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General introduction

GENERAL INTRODUCTION

1

Pheochromocytomas and paragangliomas (PPGLs) are neuroendocrine tumors that arise from
chromaffin cells of the adrenal medulla in 80-85% (pheochromocytoma) and from extra-adrenal
sympathetic ganglia in 10-20% (chest, abdomen and pelvis paraganglioma) [1, 2]. Head and neck
paragangliomas (HNPGLs) represent the parasympathetic counterparts of PPGLs. Sympathetic
PPGLs usually produce significant amounts of catecholamines (noradrenaline, adrenaline and
dopamine), whereas parasympathetic HNPGLs are usually hormonally inactive except for
dopamine secretion in some cases [3]. The studies in this thesis mainly focus on sympathetic
PPGLs.
Epidemiology
PPGLs are rare tumors. The prevalence of PPGLs varies between 0.2%-0.6% in hypertensive
patients in the general outpatient setting [4]. Autopsy studies have indicated the presence
of previously undiagnosed PPGLs in 0.05-0.1% of cases [5]. Nowadays, up to 30% of
pheochromocytomas are diagnosed following the incidental discovery of an adrenal
mass on abdominal imaging studies. Around 7% of adrenal incidentalomas prove to be a
pheochromocytoma [6]. PPGLs can occur at any age, but they mostly present between 40 and
50 years of age. Both genders are affected equally. In at least 40% of patients, PPGLs are part
of a hereditary syndrome caused by germline mutations. Patients with hereditary PPGLs more
often present with multifocal disease and at a younger age than those with sporadic tumors.
Pathogenesis
In the last decades, it has become clear that the pathophysiology of PPGL is largely driven by
genomic alterations [7]. Hereditary PPGL may concur with other syndromic features and tumors
of other (non)neuroendocrine tissues [8]. The principal genetic drivers in hereditary PPGL are
germline mutations in tumor susceptibility genes, including VHL (Von Hippel-Lindau), SDHA/B/
C/D/AF2 (succinate dehydrogenase subunits A, B, C and D and assembly factor 2), RET (causing
multiple endocrine neoplasia type 2), NF1 (neurofibromatosis type 1), MAX (myc-associated
factor X), TMEM127 (transmembrane protein 127), and more recently discovered HIF2α
(hypoxia-inducible factor 2α), FH (fumarate hydratase) and MDH2 (malate dehydrogenase 2) [7].
Apart from germline mutations, in at least 30-40% of sporadic PPGLs, tumorigenesis is driven
by somatic mutations in mainly HRAS, NF1, EPAS1/HIF2A, RET, VHL and CSDE1, or by fusions of
MAML3 (mastermind like transcriptional coactivator 3) [9-12].
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Based on transcriptional profiling studies, PPGLs can be classified into different clusters of
pathogenesis [13] (Figure 1):
●

Cluster 1 (1A: SDH, FH and 1B: VHL, HIF2α): tumors are characterized by increased
expression of genes involved in (pseudo)hypoxia, cell proliferation, angiogenesis, electron
transport chain and the Krebs cycle and abnormal function of oxidoreductases.

●

Cluster 2 (RET, NF1, TMEM127, MAX): tumors show an increased expression of genes
involved in protein synthesis, kinase signaling, endocytosis and maintenance of a
differentiated chromaffin cell catecholamine biosynthetic and secretory phenotype.

●

Cluster 3: tumors involve alterations in the Wnt signaling pathway of tumorigenesis and
are driven by MAML3 and CSDE1.

Figure 1. Different PPGL molecular subgroups with corresponding driver mutations and a proportion of
hereditary disease in the respective cluster.
From Crona et al, 2017, published with permission of Oxford University Press.

The links between tumor susceptibility genes and downstream signaling pathways has
considerably advanced today’s understanding of the biological basis of PPGLs. Depending
on underlying mutations, hereditary PPGLs show distinct differences in metabolic pathways
that relate to or even directly impact their clinical presentation. Strong genotype–phenotype
associations have been recognized. Clinical characteristics closely linked with genotype include
syndromic presentation, age of onset, predominant tumor location, metastatic potential and
tumoral catecholamine synthesis and secretion [14].
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Cluster 1 PPGLs are of particular interest, because certain subgroups have been associated
with large sized aggressive tumors and increased risk of malignancy. Succinate dehydrogenase
(SDH), a Krebs cycle enzyme, converts succinate to fumarate and it also serves as complex II of
the mitochondrial electron transport chain. SDH consists of four functionally different subunits:
A, B, C, and D, and the accessory protein SDHAF2. In tumors with SDHx mutations, the ability
of cells for oxidative phosphorylation is compromised [15]. Impaired SDH function leads to
accumulation of succinate which acts as an oncometabolite and inhibits prolyl hydroxylase
activity resulting in the stabilization of hypoxia-inducible transcription factors (HIFs), in
particular HIF-1α and -2α, under normoxic conditions [16, 17]. This ‘pseudo-hypoxic’ response
is also observed in VHL mutated tumors. If the VHL protein is not formed, hydroxylated HIFs
cannot be recognized by the VHL protein and marked for degradation in the proteasome
and therefore accumulates. In both cases, HIF-1α and -2α translocate to the nucleus where
they form an active HIF complex that induces the expression of genes with hypoxia response
elements that support tumor progression via different signaling pathways (Figure 2). Thus,
in cluster 1 PPGLs, the pseudo-hypoxic drive is hypothesized to mediate a shift of tumor cell
energy metabolism from oxidative phosphorylation toward aerobic glycolysis, also known as
the Warburg effect [18]. This is supported by increased HIF-α protein level combined with
lower SDH activity and increased glycolysis as indicated by lactate dehydrogenase activity
[19]. In addition, DNA methylation profiling revealed that PPGLs with SDHB mutations are
characterized by a pattern of global histone and DNA hypermethylation [20]. These epigenetic
changes are also induced by succinate through inactivation of histone demethylases and account
for several of the characteristics of this subset of tumors and has been suggested to contribute
to enhanced metastatic potential associated with SDHB compared to other mutations.
Clinical presentation
Most clinical features of PPGLs are secondary to tumoral catecholamine secretion, which can
occur spontaneously or may be provoked by drugs, anesthesia or invasive procedures [21, 22].
The clinical presentation is highly variable across patients from completely asymptomatic (up to
25%) to severe acute cardiovascular emergencies [23]. PPGLs classically present with paroxysms
of hypertension, palpitations, pounding headache, profuse sweating and pallor. However, a
wide spectrum of other signs and symptoms are less well appreciated as symptoms of PPGLs
including anxiety, panic attacks, nausea, vomiting, hot flushes, sustained hypertension, fever,
impaired glucose tolerance and overt diabetes mellitus. Most symptoms are non-specific and
therefore PPGLs can mimic other clinical conditions. Consequently, a considerable diagnostic
delay of several years is not unusual [24]. Physicians are apprehensive to miss the diagnosis of
a PPGL because this can lead to significant morbidity and mortality. Most notorious emergency
presentations of PPGLs have a cardiovascular nature including hypertensive crisis, myocardial
infarction, acute left ventricular heart failure, Tako-Tsubo cardiomyopathy, arrhythmias and
stroke.
11

1

Chapter 1

Figure 2. The Warburg Effect in SDHx/VHL-related PPGL
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Figure 2. The Warburg effect in cluster-1 related PPGLs.
SDH: succinate dehydrogenase, PHD: prolyl hydroxylase, HIF: hypoxia-inducible transcription factor, pVHL: Von
Hippel Lindau protein, HRE: hypoxia response elements.

