases and the development of cardiac arrhythmias or
typical echocardiographic features of CHD. This further supports that both CHD and
myocardial metastases are two different entities within the same disease.
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DISCUSSION AND FUTURE PERSPECTIVES
Functional imaging using SPECT or PET based modalities will continue to play a pivotal
role in diagnosis and response evaluation of treatment strategies. As a consequence
of the rapid evolvements within this field, nuclear medicine is continuously improving
its acquisition methods, searching for new indications for diagnosis and treatment,
and establishing its additional value to existing anatomical imaging modalities. Also
within nuclear cardiology there is a continuously need for non-invasive imaging
techniques as reliable alternatives to, for example, biopsy procedures. This section
focuses on new clinical indications and novel radiopharmaceuticals for evaluating the
role of nuclear cardiac sympathetic innervation imaging within nuclear cardiology.
Further exploration of existing indications
In cardiac amyloidosis, the relationship between cardiac sympathetic innervation and
autonomic function testing has not yet been fully investigated. At present, only one
large trial investigated this relationship in 143 patients with ATTR type amyloidosis
(1). Survival of patients with autonomic failure (apart from cardiac sympathetic
innervation) was significantly reduced compared to patients with negative autonomic
function tests. However, multivariate analysis identified cardiac sympathetic
denervation as assessed by iodine-123 labelled meta-iodobenzylguanidine ([123I]MIBG) as the only independent prognostic predictor. Concerning AL type patients,
large clinical trials on this topic are still lacking. Future studies should focus on the
added value of cardiac sympathetic innervation imaging to autonomic function tests
for blood pressure variability, skin autofluorescence, dynamic electrocardiography
for heart rate variability (especially the standard deviation of normal beats, SDNN),
and 12-lead electrocardiography.
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Imaging of cardiac sympathetic innervation is not the only application of nuclear
medicine modalities in the area of cardiac amyloidosis. There is an increasing need
for (consensus-based) guidelines for image acquisition and images-based clinical
decision-making in patients with cardiac amyloidosis, especially in those patients
with normal findings on echocardiography. Several nuclear medicine imaging
techniques apart from [123I]-MIBG have become available for the diagnosis and
prognostic stratification of cardiac amyloidosis during the last two decades. The
different classes of radiopharmaceuticals are potentially able 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.
For example, bone seeking tracers (in particular diphosphonates) visualize
cardiac amyloid of the ATTR type very specifically, at an early stage of the disease,
and can be used to differentiate between the amyloid types, since AL amyloid
shows only weak or no imaging at all (2). The nature of this specific binding to ATTR
amyloid has not been clarified yet. The understanding of this phenomenon should
be a challenge for the near future. Furthermore, it is important to further explore

the diagnostic value of serial bone scintigraphy in quantification, and to determine
its role in disease progression and response to treatment in ATTR patients.
The introduction of hybrid camera systems makes superposition of physiological and
anatomical information possible. The simultaneous acquisition of PET and MRI using
hybrid PET/MRI systems is the most recent development in medical imaging. In MRI,
gadolinium can be used as a contrast enhancement agent, which is an extracellular
fluid tracer that accumulates in expanded interstitial place. Usually, in the intact
myocardium, the distribution of gadolinium is very low and therefore gadolinium
enhancement is absent. However, in case of myocardial interstitial space expansion,
such as in amyloidosis due to extracellular amyloid infiltration, gadolinium
concentration may increase within myocardial tissue. Therefore, evaluation of
cardiac amyloidosis has the potential to become a unique application for PET/MRI,
in which either modality provides complementary information, especially since the
introduction of novel MRI sequences as non-contrast T1 mapping (3). Pittsburgh
compound-B labelled with the positron emitter carbon-11 ([11C]-PiB), derived from
the amyloid stain thioflavin, as well as fluorine-18 ([18F]) labelled florbetapir have
been recently used as tracers for cardiac amyloid (4,5) with still inconclusive clinical
results. However, PET tracer retention at the location of subendocardial delayed
gadolinium enhancement or noncontrast T1 mapping may increase the positive
predictive value of the presence of cardiac amyloidosis on either PET or MRI.
Finally, the combination of nuclear medicine modalities with proteomics may be a
field worthwhile for exploration. In the subtypes of amyloidosis different proteins are
both up- and down-regulated. The background of this alteration is yet not entirely
clear and could either be reactive due to the disease or related to amyloid deposits
in the microenvironment of the extracellular space. Proteomics may teach us about
the specific composition of amyloid and surrounding tissue in order to develop new
tracers that specifically target cardiac amyloid (6,7). Realizing unambiguous imaging
of cardiac amyloid may fill two great clinical needs: early disease detection and
reliable monitoring of a treatment effect. Targeting these proteins and visualizing
their distribution in the body may lead to new insights within amyloidosis in general.
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So, in conclusion, the future of nuclear medicine modalities for cardiac amyloidosis
is not only limited to imaging cardiac sympathetic innervation abnormalities. The
combination of different radiopharmaceuticals for functional information, and the
addition to anatomical information from MRI, has the potential to further reduce
the use of potential high-risk invasive procedures.
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New indications
Nuclear medicine techniques can play an important role in rapidly evolving new
areas within medicine. Sports medicine is one of these rapidly evolving areas. Apart
from the obvious indications for bone scintigraphy to visualize or exclude osseous
injuries, imaging of cardiac sympathetic innervation may be of special interest. For
example, sympathetic innervation may play an important role in the development
of (unexplained) sudden cardiac deaths in athletes. Actually, athletes with high
sympathetic tone in the recovery phase after exercise appeared to have an increased
cardiac vagal activity (8). This autonomic imbalance is probably the ‘conditio sine
qua non’ for the induction of arrhythmias in the recovery phase.
Early exploratory studies in this field showed that [123I]-MIBG uptake is
decreased in athletes compared to normal control subjects, and that prolonged
exercise further decreases this uptake (9-11). Furthermore, athletes with sinus
bradycardia appeared to have a defect of [123I]-MIBG uptake in the inferior wall,
suggesting selective inferior wall denervation as a consequence of the increased
vagal tone (12).
For better understanding the mechanism of cardiac sympathetic innervation
abnormalities in athletes, future studies should focus on the development of
dysinnervation in young athletes. For example, in rowers who are starting an
intensive training programme to eventually deliver high-level maximum exercise.
Sympathetic innervation in these athletes should be investigated in a prospective
setting, in which [123I]-MIBG is combined with electro- and echocardiography, for
electrical and structural alterations. These investigations should be performed at
baseline (before the start of the training programme) and at follow-up (immediately
after the last matches), to evaluate whether the onset of intensive physical exercise
is accompanied by the development of cardiac sympathetic denervation.
New radiopharmaceuticals
Presynaptic innervation

Summary, discussion and future perspectives
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Although the value of [123I]-MIBG for imaging cardiac sympathetic innervation
abnormalities is well established, this tracer has some limitations. For example,
image quality is relatively poor (in terms of spatial resolution) and the capabilities
of quantitative analysis (modelling) are lacking. The introduction of the positron
emitting radiopharmaceutical [11C]-mHED has overcome these limitations. However
its application is limited to those PET centres with an on-site cyclotron, due to the
short half-life of the radionuclide [11C] (approximately 20 minutes). Fluorine-18 [18F]
has a longer half-life (approximately 110 minutes), making it suitable for application
on a prolonged distance from its production site: PET centres without an own on-site
cyclotron. Therefore, radiopharmaceuticals containing [18F] could be an attractive
alternative for both [123I]-MIBG and [11C]-mHED.

One of the introduced [18F]-labelled alternatives to [123I]-MIBG and [11C]mHED may be meta-[18F]fluorobenzylguanidine ([18F]-MFBG). This fluoro analogue
of [123I]-MIBG is of special interest due to the placement of fluorine at the same
position as that of iodine in MIBG, and should result in minimal structural alterations.
However, in early reports about the production of [18F]-MFBG, fluorodenitration with
the activating group in the meta position resulted in a five-fold lower yield than
its isomer para-[18F]fluorobenzylguanidine ([18F]-PFBG) (13). A major disadvantage
of [18F]-PFBG found in early preclinical studies is the strong affinity for uptake-2
mechanism in the cardiomyocyte, which acts as a confounder when the images are
analyzed (14). Nonetheless, based on in vitro and in vivo analyses, [18F]-MFBG showed
great similarities to [123I]-MIBG, especially regarding the presynaptic sympathetic
nerve terminal uptake.