Biochemical diagnosis
The diagnostic work-up of PPGL in a suspected patient starts by demonstrating whether there
is an excess catecholamine secretion or not. Generally, the decision to carry out biochemical
testing for PPGL should be based on signs and symptoms as retrieved from a carefully taken
medical history and physical examination, particularly taking into account family history,
previous diseases, syndromic features and present use of drugs. However, biochemical testing
is not only indicated in symptomatic patients but also in asymptomatic patients with adrenal
incidentalomas or identified genetic predisposition to PPGL [25].
Catecholamines are produced within chromaffin cells and metabolized by catechol-Omethyltransferase, a continuous process that operates independently of catecholamine secretion,
explaining why the O-methylated metabolites provide superior biomarkers for PPGLs compared
to their catecholamine precursors [26]. While norepinephrine and epinephrine are respectively
metabolized to normetanephrine and metanephrine (collectively termed metanephrines),
dopamine is metabolized to 3-methoxytyramine. Initial biochemical testing for PPGLs should include
measurements of plasma-free metanephrines or urinary fractionated metanephrines [27]. Both are
highly sensitive tests for the diagnosis of PPGL. Paying attention to sampling conditions (i.e. supine
position), patient preparation and use of interfering medications is important, as these factors can
largely influence test results.
12
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Comprehensive catecholamine metabolite profiling distinguishes highly diverse catecholamine
metabolomic and secretory phenotypes in patients with PPGLs. These biochemical phenotypes
can be helpful to predict the tumor location and possible hereditary background [28]. PPGLs
predominantly producing epinephrines are classified as adrenergic phenotype. Cluster 2
PPGLs belong to this biochemical phenotype. These tumors are usually well differentiated
and contain the phenylethanol-N-methyltransferase (PNMT) enzyme that regulates the
conversion of norepinephrine to epinephrine. This enzymatic activity is typically located in
adrenal medulla and so location of these PPGLs is typically adrenal, however, they may also
be seen in extra-adrenal locations, especially in TMEM127 mutations. PPGLs predominantly
producing norepinephrine are classified as noradrenergic phenotype. Cluster 1 PPGLs belong
to this biochemical phenotype. Their location is typically extra-adrenal, however, they may
also be limited only to the adrenal glands, especially in the VHL syndrome. These tumors often
present as multifocal, recurrent or metastatic disease. PPGLs that predominantly secrete
dopamine with or without mild increase in norepinephrine (normetanephrine) are classified
as the dopaminergic phenotype. The dopaminergic phenotype is common in HNPGLs, but
also typically seen in metastatic disease and tumors due to mutations of genes encoding SDH
subunits. Therefore, measurements of elevated plasma 3-methyoxytyramine levels can be useful
to identify patients with SDHx-related or metastatic PPGLs [29, 30]. Rarely, PPGLs are nonsecreting (‘biochemically silent’), in particular hereditary PPGLs related to SDHB and SDHD
mutations [31].
Anatomical imaging
Imaging procedures to localize PPGLs should be initiated once there is clear biochemical
evidence of a PPGL. Less compelling biochemical evidence might justify imaging studies in
patients with a hereditary predisposition. The goals of imaging are localization of the primary
tumor and detection of multiple primary tumors and/or metastases.
Computed tomography (CT) with contrast provides an excellent initial imaging technique for
the localization of PPGLs. Priority areas to be searched are the abdomen and pelvis, since most
tumors are located there. CT provides a high diagnostic sensitivity (88-100%) and allows precise
tumor delineation due to its superb spatial resolution. Disadvantages of CT besides radiation
burden are contrast-related allergies and nephropathy. Magnetic resonance imaging (MRI)
with gadolinium contrast offers a similar high sensitivity to CT. MRI is preferred over CT in
specific cases, such as patients with metastatic disease, HNPGLs, cardiac PPGLs or surgical
clips (causing artefacts). MRI is also preferred in patients in whom radiation exposure should
be kept as minimal as possible or completely avoided, including children, pregnant women and
patients with hereditary PPGL [27].
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The radiological appearance of PPGL is variable and may be homogeneous or heterogeneous
with features of necrosis, haemorrhage, cystic changes and calcifications (Figure 3). Unenhanced
attenuation on CT is almost invariably >10 Hounsfield units in pheochromocytoma as opposed
to most adrenal adenomas [32]. However, the assessment of contrast washout is unreliable
for ruling out pheochromocytoma [33]. On MRI, a high intensity (bright) T2-weighted signal
is typical, but this is only seen in one third of tumors. Therefore, the specificity of anatomical
imaging (CT/MRI) is limited. Functional imaging, which serves a role complimentary to anatomical
imaging, will be discussed later.

A

B

C

B

Figure 3. Anatomical imaging (A) Computed tomography in a patient with sporadic right adrenal
pheochromocytoma (B) Magnetic resonance imaging (T2-weighted) in a patient with SDHA-related left
adrenal pheochromocytoma. Axial (left) and coronal (right) images.
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Treatment and follow-up
The definitive treatment of PPGL is surgical excision of the tumor. Minimally invasive laparoscopic
surgery is the technique of first choice. Open resection is recommended for large or invasive
PPGLs to ensure complete tumor resection and to avoid local recurrence. Partial adrenalectomy
may be considered in selected patients, such as those with bilateral adrenal PPGL or small
tumors who have already undergone contralateral adrenalectomy to spare adrenal cortex to
prevent permanent hypocortisolism [27].
During surgery, perioperative tumoral release of catecholamines due to anesthesia or surgical
tumor manipulation may cause hypertensive crises and arrhythmias. Patients with PPGL should
therefore receive proper pre-operative medical preparation to minimize pre- and post-operative
complications [34]. Alpha-adrenoreceptor blocking drugs (phenoxybenzamine or doxazosin)
are most often used to block the effects of released catecholamines. After surgery, profound
hypotension and hypoglycemia are the major potential complications. Postsurgical surveillance
is recommended for at least 24 hours [35]. Metanephrines should be measured between 2-6
weeks after recovery from surgery to establish biochemical cure.
After surgical resection, the recurrence rate over five years is around 4.7% and distributed as
follows: local recurrences 23%, new tumors 22% and metastases 55%. Furthermore, the risk of
new tumors persists on the long-term. Subsequently, a minimum follow-up of 10 years by yearly
clinical and biochemical investigations is recommended for all patients operated on for PPGL
[36]. Lifelong annual follow-up should be offered to high-risk patients including young patients
and those with large tumors, previous recurrence and hereditary PPGL. In the latter case tumor
screening tailored to specific syndromic features is indicated.
Metastatic PPGL
In about 10-17% PPGL develops into metastatic disease. Around 50% of metastases are already
present at the initial diagnosis, whereas other metastases may develop in the course of years
or decades after surgery [37]. There are currently no reliable histological or molecular markers
for malignancy. Subsequently, diagnosis of malignancy relies exclusively on the presence of
metastatic lesions at sites where chromaffin cells are normally absent such as lymph nodes,
bones, liver or lungs [2]. The strongest predictors for development of metastases are SDHB
mutations, young age, large tumors (>5 cm), extra-adrenal location and elevated plasma
3-methoxytyramine [29, 38-41].
The natural course of metastatic disease in PPGL is highly heterogeneous. A significant number
of patients still die from uncontrolled secretion of catecholamines. The overall 5-year survival
rate varies between 34%-60% [42]. Survival is lower in SDHB-related PPGL [24]. Other
negative predictors of survival are overall tumor burden, location of metastases and degree of
15
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catecholamine excess. Individual prediction of survival and clinical outcome is difficult. Patients
can have indolent disease despite the presence of extensive metastases, especially when
confined to the bones. They may need little or no therapeutic intervention for a prolonged period
of time. Aggressive disease forms, however, with lack of response to systemic therapies can
occur. Most patients exhibit intermediate outcomes with progressive disease that will require
intervention at some point.
At present, no curative treatment exists for patients with metastatic PPGL. There is no
validated standardized protocol for the treatment due to the rarity of the disease and the lack of
prospective studies. For patients with progressive or symptomatic disease that is not amenable
to (debulking) surgery, various palliative treatment options are available. Local therapies include
radiotherapy, radiofrequency or cryoablation, as well as tumor embolization and percutaneous
microwave coagulation. Systemic therapies include chemotherapy, radionuclide therapy and
molecular targeted therapies. Main palliative objectives are to control catecholamine-related
symptoms (including hypertension and cardiovascular events), reduce tumor growth and
manage symptoms related to tumor burden. Alpha- and beta-adrenoreceptor blocking drugs can
reduce catecholamine-related symptoms. If needed, alpha-methyl-paratyrosine (metyrosine)
might be added, which inhibits catecholamine synthesis.
Different chemotherapeutic agents have been used for metastatic PPGL. The best examined
is a combination of cyclophosphamide, vincristine and dacarbazine (CVD). Besides yielding
a potential survival benefit, the CVD regime can facilitate blood pressure control [43]. Oral
temozolomide has been successfully applied in SDHB-related PPGL [44]. Side effects of
chemotherapy may negatively impact the patients’ quality of life. Patients likely to benefit from
chemotherapy are those with rapidly progressive disease and tumor-related symptoms that
cannot be easily controlled by supportive therapies. The role of chemotherapy in the (neo)
adjuvant setting remains to be determined.
The recognition of pathogenic drivers for the development of PPGLs has been lead to the
investigation of potential new treatment options [45]. Tyrosine kinase inhibitors (TKIs),
immunotherapy, radiopharmaceutical agents and inhibitors of the hypoxia-angiogenic pathway
are currently under evaluation in prospective clinical trials. Furthermore, the value of targeted
radionuclide therapy (see below) is explored in clinical studies.
Functional imaging of PPGL
Lesions detected by CT/MRI can be specifically identified as PPGL by molecular tracers that
target catecholamine synthesis, storage and secretion pathways of chromaffin tumor cells [46]
(Figure 4). Besides high specificity, functional imaging provides a comprehensive localization of
tumors and characterization of their metabolic activity.
16
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Several different techniques are available for functional imaging of PPGLs. Most commonly and
widely used is labelled iodine-123 metaiodobenzylguanidine (123I-MIBG) single-photon emission
computed tomography (SPECT). 123I-MIBG targets the norepinephrine transporter of the PPGL
cell membrane and the vesicular monoamine transporter in the membrane of intracellular
vesicles (Figure 4). These transporters facilitate the re-uptake and storage of catecholamines,
respectively. 123I-MIBG is preferred over labelled iodine-131 MIBG (131I-MIBG) because its
shorter half-life and lack of beta-emission, resulting in overall lower radiation exposure for the
patient. 123I-MIBG scintigraphy can be useful in patients with (increased risk for) multifocal,
recurrent or metastatic disease [47]

68Ga-DOTATATE/
DOTATOC/DOTANOC
111In-DTPA-pentetreotide

18F-FDOPA

SSTR

LAT

adrenaline

Internalization in
endosomes
dopamine

noradrenaline

NET

*

18F-FDA

*

18F-FDA

123/131I-MIBG

*VMAT

11C-HED

18F-FDG

18F-FDG

Uptake in
chromaffin granule

GLUT
18F-FDG-6-

phosphate

Figure 4. Functional imaging tracers and targets in chromaffin tumor cells.
NET: norepinephrine transporter, VMAT: vesicular monoamine transporter, GLUT: glucose transporter.