Recently, the yield of [18F]-MFBG was slightly increased by reducing the
reaction time and lowering the reaction temperatures during the synthesis,
compared to the previous mentioned studies (15). Despite these improvements, the
overall radiochemical yield of [18F]-MFBG was merely 11 ± 2%. Nonetheless, the use
of [18F]-MFBG in the setting of neuroendocrine tumour cells in mice appeared to
result in higher image quality than [18F]-PFBG and [123I]-MIBG. Furthermore, [18F]MFBG has an additional advantage of lower radiation burden due to the more
rapid clearance of this more hydrophilic analogue (15,16). At present, the use of
[18F]-MFBG for cardiac sympathetic innervation imaging in humans has not been
reported.
Another [18F]-labelled radiopharmaceutical which has the potential to be an
alternative to [123I]-MIBG and [11C]-mHED is the ligand for the norepinephrine
transporter (N-[3-bromo-4-(3-18F- fluoro-propoxy)-benzyl]-guanidine ([18F]-LMI1195)
(17). Preclinical studies in rats showed that the heart-to-liver ratios of [18F]-LMI1195
were high, even significantly higher than those of [123I]-MIBG (17,18). This makes
[18F]-LMI1195 an attractive alternative for planar scintigraphy and SPECT.
Very recently, the first application of [18F]-LMI1195 in twelve healthy
volunteers has been reported (19). The data from this phase-1 clinical trial suggest
that [18F]-LMI1195 is a well-tolerated PET tracer for cardiac sympathetic innervation
imaging with acceptable radiation dose. Its diagnostic accuracy in determining
innervation abnormalities in humans is yet to be established.
Chapter 8

Postsynaptic innervation
In addition to presynaptic sympathetic innervation imaging using norepinephrine
analogues, it is also possible to measure postsynaptic β-adrenoceptor density on
the cardiomyocyte. Changes in β-adrenoceptor density are of importance in the
development of heart failure: β-adrenoceptor density is down-regulated as a
consequence of enhanced sympathetic drive in heart failure (20,21). The PET tracer
S-4-(3-([11C]-isopropylamino)-2-hydroxypropoxy)-2H-benzimidazol-2-one
([11C]CGP12388) has the potential to monitor β-adrenoceptor remodelling induced by
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therapeutic regimen (22). However, this has not yet been visualized. In a preclinical
setting, [11C]-CGP12388 seems to outperform [18F] labelled tracers for (selective)
β-adrenoceptor imaging (23,24).
Since cardiac resynchronization therapy is able to restore the β-adrenoceptor
balance in patients with severe heart failure, this group of patients would be of great
value for the proof of principle of this restoration visualized by [11C]-CGP12388.
In conclusion, sympathetic innervation imaging is a continuously evolving field of
interest within nuclear cardiology. Future studies using radiopharmaceuticals for
both pre- and postsynaptic imaging should focus on absolute quantification of
regional denervation and therapy induced changes in the β-adrenoceptor density,
respectively, and to determine its value in the prediction for sudden cardiac
death. Finally, the aim for the future should also concern inclusion of sympathetic
innervation imaging into guidelines for clinical decision making.

Chapter 8
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CHAPTER 9.1
Dutch summary / Nederlandse
samenvatting

NUCLEAIRE GENEESKUNDE
Nucleaire Geneeskunde is een zich snel ontwikkelend veld, dat zich richt op het
gebruik van radioactiviteit voor het afbeelden van lichaamsprocessen (scintigrafie)
en in mindere mate het behandelen van ziekten. Deze toepassingen onderscheiden
Nucleaire Geneeskunde van Radiologie, een vakgebied dat zich voornamelijk richt
op anatomische informatie.