The diagnostic sensitivity of

123

I-MIBG SPECT is between 70-100% and lower than for

CT. Sensitivity appears to be particularly low in patients with SDHx-related disease (<50%),
extra-adrenal (56-73%) and metastatic (56-83%) tumors. With the availability of SPECT/CT,
diagnostic sensitivity has been improved. However, SPECT images still have a low resolution
due to attenuation and artefacts. Physiologic uptake of 123I-MIBG by normal adrenal glands can
obscure small lesions or give false-positive results. Furthermore, 123I-MIBG SPECT has some
practical constraints compared to other functional imaging techniques. This includes relatively
long imaging times and recommended patient preparation including the need for thyroid
radiation protection and withdrawal of interfering drugs prior to imaging.
17
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Over recent years, positron emission tomography (PET) imaging for PPGLs has been growing
rapidly. This was paralleled by the development of highly sensitive radionuclide tracers with
high affinity to cell membrane transporters and receptors. PET tracers that accumulate in the
tumor cells through the same mechanisms as 123I-MIBG include 18F-fluorodopamine (18F-FDA),
C-epinephrine and 11C-hydroxyephedrine. However, the availability of the latter coumpounds

11

is limited by their short half-life.
F-fluoro-dihydroxyphenylalanine (18F-DOPA) PET can be used for imaging of the striatal system

18

and neuroendocrine tumors including PPGLs. 18F-DOPA targets the L-amino acid transporter
involved in the uptake of amine precursors (Figure 4). 18F-DOPA PET has a high sensitivity
for the localization of non-metastatic PPGL and HNPGLs [48]. However, the performance of
18

F-DOPA PET appears to be limited in case of metastatic PPGL, especially in SDHB-related

cases [49].
The most accessible PET tracer is 18F-fluorodeoxyglucose (18F-FDG). 18F-FDG provides an index
of intracellular glucose metabolism as it is taken up by glucose transporters (GLUTs) (Figure
4). 18F-FDG is phosphorylated in the cytoplasm to 18F-FDG-6-phosphate, which cannot enter
glycolysis, as a result is trapped in the tumor cells and is thereby visible on PET (Figure 5).
18

F-FDG PET has been successfully applied for localization of primary non-metastatic PPGL,

yielding a high sensitivity similar to 123I-MIBG [50].
Similar or even higher sensitivities can be accomplished by either gallium-68 or indium-111
labeled somatostatin analogues (68Ga-DOTATATE, 68Ga-DOTATOC, 111In-DOTANOC), which
target the somatostatin receptors [51] (Figure 4). In metastatic PPGL, metastases are more
accurately detected by 18F-FDG PET than by 123I-MIBG SPECT, especially in SDHB-related
disease (Figure 6). One third of patients with metastatic PPGL even had completely falsenegative 123I-MIBG scans. Moreover, 18F-FDG PET is superior to whole body CT and/or MRI for
localization of bone metastases (sensitivity 94% versus 79%), whereas for soft tissue metastases
the performance was similar [49, 50, 52, 53].
Clinical applications of functional imaging in patients with PPGL
Rarely, tumors are not detected by CT/MRI due to their small size or location, the presence
of surgical clips or postoperative changes. In these cases, PPGLs only could be detected by
functional imaging. In cases of biochemically silent PPGL, functional imaging might also
contribute to confirmation of the diagnosis. In the presence of an extra-adrenal mass, functional
imaging might help to differentiate a PPGL from other tumors or lymph node metastases. In
addition, tumor biopsy is not often contributory and may be contraindicated in the setting of
elevated catecholamine levels and the associated cardiovascular risks.
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D
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C

E

Figure 5. 18F-FDG PET/CT in a non-metastatic sporadic left adrenal pheochromocytoma (A) Axial CT
view, (B) axial attenuation-corrected 18F-FDG PET image, (C) axial PET/CT fusion image, (D) maximum
intensity-projection (MIP) image. Pathological evaluation (E) revealed a 60 mm tumor.
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123I-MIBG

18F-FDG

68Ga-DOTATOC

Figure 6. Functional imaging in patient with metastatic SDHB-related paraganglioma (from left to right
123
18
68
with I-MIBG SPECT, F-FDG PET and Ga-DOTATOC PET). Anterior reprojected images.

There are several other clinical indications for functional imaging [54]. Functional imaging is
helpful for confirming or excluding multifocal or metastatic disease, guiding the optimal choice
between curative surgery and palliative treatment options. After completion of treatment,
functional imaging can be used for restaging, especially in aggressive or biochemically silent
tumors. In metastatic patients, functional imaging may be useful for monitoring response to
systemic therapies or new therapeutic agents. Assessment of metabolic response in metastatic
lesions can detect (absence of) an anti-tumor effect during early stage of treatment, when tumor
shrinkage is not yet anticipated. This could prevent unnecessary further exposure to systemic
drugs with potential adverse events.
Genomic-driven alterations in mitochondrial function strongly influence tumor metabolism in
PPGLs [19, 55, 56]. An impaired mitochondrial function is observed in cluster 1-related PPGLs.
VHL-related tumors show an overall decrease in respiratory chain enzyme function, while SDHxrelated tumors demonstrate a decreased complex II and an attempted compensatory increase
in the complex I, III and IV activities [55]. Targeted and untargeted metabolomic analyses by
proton nuclear magnetic resonance (1H-NMR) spectroscopy and liquid chromatography-mass
spectrometry (LC-MS) in PPGL tumor tissues have clearly indicated profound genotype-specific
differences in the tumor metabolite profile related to differences in mitochondrial function
[55, 57, 58]. Functional imaging provides a functional characterization of PPGLs and can be
regarded as a tool for non-invasive and immediate in vivo metabolomics. The genomically-distinct
20
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subgroups of PPGLs have different patterns of radiotracer uptake and accumulation due to
differences in catecholamine secretion, expression of receptors and transporters and tumor cell
metabolism. Thereby, the diagnostic accuracy of different functional imaging modalities is often
dependent of the underlying mutation. For example, 18F-FDG uptake varies considerably among
PPGLs of different genotypes, with the highest standard uptake values (SUVs) being observed
in cluster 1 tumors [50]. Consequently, there is no ‘gold standard’ functional imaging technique
for all patients. A tailor-made imaging approach is warranted, guided by clinical, biochemical
and genetic characteristics. Furthermore, functional imaging is needed for selection of patients
with metastatic PPGL for targeted radionuclide therapy. Targeted radiotherapy with 131I-MIBG
can be applied in case of MIBG-positive metastatic lesions. 131I-MIBG therapy is generally welltolerated, although high-dose regimens may cause bone marrow toxicity. Recently, positive
effects have been reported for ultratrace iobenguane, a more efficiently radio-labelled form
of 131I-MIBG. 177Lu-labeled somatostatin analogues for peptide receptor radionuclide therapy
(PRRT) can be used as a potential alternative or complement to 131I-MIBG therapy. PRRT has
not been systematically evaluated but may be effective in patients with 68Ga-DOTATATE, 68GaDOTATOC and 111In-DOTANOC-positive metastases.
Aims and scope of the thesis
The overall aim of this thesis is to evaluate the utility of different modalities of functional imaging
in the diagnosis and treatment of PPGL. Various applications of functional imaging in this
context are being investigated, including its added value in comprehensive tumor localization,
its ability to metabolically characterize tumors and its utility in the monitoring of response
to systemic treatment of metastatic PPGL. The ultimate goals of the studies are to achieve
optimal positioning of functional imaging in the diagnostic work-up and follow-up of patients
with PPGL and also to improve non-invasive assessment of genomic-driven alterations in tumor
cell metabolism, which might lead the way to personalized management.
Chapter 2 describes the diagnostic value of 123I-MIBG scintigraphy in comparison to anatomical
imaging (CT/MRI) for localization of PPGLs. For this purpose, imaging-based diagnoses
determined by CT/MRI only versus CT/MRI plus 123I-MIBG scintigraphy were retrospectively
assessed in the setting of an international multicenter study. In chapter 3 we examine genotypespecific differences in 123I-MIBG uptake in patients with sporadic and hereditary PPGLs. For
this purpose, 123I-MIBG scans were semiquantitatively analyzed using uptake measurements
and correlated to clinical characteristics and the expression of catecholamine transporter
systems as evaluated immunohistochemically ex vivo in tumor tissues. In chapter 4 we
investigate the impact of genotype-specific differences in PPGL energy metabolism on uptake
of 18F-FDG. Towards this end, 18F-FDG PET scans were semiquantitatively analyzed using
uptake measurements and correlated to clinical characteristics and the expression of proteins
involved in glucose metabolism and angiogenesis as evaluated immunohistochemically ex vivo in
21

1

Chapter 1

sporadic and hereditary PPGL tissues. In chapter 5 we assess quantitative 18F-FDG uptake and
in vivo 18F-FDG pharmacokinetics in sporadic and hereditary PPGLs by using dynamic PET/CT
in patients in sporadic and hereditary PPGLs. Chapter 6 evaluates the utility of 18F-FDG PET
for monitoring metabolic response as predictor for objective tumor response in patients with
metastatic PPGL undergoing systemic treatment. This analysis was performed in the setting
of an international multicenter randomized double-blind placebo-controlled trial. Chapter 7
describes the endocrine and paracrine effects of catecholamines on activation of brown adipose
tissue (BAT) as observed in patients with PPGL by using 18F-FDG PET.
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ABSTRACT
Background: Cross sectional imaging with CT or MRI is regarded as a first-choice modality
for tumor localization in patients with pheochromocytoma and paraganglioma (PPGL).
I-labeled metaiodobenzylguanidine (123I-MIBG) is widely used for functional imaging but

123

the added diagnostic value is controversial. The aim of this study was to establish the virtual
impact of adding 123I-MIBG scintigraphy to CT or MRI on diagnosis and treatment of PPGL.
Methods: This international multicenter retrospective study included 340 patients with
236 unilateral adrenal, 18 bilateral adrenal, 48 unifocal extra-adrenal, 12 multifocal and
26 metastatic PPGL. Patients underwent both anatomical imaging (CT and/or MRI) and
I-MIBG scintigraphy. Local imaging reports were analyzed centrally by two independent

123

observers who were blinded to the diagnosis. Imaging-based diagnoses determined by CT/
MRI only, 123I-MIBG only, and CT/MRI combined with 123I-MIBG scintigraphy were compared
with the correct diagnoses.
Results: The rates of correct imaging-based diagnoses determined by CT/MRI only versus
CT/MRI plus 123I-MIBG scintigraphy were similar: 89.4 versus 88.8%, respectively, (P=0.50).
Adding 123I-MIBG scintigraphy to CT/MRI resulted in a correct change in the imaging-based
diagnosis and ensuing virtual treatment in four cases (1.2%: two metastatic instead of nonmetastatic, one multifocal instead of single, one unilateral instead of bilateral adrenal) at the
cost of an incorrect change in seven cases (2.1%: four metastatic instead of non-metastatic,
two multifocal instead of unifocal and one bilateral instead of unilateral adrenal).
Conclusion: For the initial localization of PPGL, the addition of 123I-MIBG scintigraphy to CT/
MRI rarely improves the diagnostic accuracy at the cost of incorrect interpretation in others,
even when 123I-MIBG scintigraphy is restricted to patients who are at risk for metastatic
disease. In this setting, the impact of 123I-MIBG scintigraphy on clinical decision-making
appears very limited.

Impact of 123I-MIBG scintigraphy in PPGL

INTRODUCTION
123

I-metaiodobenzylguanidine (123I-MIBG) scintigraphy is commonly used for functional

imaging of pheochromocytomas and paragangliomas (PPGLs), tumors arising from respective
adrenomedullary and extra-adrenal chromaffin cells. Such tumors are highly hereditable
since up to 40% harbor a known germline mutation in one of the tumor susceptibility genes
[1, 2]. Patients with hereditary PPGLs tend to develop tumors at a younger age and are
more likely to have bilateral, multifocal, unifocal extra-adrenal and/or malignant disease [3].
Imaging studies are essential in the diagnostic work-up of patients with PPGLs for tumor
localization and staging and thus for guiding the optimal treatment. Computed tomography
(CT) is the main imaging modality because of its high diagnostic sensitivity of more than
90% for adrenal PPGL, while lower for extra-adrenal, recurrent or metastatic PPGLs [4,
5]. Specificity is limited but can be improved substantially when unenhanced attenuation is
considered [5, 6]. Improved specificity can be achieved using functional imaging modalities
that target specific cell membrane and vesicular catecholamine transport systems as well as
cell membrane receptors. 123I-MIBG is widely available and the most often used radioligand
for PPGLs, yielding a specificity of 70-100% for adrenal PPGL and 84-100% for extraadrenal PPGL [7-10]. Nevertheless, 123I-MIBG scintigraphy may provide false-positive test
results in about 10% of the patients, especially due to physiological tracer uptake by normal
adrenals [11, 12].
Although sensitivity of 123I-MIBG scintigraphy (between 84 and 100%) is lower than that
of CT, it is considered helpful for confirming or excluding multifocal or metastatic disease.
Sensitivity appears to be particularly low in patients with SDHx mutations (<50%), in patients
with metastatic disease (56-83%), and in those with extra-adrenal tumor localization (5675%) as shown in several small studies [8, 13-16]. The Endocrine Society guideline suggests
limiting the use of 123I-MIBG scintigraphy to patients at risk for or with proven metastatic
disease to help identify patients who may benefit from treatment with therapeutic doses of
131

I-MIBG. Risk factors for metastatic disease are large tumor size (> 6 centimeter), extra-

adrenal or multifocal tumor locations, as well as hereditary and/or recurrent disease [4].
Despite its extensive use, the scientific basis of these

123

I-MIBG scintigraphy

recommendations and its actual clinical benefits in all patients with a PPGL is a matter of
debate [16]. To date, few studies provide evidence for the additional value of

123

I-MIBG

scintigraphy to CT/MRI as part of the routine diagnostic evaluation of patients with PPGL
when it comes to therapeutic planning and patient outcomes. A recent systematic review
failed to demonstrate a substantial clinical benefit of functional imaging in patients with
PPGLs over CT/MRI only [17]. It is thus quite conceivable that

123

I-MIBG scintigraphy
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could be omitted in a subset of patients who could proceed to surgery without preoperative
123

I-MIBG scintigraphy, especially in patients with a biochemically established PPGL

in whom CT/MRI has identified a small (<6 cm) adrenal tumor [18, 19]. The aim of this
retrospective study was to evaluate the added value of 123I-MIBG scintigraphy on top of CT/
MRI as compared to only CT/MRI for the diagnosis and consequent treatment of PPGLs.
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METHODS
Patient population
This retrospective study included 392 patients with a confirmed PPGL who underwent
preoperative diagnostic CT and/or MRI scanning as well as

123

I-MIBG scintigraphy between

January 1985 and March 2016. Patients were included at seven centers taking part in the
European Network for the Study of Adrenal Tumors (ENS@T) including one US center, the
Mayo Clinic. Patients were evaluated for PPGL because of clinical suspicion of PPGL based
on symptoms and signs, an adrenal incidentaloma, recurrent PPGL or as part of case detection
testing for hereditary PPGL. In total, 52 patients were excluded due to several factors: age <18
years (n=14), known presence of another malignancy (n=4), unavailable biochemical test results
(n=10), unavailable pathology results (n=3), presence of skull base and neck paraganglioma only
(n=10), incomplete imaging reports (n=9) or unreliable imaging results due to technical failures
(n=2). In cases of recurrent disease, only the first disease episode for which clinical data and
imaging reports were available was included in the analysis.
Finally, 340 patients from the following centers were included for analysis: Radboud University
Medical Center Nijmegen, the Netherlands (n=166); Mayo Clinic Rochester, USA (n=90);
University Hospital Würzburg, Germany (n=28); University Hospital Munich, Germany (n=19);
Institute of Cardiology Warsaw, Poland (n=16); University Hospital Carl Gustav Carus Dresden,
Germany (n=12); Careggi University Hospital Florence, Italy (n=9).
The following data were collected: age at presentation, sex, biochemical test results (plasma free
and/or 24-hour urine fractionated metanephrines and/or catecholamines), genotype, pathology
reports including maximum tumor diameter, the correct diagnoses, as well as imaging reports
of CT/MRI and 123I-MIBG scintigraphy.
The presence of germline mutations and large deletions was investigated for the following genes
in 218 patients (64%): succinate dehydrogenase (SDH) complex subunits and cofactor 2 (SDHA/
B/C/D/AF2), rearranged during transfection (RET), von Hippel-Lindau (VHL), neurofibromatosis
type 1 (NF1), transmembrane protein 127 (TMEM127), and myc-associated factor X (MAX). In
82 patients, a pathogenic germline mutation was established (19 SDHB, 14 SDHD, 9 VHL, 32
RET, 3 TMEM127, 3 MAX, 2 SDHA). Twenty patients had a clinical diagnosis of NF1, resulting in
a total proportion of hereditary PPGL of 47%.
Patients provided informed consent to collect clinical data, in accordance with institutional
ethics–approved protocols for each center. At the Radboud University Medical Center data
were collected under conditions of regular clinical care with ethics committee approval for the
use of those data for scientific purposes.
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Biochemical testing
All patients underwent biochemical testing before and after surgery. Biochemical testing was
performed in accordance with local protocols and by local assays, applying the locally used
reference values. The biochemical phenotype was determined on the basis of plasma free
metanephrines related to the upper limits of normal. If plasma free metanephrines were not
available, urinary metanephrines, urinary catecholamines or plasma catecholamines were
utilized, in order of preference. Biochemical phenotypes were categorized in those patients in
whom plasma metanephrines were available as described by Eisenhofer et al. [20]. Adrenergic
and dopaminergic phenotypes were classified by respective increases of plasma metanephrine
and methoxytyramine above the upper reference intervals and associated increments, relative
to the sum of increments of all three metabolites, of larger than 5% for metanephrine and 10%
for methoxytyramine. Noradrenergic tumors were defined as those with predominant increases
of only normetanephrine, accompanied by either normal plasma concentrations of metanephrine
and methoxytyramine (below the upper reference intervals) or by increases of less than 5% for
metanephrine and 10% for methoxytyramine relative to the sum of increments for all three
metabolites.
Imaging
All imaging studies were performed preoperatively according to local protocols. Of the 340
included patients, 257 were evaluated by CT, 53 by MRI, and 30 by both CT and MRI. Of 287
patients who underwent CT scanning, only post-contrast images (n=160) or delayed contrast
washout CT (n=87) were performed. In forty cases, no contrast agent was administered. The
body areas scanned by CT comprised the abdomen only in 218 patients (with 46 patients also
including the pelvis); thorax only (always including the adrenals) in 8 patients; both thorax and
abdomen in 49 patients (7 patients including the pelvis); and combination of cerebrum, neck,
thorax, abdomen, and pelvis in 3 patients. In 9 patients the window of CT imaging was unknown
but at least comprising the adrenals. The window of MRI scanning comprised the abdomen only
in 51 patients; thorax only in 4 patients; cardiac only in 1 patient; spine in 4 patients; both thorax
and abdomen in 3 patients; both abdomen and pelvis in 14 patients. In 6 patients the window of
MRI imaging was unknown but at least comprising the adrenals.
All patients underwent 123I-MIBG scintigraphy. 179 were evaluated by 123I-MIBG SPECT and
101 by

123

I-MIBG SPECT/CT. In 60 patients, only planar

123

I-MIBG images were obtained.