Binnen de Nucleaire Geneeskunde worden voor deze toepassingen
verschillende radiofarmaca (tracers) gebruikt. Radiofarmaca verschillen van elkaar
op basis van farmacokinetiek en kunnen worden ingezet om het functioneren van
een specifiek orgaan(systeem) te visualiseren, bijvoorbeeld doorbloeding (perfusie),
metabolisme of een specifiek ‘target’ in of op een cel zoals receptordichtheid,
enzymactiviteit en DNA amplificatie. Radiofarmaca worden intraveneus toegediend,
waardoor de patiënt de bron van de radioactiviteit wordt. Gammacamera’s (SPECT
systemen) en positron emissie tomografie / ‘computed’ tomografie (PET/CT) camera’s
kunnen worden ingezet om de verdeling van de radioactiviteit in het lichaam af te
beelden. SPECT (al dan niet gecombineerd met CT) en PET/CT systemen verschillen
van elkaar voor wat betreft opstelling, detectie van het energieniveau van
gammastraling en de verwerking van de informatie (reconstructie en processing). Vrij
recentelijk zijn nieuwe hybride systemen ontwikkeld waarin PET met magnetische
resonantie (MRI) zijn gecombineerd. De klinische toepasbaarheid van een dergelijk
PET/MRI systeem wordt thans onderzocht.
De toepassing van nucleair geneeskundige technieken binnen Cardiologie
kent een lange geschiedenis. Vooral myocardperfusie (met PET of gammacamera’s)
en radionuclide ventriculografie staan bekend om de klinische consequenties
van de uitkomst ervan. Het afbeelden van de zenuwvoorziening van de hartspier
(cardiale sympathische innervatie) is een nieuw interessegebied binnen de nucleaire
Cardiologie.
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CARDIALE SYMPATHISCHE INNERVATIE
Het autonome zenuwstelsel regelt zelfstandig lichaamprocessen die onbewust
plaatsvindend. Dit stelsel wordt onderverdeeld in drie subsystemen: het enterisch
zenuwstelsel (voor het spijsverteringsstelsel), het parasympathisch en het
sympathisch zenuwstelsel. Het deel van het sympathisch zenuwstelsel dat de
zenuwvoorziening van het hart verzorgt begint in het verlengde merg. Dit ontvangt
informatie van verschillende soorten receptoren langs de grote vaten in het lichaam,
maar communiceert ook met de hypothalamus. Vanuit het verlengde merg verlopen
zenuwen naar het ruggenmerg. De zenuwen voor cardiale sympathische innervatie
ontstaan in het ruggenmerg op het niveau van thoracale wervel 1 tot en met 4 en
verlopen tot paravertebrale ganglia (schakelstations). Vanaf deze ganglia verlopen
de sympathische zenuwvezels tot in de spier van de hartkamers (myocardium) en
het geleidingssysteem van het hart.
Noradrenaline is de meest belangrijke neurotransmitter voor de overdracht
van post-gangliale zenuwvezels en het myocardium. Het wordt opgeslagen in
blaasjes (vesikels) in het zenuwuiteinde en wordt in de synapssleet uitgescheiden
door stimulatie van de sympathische vezels. Het effect van noradrenaline in de
synapsspleet is activering van ‘adrenoreceptoren’ op de myocardcel. Verhoogde
sympathische activiteit zorgt voor sterkere slagkracht (positief inotroop effect),
snellere pulsgeleiding binnen het hart (positief dromotroop effect) en hogere
hartslag (positief chronotroop effect).
Langdurig te hoge sympathische activering leidt tot een toename
van noradrenaline in de synapsspleet en daarmee tot een vermindering in de
dichtheid van receptoren op de myocardcel. Uiteindelijk resulteert een langdurig
verhoogde sympathische activiteit in verminderde cardiale sympathische innervatie
(denervatie). Een gevolg hiervan is een vermindering in slagkracht van het hart en
uiteindelijk hartfalen. Overige mogelijke gevolgen zijn kamerritmestoornissen en
plotse hartdood.
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DIT PROEFSCHRIFT
Dit proefschrift geeft meer inzicht in de aanwezigheid van denervatie in
verschillende groepen patiënten, de uitkomst van patiënten met denervatie en de
waarde van SPECT en PET bij het voorspellen van die uitkomst. Cardiale amyloidose
is geassocieerd met denervatie en behoort daarmee tot één van de indicaties voor
het afbeelden van cardiale sympathische innervatie abnormaliteiten. Amyloidosis,
in algemene zin, wordt veroorzaakt door abnormale neerslag (deposities) van
verkeerd gevouwen eiwitten in organen en weefsel verspreid door het gehele
lichaam. Cardiale betrokkenheid is zeldzaam en leidt tot een vorm van ‘restrictieve
cardiomyopathie’; voornamelijk rechtzijdig hartfalen met verminderde vulling van
de ventrikels, hetgeen resulteert in vergroting van de lever, ascites en oedeem.