Regarding the sequence of imaging, a minority of 26 patients (7.6%) underwent 123I-MIBG
scintigraphy as an initial scan prior to CT/MRI imaging.
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Data analysis
The correct diagnosis of unilateral adrenal, bilateral adrenal, unifocal extra-adrenal, multi-focal
or metastatic PPGL was defined by the local investigator/clinicians using all available data
on histology, imaging and follow-up. This correct diagnosis was considered as the reference
standard to evaluate the numbers of correct and incorrect imaging-based diagnoses.
Evaluation of the locally generated imaging reports was performed centrally by two independent
investigators (DR and IP) who were blinded to the correct diagnosis and the final treatment. If
needed, reports were translated into English by the local co-investigators. Images were not rereviewed. Lesions described as PPGL or as ‘indeterminate’ tumor lesions were included in the
analysis. Adrenal lesions on CT and/or MRI that were described as (possible) adenoma were
still classified as PPGL when no other tumors were present because all patients had PPGL per
inclusion. Adrenal glands with 123I-MIBG-uptake described as definite or possibly pathological
were classified as PPGL, unless the adrenal glands were completely normal on CT/MRI. Any
lesions on CT and/or MRI or 123I-MIBG scintigraphy described as possible metastases were
classified as metastases. The latter could not be overruled for the imaging-based diagnosis by
any other imaging technique. Finally, the results from both investigators were compared and
in case of discrepancies, these were re-analyzed to reach consensus, if necessary involving
additional observers (HT and JL).
Imaging-based interpretations of diagnoses and ensuing virtual treatments were determined
retrospectively on the basis of imaging results according to three scenarios (Figure 1): 1) CT/
MRI only; 2) 123I-MIBG scintigraphy only; and, 3) combined results of CT/MRI and 123I-MIBG
scintigraphy. Diagnoses were classified according to the following categories: 1) no PPGL if
no tumor was observed; 2) unilateral PPGL if one tumor was located in one adrenal gland; 3)
unifocal extra-adrenal PPGL if one tumor was located outside the adrenal glands; 4) bilateral
PPGL if tumors were seen in both adrenal glands and nowhere else; 5) multi-focal PPGL if two
or more tumors were found (except if these were restricted to both adrenals); and, 6) metastatic
PPGL if lymph node or distant metastases were found (irrespective of the primary tumor).
The virtual ensuing therapeutic modalities (Figure 1) were classified as follows: 1) unilateral
adrenalectomy; 2) unifocal extra-adrenal tumor resection; 3) bilateral adrenalectomy; 4) multifocal resection; and, 5) treatment of metastatic disease, respectively.
Rates of correct imaging-based diagnoses according to the three imaging scenarios were
compared mutually. Correct and incorrect changes to imaging-based diagnoses by inclusion
of 123I-MIBG scintigraphy to CT/MRI results (scenario 3) were registered. This was also done
for subsequent virtual treatment. A subgroup analysis was performed in patients at risk
for metastatic disease, as for these patients the use of 123I-MIBG scintigraphy is specifically
recommended by the Endocrine Society Clinical Practice guideline (3).
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Biochemical evidence of PPGL
CT (or MRI)
chest/abdominal/
adrenal/pelvis

123 I-MIBG
scintigraphy
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chest/abdominal/
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Diagnosis of PPGL
No tumor

Unilateral
Adrenal
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Extra-adrenal

Bilateral
Adrenal
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Treatment of PPGL
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Extra-adrenal
resection

Bilateral
adrenalectomy
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Multifocal
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Treatment
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Figure 1. The three imaging scenarios are depicted for diagnoses based on CT/MRI, 123I-MIBG scintigraphy
and CT/MRI combined with 123I-MIBG scintigraphy.

Statistical analysis
The level of inter-observer discrepancy was assessed using Cohen’s kappa. The McNemar test
was used to test for the difference in proportion of concordant diagnoses based on CT/MRI
only diagnoses, 123I- MIBG scintigraphy only diagnoses and CT/MRI combined with 123I-MIBG
scintigraphy diagnoses as compared to the correct diagnoses. McNemar test was also used
to test the impact of changes in diagnosis after addition of 123I-MIBG scintigraphy to CT/MRI
only. A two-sided P < 0.05 was considered significant. Statistical analysis was performed using
Statistical Package for the Social Sciences (SPSS for Windows 12; SPSS Inc., Chicago, IL).
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RESULTS
Patient population
The study group consisted of 340 patients, including 314 (92.4%) with a diagnosis of nonmetastatic PPGL and 26 (7.6%) with metastatic PPGL and variable biochemical phenotypes
and other presentations (Table 1).
Table 1. Patient characteristics of the 340 evaluated patients.
Variable

n (%)

Age, years (mean, (range))

50 (19-84)

Sex
female

167 (49.1)

male

173 (50.9)

Correct diagnosis
Non-metastatic

314 (92.4)

Metastatic

26 (7.6)

Previous history of PPGL

32 (9.4)

Biochemical phenotype
Adrenergic

182 (53.5)

Noradrenergic

136 (40.0)

Dopaminergic

1 (0.3)

none

21 (6.2)

Hereditary syndrome

102 (46.8)*

Primary tumor size > 6 centimeters

75 (22.1)

PPGLs: pheochromocytomas and paragangliomas

Imaging-based diagnoses
Inter-observer agreement regarding the diagnoses based on different imaging scenarios was
reached in 322 cases (kappa 0.90) and 8 after re-analysis. For 10 additional cases the final
decision was made after discussion with the additional observers.
The majority (69.4%) of the patients had a correct diagnosis of unilateral adrenal PPGL (Table
2). The imaging-based diagnoses were similarly distributed across different scenarios. However,
I-MIBG scintigraphy by itself failed to localize any tumor in 26 patients with a correct diagnosis

123

of PPGL (7.7%).
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Table 2. Correct and imaging-based diagnoses.

Unilateral adrenal

Correct
diagnoses
(reference
standard)

Diagnoses
based on
CT/MRI
only

Diagnoses
based on
I-MIBG
only

123

Diagnoses
based on
CT/MRI plus
123
I-MIBG

236 (69.4%)

220 (64.7%)

213 (62.6%)

215 (63.2%)

Bilateral adrenal

18 (5.3%)

20 (5.9%)

19 (5,6%)

20 (5.9%)

Extra-adrenal (unifocal)

48 (14.1%)

42 (12.4%)

44 (12.9%)

39 (11.5%)

Multi-focal (adrenal/extra-adrenal)

12 (3.5%)

14 (4.1%)

14 (4.1%)

16 (4.7%)

Metastatic

26 (7.6%)

44 (12.9%)

24 (7.1%)

50 (14.7%)

No tumor

-

0 (0%)

26 (7.7%)

0 (0%)

Diagnostic accuracy
Overall, the concordance with the correct diagnoses was similar for all three scenarios: CT/
MRI only 89.4%, 123I-MIBG only 87.1% and CT/MRI plus 123I-MIBG 88.8%. These rates were
not significantly different (Table 3).
In patients with non-metastatic PPGL, the CT/MRI-based diagnosis was incorrect in 31 cases
(8.9 %), 23 of which were misclassified as metastatic disease instead of the correct diagnoses of
14 unilateral adrenal, 3 bilateral adrenal and 6 unifocal extra-adrenal disease. When including
I-MIBG scintigraphy on top of CT/MRI, the imaging-based diagnosis was incorrect in 35 cases

123

(11.1%), 27 of which were misclassified as metastatic, 4 as bilateral instead of unilateral, 4 as
multi-focal instead of unifocal disease.
In the patients with metastatic disease, this CT/MRI-based diagnosis was missed in 5 cases
(19.2%) and in 3 cases (11.5%) with additional inclusion of 123I-MIBG.
Table 3. Rates of correct imaging-based diagnoses.
Diagnoses
based on
CT/MRI
only

Diagnoses
based on

Correct diagnosis of non-metastatic PPGL (n=314)

283 (90.1)

279 (88.9)

279 (88.9)

Correct diagnosis of unilateral adrenal PPGL (n=236)

218 (92.4)

210 (88.9)

214 (90.7)

I-MIBG
only

123

Diagnoses
based on
CT/MRI plus
123
I-MIBG

Correct diagnosis of bilateral adrenal PPGL (n=18)

15 (83.3)

16 (88.9)

15 (83.3)

Correct diagnosis of extra-adrenal PPGL (n=48)

39 (81.3)

41 (85.4)

38 (79.2)

Correct diagnosis of multifocal PPGL (n=12)

11 (91.7)

12 (100)

12 (100)

Correct diagnosis of metastatic PPGL (n=26)

21 (80.8)

17 (65.4)

23 (88.5)

PPGLs, pheochromocytomas and paragangliomas
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Impact of 123I-MIBG scintigraphy on imaging-based diagnosis and ensuing management
Overall, inclusion 123I-MIBG scintigraphy to CT/MRI resulted in a correct change in the imagingbased diagnosis in four cases (1.2%): (two metastatic instead of non-metastatic, one multifocal
instead of single, one unilateral instead of bilateral adrenal) at the cost of an incorrect change in
seven cases (2.1%): (four metastatic instead of non-metastatic, two multifocal instead of single
and one bilateral instead of unilateral adrenal) (Table 4).
Details on the impact of adding 123I-MIBG scintigraphy to CT/MRI on the virtual management
of individual patients are provided in Table 5. Overall, by taking 123I-MIBG into account, one
incomplete surgery was prevented. This was due to the fact that a chest lesion would have
been missed because the CT scan in this patient only included the abdominal region. On the
other hand, as compared to CT/MRI only, 123I-MIBG would also result in one extra redundant
surgery and the unjustified omission of four surgeries (3 unilateral adrenal PPGL and 1 unifocal
extra-adrenal PPGL).
Patients in whom the initial CT/MRI scan had been limited to the abdomen and in whom
I-MIBG scintigraphy prompted additional anatomical imaging of the chest and/or pelvis were

123

specifically analyzed in order to correct for a potential bias towards a favorable outcome of CT/
MRI when taking into account all anatomical data. This sequence of imaging, i.e. CT/MRI followed
by 123I-MIBG scintigraphy followed by additional CT/MRI, was observed in three patients. In two
patients, this did not confirm the presence of additional PPGLs and the lesions on 123I-MIBG
scintigraphy were considered false-positive. In one patient, however, a chest lesion on 123I-MIBG
scintigraphy prompted additional anatomical imaging, leading to the diagnosis of a cardiac PPGL,
that for obvious reasons initially had been missed on abdominal CT.
If 123I-MIBG scintigraphy would have been limited to a subgroup of patients at risk for metastases
as recommended by the Endocrine Society Clinical Practice guideline (3), 123I-MIBG scintigraphy
would have been performed in a subgroup of 163 patients (47.9%), including 32 with a previous
history of PPGL, 56 with unifocal extra-adrenal or multi-focal location and 75 with a tumor size
> 6 centimeter. Adding 123I-MIBG scintigraphy to CT/MRI resulted in a correct change in the
imaging-based diagnosis in 3 patients: two metastatic instead of unifocal, one multi-focal instead
of unifocal disease. This was at the cost, however, of incorrect changes in the imaging-based
diagnosis in 3 other patients: one metastatic instead of unilateral adrenal, and two multi-focal
instead of unifocal disease.
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Table 4. Impact of adding 123I-MIBG scintigraphy to CT/MRI on imaging-based diagnosis.
Age

Sex

Recurrence

Biochemical
phenotype

Genotype

Tumor size
>6 cm

46

M

+

NA

SDHD

-

58

M

-

none

-

-

25

M

-

NA

SDHB

-

64

F

-

A

-

-

57

M

-

A

-

-

24

M

+

NA

SDHA

-

24

M

-

NA

-

-

75

F

-

A

-

-

50

F

-

none

-

-

40

M

+

A

RET

-

49

M

-

NA

-

-

M, male; F, female; NA, noradrenergic; A, adrenergic

Table 5. Virtual impact of adding 123I-MIBG scintigraphy to CT/MRI on patient management.
Based on
CT/MRI
only

Based on
I -MIBG
only

123

Based on
CT/MRI plus
123
I-MIBG

Non-metastatic (n=314)
appropriate surgery

283 (90.1)

279 (88.9)

279 (88.9)

incomplete surgery

1* (0.3)

24 (7.6)

0 (0)

redundant surgery

7 (2.2)

4 (1.3)

8 (2.5)

surgery unjustly omitted

23 (7.3)

7 (2.2)

27 (8.6)

appropriate treatment of metastatic disease

21 (80.8)

17 (65.4)

23 (88.5)

redundant curative surgery

5 (19.2)

9 (34.6)

3 (11.5)

Metastatic (n=26)

*chest lesion was missed because of abdominal CT only
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Correct diagnoses
(reference
standard), n=340

Diagnoses
based on CT/
MRI only

Diagnoses
based on
123
I-MIBG only

Diagnoses based
on CT/MRI plus
123
I-MIBG

123

Impact of adding
I-MIBG on
diagnosis

Metastatic

Unilateral

Metastatic

Metastatic

Changed correctly

Metastatic

Extra-adrenal

Metastatic

Metastatic

Changed correctly

Multi-focal

Extra-adrenal

Multi-focal

Multi-focal

Changed correctly

Unilateral

Bilateral

Unilateral

Unilateral

Changed correctly

Unilateral

Unilateral

Bilateral

Bilateral

Changed incorrectly

Extra-adrenal

Extra-adrenal

Bilateral

Multi-focal

Changed incorrectly

Unilateral

Unilateral

Extra-adrenal

Multi-focal

Changed incorrectly

Unilateral

Unilateral

Metastatic

Metastatic

Changed incorrectly

Unilateral

Unilateral

Metastatic

Metastatic

Changed incorrectly

Unilateral

Unilateral

Metastatic

Metastatic

Changed incorrectly

Extra-adrenal

Multi-focal

Metastatic

Metastatic

Changed incorrectly

2
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DISCUSSION
In this large retrospective study, we investigated the potential impact of 123I-MIBG scintigraphy
as an add-on to CT/MRI as part of the pre-operative workup in patients with PPGL. Addition of
I-MIBG scintigraphy to CT/MRI changed the diagnosis correctly in 1.2% of the patients, whereas

123

it changed the diagnosis incorrectly in 2.1% of the patients. Even in patients at risk for metastatic
disease there appeared to be no benefit of adding 123I-MIBG scintigraphy to CT/MRI. Addition of
I-MIBG scintigraphy did not decrease the number of potential incorrect therapeutic decisions.

123

Our results indicate that the application of 123I-MIBG scintigraphy in the initial evaluation of PPGL
has limited benefit and may even lead to inappropriate clinical management decisions.
CT/MRI has a crucial role in the pre-operative evaluation of patients with biochemically
established PPGL. However, anatomical imaging offers suboptimal specificity, yielding falsepositive results in a number of patients. On the other hand, lesions may be missed because of an
unusual location or the presence of surgical clips [16]. Indeed, our study confirms that CT/MRI
is not optimal, since in 10% of patients the diagnosis based on CT/MRI was incorrect, mainly
due to detection of lesions that were not PPGLs. Functional imaging could be of complementary
utility given its high specificity. Moreover, whole body evaluation may detect additional PPGL
lesions. 123I-MIBG scintigraphy is the most widely available and used functional imaging modality.
Despite these potential benefits, studies on the actual impact of 123I-MIBG scintigraphy for the
diagnosis and therapeutic consequence in clinical practice are limited in these tumors [17, 21].
Our results do not support the indiscriminate routine use of 123I-MIBG scintigraphy in addition
to anatomical imaging in the routine work-up of all patients with a PPGL as it appears to lead
to both incorrect and correct changes in the diagnosis and treatment. This is in line with the
contention that

123

I-MIBG scintigraphy is not considered beneficial in patients with small

adrenergic unilateral adrenal tumors without known mutations as it is extremely unlikely that
in these cases the PPGL is multi-focal or metastatic [22]. Indeed, the results of the present study
support this contention. The benefit in a limited number of patients and a negative impact in
another subset, suggests the need for restricting 123I-MIBG scintigraphy imaging to sub-groups
that may benefit the most. One specific category of patients is those with an increased risk for
multifocal or metastatic disease. In the Endocrine Society clinical practice guideline (3), it was
recommended to limit use of 123I-MIBG scintigraphy to specific patient groups: 1) established
metastatic disease for evaluating the eligibility for 131I-MIBG treatment; and, 2) an increased
risk of metastases due to unifocal extra-adrenal or multifocal tumor location, recurrent disease,
large tumors (>6 cm) or a germline mutation. Our subgroup analysis of such ‘high risk’ patients
showed that 123I-MIBG scintigraphy would have a positive impact on the diagnosis in 3/163
patients (<2%) at the cost of a negative impact in just as many patients, the latter resulting in
inappropriate therapeutic decision making.
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Based on our findings, it could be suggested that 123I-MIBG scintigraphy should only, be used
in patients with metastatic PPGL who might benefit from 131I-MIBG radiotherapy. It should
be noted, however, that

123

I-MIBG scintigraphy may remain useful in selected cases. Such

cases include those where it is necessary to distinguish a local recurrence from post-surgical
anatomical changes/surgical clips, patients with contraindications for CT/MRI (e.g. allergy to
intravenous contrast, metallic devices/pacemaker, claustrophobia) and in patients with equivocal
findings on anatomical imaging such as apparently compound adrenal tumors or asymmetrical
bilateral adrenal tumors. In addition, when CT/MRI is limited to the abdomen or even the adrenal
area, 123I-MIBG scintigraphy could potentially identify additional lesions. In the present study,
this was the case for a single patient only, however.
An often promulgated potential advantage of 123I-MIBG scintigraphy is the ability to detect
additional lesions missed on CT (or MRI), even though the sensitivity of 123I-MIBG scintigraphy
is limited, particularly for metastases [23-25]. When relying on 123I-MIBG scintigraphy alone,
the diagnosis would be correct in 88.9% and 65.4% of the patients with non-metastatic and
metastatic PPGL, respectively. Compared to CT/MRI alone,
additional lesions in less than 1% of the patients. When

123

I-MIBG correctly revealed

I-MIBG scintigraphy was added to

123

CT/MRI, two additional cases of metastatic disease were discovered.
Despite its claimed specificity, 123I-MIBG scintigraphy yielded several false-positive lesions,
potentially leading to an incorrect diagnosis and treatment in those patients. In one patient
this was attributable to 123I-MIBG uptake by an adrenal gland with an adenoma based on MRI,
which was mistaken for a PPGL. In addition to adrenal lesions, erroneous metastatic lesions and
extra-adrenal lesions (based on normalized post-operative biochemical results) were detected in
two and four patients, respectively. This drawback of 123I-MIBG scintigraphy was also observed
by Mihai et al, who reported false-positive lesions in a proportion as high as 23% of all patients
due to adrenocortical adenomas, non-adrenal pathology, and tracer uptake adjacent to the
adrenal [18].
This study has several limitations that should be acknowledged. First, it involved a retrospective
analysis of the theoretical results of different imaging scenarios. Data were collected
retrospectively from several international centers with slightly different local practices for
the biochemical diagnosis and localization of PPGLs. Second, in some participating centers
alternative or additional functional imaging modalities such as positron emission tomography
(PET) scans might have been performed, affecting the diagnosis of reference. This may have led
to selection bias when evaluating only those patients who underwent 123I-MIBG scintigraphy.
The diagnostic performance of other functional imaging modalities used in some centers to
diagnose PPGL, such as 18F-FDOPA PET, 18F-FDG PET and 68GA-DOTA-peptides PET, was
beyond the scope of this study. Third, our analysis fully relied on imaging reports that were
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generated by local radiologists and nuclear medicine physicians from the different centers.
Furthermore, there were differences in scanners and scanning protocols used. The body regions
evaluated by CT/MRI were not uniform and often limited to the abdomen. Also the sequence
of imaging was not controlled for. The vast majority of patients, however, underwent CT/MRI
prior to 123I-MIBG scintigraphy. When taking into account all imaging data, including the results
of additional CT/MRI prompted by 123I-MIBG scintigraphy, this could lead to a bias in favor of
anatomical imaging. Nevertheless, we showed that the impact of sequence was in fact minimal.
Finally, in the analysis, we set a low threshold for classifying any lesion of unknown significance
as PPGL lesion, potentially increasing the false positive rates and decreasing the false-negative
rates, although these were similar to previous reports [18]. It might be that in reality additional
imaging was performed to characterize lesions of uncertain significance that were not taken
into account in our analysis.
In conclusion, the results of this retrospective study suggest that the benefits of the addition of
I-MIBG scintigraphy to CT/MRI for localization of PPGL are limited. The advantages in some