Echocardiografie is het onderzoek dat bij voorkeur als eerste wordt uigevoerd om
betrokkenheid van het hart aan te tonen. Echter, de typische presentatie – focale
of gegeneraliseerde echolucentie (‘sparkling’) en verdikking van het interatriale
septum of de wanden van de linker hartkamer – zijn voornamelijk in een laat stadium
van de ziekte aanwezig. Het afbeelden van cardiale sympathische innervatie bij
patiënten met cardiale amyloidose is van belang omdat de amyloiddeposities ook
langs de sympathische zenuwen kunnen voorkomen, en daarmee de elektrische
geleiding kunnen verstoren.
Hoofdstuk 2 onderzoekt het gebruik van jodium-123 gelabeld metaiodobenzylguanidine ([123I]-MIBG) in drie groepen patiënten met systemische
amyloidose: AL, ATTR en AA type amyloidose. Cardiale sympathische innervatie van
het gehele cohort patiënten is gestoord in vergelijking met gezonde controles. Bij die
patiënten met amyloidose en typische kenmerken van de ziekte bij echocardiografie
is er sprake van een meer uitgesproken afwijkende cardiale sympathische innervatie.
In deze studie demonstreren wij dat [123I]-MIBG scintigrafie bij patiënten met
ATTR type amyloidose cardiale betrokkenheid kan aantonen voordat de typische
kernmerken van de ziekte op echocardiografie aanwezig zijn.
In hoofdstuk 3 wordt de klinische toepassing van verschillende nucleair
geneeskundige technieken bij patiënten met ATTR type amyloidose beschreven.
Naast [123I]-MIBG scintigrafie kan skeletscintigrafie ook worden gebruikt voor het
aantonen van cardiale betrokkenheid van ATTR type amyloidose. Stapeling van
bottracers in de hartspier kan ook cardiale betrokkenheid aantonen voordat typische
kenmerken met echocardiografie kunnen worden gevonden. Derhalve bieden de
verschillende nucleair geneeskundige technieken meer inzicht in de uitgebreidheid
en consequenties van cardiale amyloidose in deze groep patiënten.
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Chronische nierinsufficiëntie (CNI) is een andere indicatie waarvoor het afbeelden
van cardiale sympathische innervatie van belang kan zijn. CNI kan een resultaat
zijn van verschillende onderliggende mechanismen, bijvoorbeeld diabetes mellitus,
hoge bloeddruk en slagaderverkalking. Voornamelijk patiënten met eindstadium
nierfalen en patiënten die nierfunctievervangende therapie ondergaan
(hemodialyse) lopen een verhoogd risico op het optreden van ‘cardiovasculair
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lijden,’ zoals doorbloedingsstoornissen van de hartspier (ischemie), een hartinfarct,
kamerritmestoornissen en plotse hartdood. De traditionele risicofactoren voor
het optreden van deze ‘events’ verklaren niet geheel de hoge prevalentie ervan.
Autonome dysfunctie wordt beschouwd als een nieuwe onafhankelijke risicofactor
voor het optreden van cardiovasculair lijden. Uremie wordt ook verondersteld bij
te dragen aan een toename in algehele sympathische activiteit en daarmee een
verminderde cardiale sympathische innervatie.
Hoofdstuk 4 richt zich op het gebruik van [123I]-MIBG scintigrafie voor het
aantonen van denervatie bij patiënten met eindstadium nierinsufficiëntie die op
het punt staan de overstap te maken van de predialyse fase naar permanente
hemodialyse. Bij deze patiënten is de cardiale sympathische innervatie al gestoord
voorafgaand aan de start van de hemodialyse en verergert niet tijdens de eerste
maanden na de start van de dialyse. Echter, de aanwezigheid van gestoorde
cardiale sympathische innervatie lijkt vooraf te gaan aan het optreden van
doorbloedingsstoornissen van de hartspier. Dit gegeven kan de veronderstelling
ondersteunen dat de hartspiercel (cardiomyocyt) gevoeliger is voor innervatieveranderingen dan voor doorbloedingsstoornissen.