123

patients do not clearly balance the disadvantages in others for establishing a correct diagnosis
and management, even when 123I-MIBG scintigraphy is restricted to patients who are at risk for
metastatic disease. These results challenge the recommendation of Endocrine Society clinical
practice PPGL guideline on the indications for 123I-MIBG scintigraphy. The role of 123I-MIBG
scintigraphy could be mainly limited to metastatic PPGL when 131I-MIBG therapy is considered.
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ABSTRACT
Background: 123I-metaiodobenzylguanidine (123I-MIBG) scintigraphy plays an important role
in the diagnostic evaluation of patients with pheochromocytoma and paraganglioma (PPGL).
MIBG targets cell membrane and vesicular catecholamine transporters of chromaffin cells
and facilitates localization of the primary tumor and metastatic lesions. Its specificity for the
diagnosis of adrenomedullary chromaffin cell tumors can be jeopardized by physiological
uptake by the normal adrenal medulla. The aim of this study was to distinguish between
PPGLs and normal adrenal glands by evaluating semi-quantitative 123I-MIBG uptake and
to examine genotype-specific differences in correlation with expression of catecholamine
transporter systems.
Methods: Sixty-two PPGLs collected from 57 patients with hereditary mutations in
SDHA (n=1), SDHB (n=2), SDHD (n=4), VHL (n=2), RET (n=12), NF1 (n=2), MAX (n=1) and
with sporadic PPGLs (n=33) were investigated. Pre-operative planar and single-photon
emission computed tomographic (SPECT) images were semi-quantitatively analyzed using
uptake measurements. Tumor-to-liver (T/L) and normal-adrenal-to-liver (NA/L) ratios were
calculated and correlated with clinical characteristics including genotype, tumor size and
plasma metanephrines concentrations. The expression of norepinephrine transporter (NET)
and vesicular monoamine transporter (VMAT-1) was evaluated immunohistochemically in
paraffin-embedded tumor tissues.
Results: Mean T/L ratios of PPGL lesions were significantly higher than NA/L ratios (P<0.001).
Cut-off values to distinguish between physiological and pathological adrenal uptake were
established at 0.7 (100% sensitivity, 10.3% specificity) and 4.3 (100% specificity, 66.1%
sensitivity). No statistically significant differences in 123I-MIBG uptake were found across
PPGLs of different genotypes. Mean NET expression in hereditary cluster 2 (RET, NF1, MAX)
and apparently sporadic tumors was significantly higher than for hereditary cluster 1 (SDHx,
VHL) PPGLs (P=0.011 and P=0.006, respectively). Mean VMAT-1 expression in hereditary
cluster 1 PPGLs was significantly higher than for cluster 2 tumors (P=0.010).

123

I-MIBG

uptake significantly correlated with maximum tumor diameter (P=0.002). MIBG uptake,
however, did not correlate with either NET or VMAT-1 expression.
Conclusion: Liver normalized semi-quantitative

123

I-MIBG uptake may be helpful to

distinguish between pheochromocytoma and physiological adrenal uptake. Genotypespecific differences in expression of NET and VMAT-1 do not translate into differences in
I-MIBG uptake.
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INTRODUCTION
Metaiodobenzylguanidine (MIBG) is a structural and functional analog of norepinephrine
that selectively accumulates in noradrenergic neurosecretory granules of sympathetic
neurons, ganglia and chromaffin cells [1]. Active cellular uptake of MIBG is mediated by the
norepinephrine transporter (NET). Intracellularly, MIBG is stored in neurosecretory granules
through the action of vesicular monoamine transporters (VMAT) [2, 3]. MIBG has proven to
be very useful for scintigraphy of pheochromocytomas and paragangliomas (PPGLs) [4, 5].
These rare and often benign catecholamine-producing tumors arise from the adrenal medulla
and extra-adrenal sympathetic chromaffin tissues [5]. PPGLs can occur sporadically or in the
context of hereditary syndromes (~34%) [6]. The major susceptibility genes for PPGLs include
those encoding succinate dehydrogenase (SDH) complex subunits and cofactor 2 (SDHA/B/C/D/
AF2, abbreviated SDHx), von Hippel-Lindau (VHL), RET, neurofibromin 1 (NF1), MYC-associated
factor X (MAX) and transmembrane protein 127 (TMEM127) and more recently discovered
fumarate hydratase (FH) and hypoxia-inducible factor-2α (HIF2A) [7, 8]. Furthermore, somatic
mutations of mainly NF1 and VHL can be detected in up to 30% of sporadic PPGLs [8]. Hereditary
PPGLs have been divided into two clusters based on their transcriptional signature [9, 10].
Cluster 1 includes SDHx-, VHL-, FH- and HIF2A-related tumors and is characterized by a hypoxia/
angiogenesis signature. Cluster 2 includes NF1-, RET-, MAX- and TMEM127-related tumors and
is associated with the activation of MAP kinase/AKT/mTOR pathways.
At present, scintigraphy with 123I-MIBG is the most common used functional imaging technique
for localizing PPGLs due to its high specificity and worldwide availability [4, 5]. Its whole-body
exploration makes it particularly useful for evaluation of multifocality, metastatic and recurrent
disease. 123I-MIBG is chosen over 131I-MIBG because of higher diagnostics sensitivity, shorter
half-life, favorable dosimetry and improved imaging quality [11, 12]. Besides conventional
planar imaging,, single photon emission computed tomography (SPECT) imaging provides threedimensional information which can be fused with computerized tomography (SPECT/CT) for
anatomic correlation [13]. Overall, specificities of 123I-MIBG scintigraphy range between 70100% for pheochromocytomas and 84-100% for paragangliomas, while sensitivities ranges
between 85-88% and 56-76% respectively [14-17]. Physiological uptake of

123

I-MIBG by

normal adrenal glands can give false-positive results or obscure small lesions [18-20]. Sensitivity
appears to be lower for extra-adrenal, metastatic, recurrent and certain hereditary PPGLs [14,
16, 21-24]. Metastatic lesions might be missed due to cell dedifferentiation and consequently
loss of NET and/or VMAT expression. It has been demonstrated that sensitivity was especially
low in SDHB- and VHL-related PPGLs [22, 25, 26]. Theoretically, the amount of uptake and
consequently tumor visualization and susceptibility for 131I-MIBG therapy might be dependent
of the underlying genotype.
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The aim of this study was to semi-quantitatively evaluate 123I-MIBG uptake in PPGLs and to
determine if this can be used to differentiate between pathological and physiological adrenal
uptake and to distinguish between PPGLs with different underlying genotypes. Therefore,
planar and single-photon emission tomographic (SPECT) images were analyzed using automated
measurements. Results were correlated with patient clinical characteristics. Additionally, the
immunohistochemical expression of NET and VMAT-1 was directly correlated with in vivo
I-MIBG uptake in PPGLs of different genotypes.
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MATERIALS AND METHODS
Patient population
This study retrospectively included 57 patients (23 males, 34 females, aged [mean, range] 44.2,
8-71 years) who consecutively underwent pre-operative diagnostic 123I-MIBG scintigraphy
between October 2002 and February 2014. All patients were suspected of PPGL and referred
to the Radboud University Medical Center. In all cases, the diagnosis of PPGL was confirmed
histologically. Fifty-four patients had 58 non-metastatic PPGLs (49 adrenal, 9 extra-adrenal).
Four patients had metastatic PPGL, including one with paravertebral thoracic lymph node, two
with para-aortal lymph node and one with retrocaval lymph node metastasis. The presence of
germline mutations and large deletions in SDHA/B/C/D/AF2, RET, VHL, TMEM127 and MAX was
investigated using standard procedures in all patients. Twenty-four patients had an underlying
mutation (1 with SDHA mutation, 2 with SDHB mutation, 4 with SDHD mutation, 2 with VHL
mutation, 12 with RET-related MEN-2, 1 with MAX mutation and 2 with NF1 mutation). In the
remaining patients no genetic alterations were detected in the above mentioned genes. Their
tumors were classified as apparently sporadic. Patients’ clinical characteristics and genotype are
listed in (Supplementary) Table 1. All patients underwent biochemical testing prior to and after
surgery. Plasma concentrations of metanephrines (sum of normetanephrine and metanephrine)
were assayed using high performance liquid chromatography (HPLC)[27]. Tumor sizes were
retrieved from pathology reports and for each PPGL the maximum tumor diameter in cm was
recorded. Data were collected under conditions of regular clinical care, with the approval of
ethics committee obtained for the retrospective use of those data, for scientific purposes.
Imaging procedures
Patients received thyroid blockade with a saturated solution of potassium iodide before
I-MIBG scintigraphy (100 mg/day starting one day before tracer injection and continuing for