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Een derde groep waarbij het afbeelden van cardiale sympathische innervatie van
belang kan zijn, is patiënten met (niet-)ischemisch hartfalen. Zowel bij ischemisch
als niet-ischemisch hartfalen kunnen cardiomyocyten zich niet goed aanpassen aan
de schade die ze hebben ondervonden. Dit leidt tot ‘pathologische remodellering,’
hetgeen bestaat uit uitzetting (dilatatie) en verminderde samentrekking
(contractiliteit). Één van de mechanismen die leidt tot verergering van het hartfalen
is activering van het sympathische zenuwstelsel. Dit kan al optreden in een vroeg
stadium van het hartfalen. Continue stimulering van het sympathisch zenuwstelsel
leidt bijvoorbeeld tot elektrische instabiliteit van de hartspier, en daarmee tot een
verhoogd risico op het optreden van kamerritmestoornissen.
Hoofdstuk 5 behandelt het gebruik van koolstof-11 gelabeld metahydroxy-ephedrine ([11C]-mHED) bij patiënten met ischemische cardiomyopathie,
die profylactisch worden behandeld met interne defibrillator (ICD). Deze studie
onderzoekt de rol van cardiale sympathische innervatie bij patiënten met een
laag en patiënten met een hoog risico op kamerritmestoornissen. Zoals verwacht
resulteert het eerder hebben doorgemaakt van kamerritmestoornissen tot het
vaker voorkomen van deze ritmestoornissen tijdens het volgen van de patiënten.
Voorts zijn grotere gebieden met denervatie geassocieerd met het eerder optreden
van de dood.
Hoofdstuk 6 onderzoekt het gebruik van [11C]-mHED bij patiënten met nietischemische cardiomyopathie die worden behandeld met cardiale resynchronisatie
therapie (CRT). Wij hebben geen verschil kunnen aantonen in gemiddelde [11C]mHED retentie als uiting van gestoorde cardiale sympathische innervatie tussen
de uitgangssituatie vooraf aan de plaatsing van CRT en zes maanden na de start
ervan. Het uitblijven van een verbetering van de cardiale sympathische innervatie is
deels in lijn met bevindingen uit eerder onderzoek. Echter, patiënten die tijdens de

behandeling met CRT een toename van het volume van uitdrijving (ejectiefractie) van
de linkerhartkamer laten zien, vertoonden wel een verbetering van presynaptische
cardiale sympathische innervatie. Dit kan de veronderstelling dat CRT niet alleen
de postsynaptische β-receptordichtheid herstelt, maar ook de presynaptische
noradrenaline retentie verbetert, verder ondersteunen.
Ten slotte zijn patiënten met neuroendocriene tumoren onderzocht. Deze
tumoren produceren serotonine, en in minder mate ook catecholamines. In het
geval van uitgezaaide ziekte, voornamelijk naar de lever, komt er veel serotonine
in de bloedbaan terecht. Als gevolg van de circulerende serotonine kunnen deze
patiënten last krijgen van een ‘carcinoid syndroom,’ bestaand uit opvliegers,
diaree en – bij lang bestaande ziekte – carcinoid hartziekte. Echocardiografie is de
techniek van voorkeur voor het in kaart brengen van carcinoid hartziekte. Typische
kenmerken zijn verdikking van de hartkleppen aan de rechter kant van het hart,
en dus tricuspidaalklepsinsufficiëntie en pulmonaalklepstenose. Bovendien melden
sommige casusbeschrijvingen in de medische literatuur dat cardiale metastasen
van neuroendocriene tumoren kunnen worden beschouwd als uiting van carcinoid
hartziekte.
In hoofdstuk 7 wordt de waarde van L-3,4-dihydroxy-6-[18F]fluorophenylalanine ([18F]-FDOPA) voor het aantonen van cardiale metastasen en de relatie
van deze metastasen tot de aanwezigheid van typische kenmerken van carcinoid
hartziekte op echocardiografie onderzocht. Cardiale metastasen, gedetecteerd
met [18F]-FDOPA, komen vaker voor dan tot dusver werd aangenomen. Er kon
geen relatie worden aangetoond tussen de aanwezigheid van deze metastasen
en het ontwikkelen van hartritmestoornissen of typische kenmerken van carcinoid
hartziekte op echocardiografie. Dit ondersteunt het idee dat carcinoid hartziekte en
cardiale metastasen van neuroendocriene tumoren twee verschillende uitingen van
dezelfde ziekte zijn.
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