123

two days). Whole-body planar and tomographic (SPECT) images were obtained 24 hours after
intravenous administration of 302±67 MBq 123I-MIBG (Figure 1). Medication with potential
interference with 123I-MIBG uptake [28, 29] was not discontinued in eleven patients for blood
pressure safety reasons (Supplementary Table 1).
Of 62 123I-MIBG scans, 39 were performed before November 2011, using an ECAM (Siemens
Healthcare) dual-head gamma camera. After November 2011, a Symbia-T16 (Siemens
Healthcare) dual-head gamma camera was used (22 scans) and SPECT was combined with low
dose CT for anatomic co-registration. One scan was performed using an Infinia (GE Healthcare)
dual-head gamma camera. Both Siemens scanners were equipped with a medium energy low
penetration (MELP) parallel-hole collimator and calibrated in accordance with the European
Association of Nuclear Medicine (EANM) guidelines for

123

I-MIBG scintigraphy [28]. The

acquisition matrix size was 128 x 128. The whole-body scans were performed from feet to
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head 8cm/min continuous bed movement. SPECT imaging was performed with 64 projections
per camera head (128 views, sampling angle 2.8o) and an acquisition time of 30 (ECAM) or 24
(Symbia T-16) seconds per projection using body-contour orbit (step-and-shoot). During image
acquisition, energy windows were centered at 159 keV (photo peak window) and at 135 keV
(lower scatter window) with a window width of 15%. CT imaging for SPECT/CT was performed
without contrast, and the X-ray tube peak voltage (kVp) was set to 110 kV whilst the X-ray tube
current was modulated using CARE Dose4D, with a reference tube current of 50 mAs.
Table 1. Patient characteristics.
Genotype

No. of
patients

Sex
(M/F)

Age
(years)

Tumor
location
(A/EA)

Maximum
tumor diameter
(centimeter)

Sporadic

33

10/23

45.0 ± 14.8

30/4

5.2 ± 2.9

SDHA

1

0/1

19.0

1/0

8.0

SDHB

2

1/1

30.0 ± 22.6

0/2

5.7 ± 1.0

SDHD

4

2/2

44.0 ± 16.2

1/4

3.4 ± 1.2

VHL

2

1/1

24.0 ± 13.9

1/2

2.2 ± 0.6

MEN-2

12

8/4

49.0 ± 12.1

14/0

3.8 ± 2.4

NF1

2

0/2

48.0 ± 15.6

1/1

5.3 ± 2.4

MAX

1

1/0

57.0

1/0

1.8

Study included a total of 57 patients with 62 PPGLs.
Data are expressed as mean ± SD. M=male, F=female, A=adrenal, EA=extra-adrenal.

SPECT images were reconstructed using an iterative ordered subset expectation (OSEM)
algorithm as implemented in ReSPECT 2.5 (Scivis wissenschaftliche Bildverarbeitung) with 6
iterations and 32 subsets. Scatter correction was performed using a background subtraction
method. In this approach, a body contour detection is used to estimate contribution of
background scatter, which is subsequently subtracted from the image. Furthermore,
homogeneous attenuation correction is performed during image reconstruction using a semiautomatic body contour detection (Chang’s attenuation correction) using a linear attenuation
coefficient (μ) of 0.14 cm-1 as measured attenuation correction is not implemented in this version
of ReSPECT. Post-reconstruction filtering was performed with a 3D Gaussian filter kernel with a
full width half maximum (FWHM) of 40 mm. The reconstruction matrix size was 128x128 voxels
with an isotropic voxel size of 4.80 mm in all three orthogonal directions.
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Figure 1. 123I-metaiodobenzylguanidine (MIBG) scintigraphy scans of a 50-year-old male patient with a
RET mutation and pheochromocytoma on the left side (indicated by arrow). (A) Planar-whole body scan
(B) Single photon emission tomography (SPECT) scan (C) Computed tomography (CT) scan.

Image interpretation
Scintigraphic images were retrospectively analyzed and 123I-MIBG uptake was assessed in adrenal
and extra-adrenal located lesions on SPECT and, if available, planar images. For the non-metastatic
cases, lesions were identified as PPGL in case of histological evidence and normalization of
plasma metanephrines after surgery. In case of right adrenal or extra-adrenal PPGL, 123I-MIBG
uptake was also assessed in the normal left adrenal gland. Normal right adrenal glands were not
evaluated because of the difficulty separating them from physiological uptake by the liver. SPECT
images were reviewed using two different software systems; Inveon Research Workplace (IRW)
4.1 (Preclinical Solutions, Siemens Medical Solutions USA) and Hermes 4.6-A (Hermes Medical
Solutions AB). Planar images were only reviewed with the latter. Uptake of 123I-MIBG in PPGLs was
quantified in relation to hepatic uptake. On SPECT images, lesions were segmented using a relative
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threshold region growing algorithm. The seed point for the algorithm was the maximum intensity
voxel and the segmentation threshold was 70% of the maximum activity concentration within the
lesion to eliminate areas with tumor necrosis. A 125-cm3 cubic or spherical volume of interest
(VOI) was positioned centrally in the patient’s upper right liver lobe. In case of liver involvement,
unaffected regions were visually identified. Tumor-to-liver (T/L) ratios were calculated as the mean
counts/pixel in the segmented tumor VOI over the mean counts/pixel in the liver VOI. Likewise,
I-MIBG uptake in normal left adrenals was quantified resulting in normal adrenal-to-liver (NA/L)

123

ratios. On posterior planar images, PPGLs were visually delineated and a region of interest (ROI)
was manually drawn around the tumor. A circular ROI of 5-cm diameter was positioned centrally
in the right upper liver lobe and T/L ratios were calculated.
Immunohistochemistry for NET and VMAT-1 protein expression
Tumor tissue sections (4 µm) were deparaffinized, rehydrated and washed with 50mM phosphate
buffered saline (PBS). Immunohistochemistry (IHC) for NET was performed using an automated
immunostainer (Ventana Medical Systems) as previously reported [30]. The primary antibody
directed against NET (clone 05-2; Mab Technologies, dilution: 1:500) was diluted in Dako
REALTM antibody diluent (Dako). The SuperSensitive IHC detection system from BioGenex
was employed to visualize the antibody binding and the immunoreaction was developed in the
diamino-benzidine (DAB) supplied with the kit (Vector lab). Sections were counterstained with
Mayer’s Haemalum, dehydrated and covered with glass coverslips. Sections of normal adrenal
gland was used as positive control and included in each run. Sections incubated without the
primary antibody were included in each batch as a negative control.
IHC for VMAT-1 was performed manually according to the following protocol. Endogenous
peroxidase activity was blocked with 30% hydrogen peroxide (H2O2) in PBS for 30 minutes.
Antigen retrieval was performed by boiling the sections in 10 mM sodium citrate, pH 6.0 in a
microwave for 2’20” at 800 W followed by 10 minutes at 160 W. Sections were cooled at room
temperature for 90 minutes. Prior to incubation with the primary antibody, endogenous avidin
and biotin was blocked (Sp-2001, Vector Laboratories). Non-specific interactions were blocked
using normal goat serum (20% in PBS/1%BSA) for 10 minutes. Slides were incubated with the
primary antibody VMAT-1 (H-V001, Phoenix Pharmaceuticals) at a 1:500 dilution overnight
at 4°C. The sections were then washed with PBS, followed by incubation with a secondary
biotinylated goat-anti-rabbit antibody (Vector Laboratories) at a 1:200 dilution for 30 minutes
at room temperature. Slides were subsequently incubated with avidin-biotin reagent (PK6100
Vectastain Elite ABC Kit, Vector Laboratories) for 30 minutes. The sections were washed with
PBS and incubated with 3,3-diaminobenzidine (DAB) (BS04-110, Immunologic) for 3 minutes.
After rinsing with running tap water for 5 minutes, the sections were counterstained with
hematoxylin for 1’30”, washed and dehydrated in ethanol series (50%, 70%, 100%) followed by
xylene and mounted with Permount (ThermoFisher Scientific).
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All staining results were assessed by an experienced pathologist (BK) who was blinded to
patients’ clinical data. The presence of VMAT-1 and NET tumor cell cytoplasmic staining was
graded by the percentage of tumor cells with positive staining. The intensity of staining was
categorized as none (0), weak staining (1+), medium staining (2+), and intense staining (3+),
ignoring staining of sustentacular cells, which was frequently noted for both proteins. Areas
containing adrenal cortex and endothelial cells were used as controls for comparison between
different sections. The IHC staining score represents the expression of the proteins and was
calculated by multiplication of both grades (% positive X intensity)
Statistical analysis
Normally distributed variables are expressed as mean ± standard deviations (SD). Variables
not obeying the normal distribution are described by median and interquartile range (IQR).
Calculated uptake ratios from SPECT images reviewed in IRW were used for data analysis.
Results were validated against analysis of planar and SPECT images in Hermes by using
Spearman rank correlation (ρ) and by calculating Bland-Altman (BA) limits of agreement [31].
Cut-off values for pathological 123I-MIBG uptake were determined using receiver operating
characteristic curve (ROC) analysis and the area under the curve (AUC) was calculated.
Non-parametric tests (Mann-Whitney U) were used to compare difference in

123

I-MIBG

uptake between PPGLs with different location and normal adrenal glands. For comparisons
of 123I-MIBG uptake across different genotypes, calculated uptake ratios were analyzed using
independent samples Kruskal-Wallis test with Dunn’s post test. To test for differences in
immunohistochemical staining scores for NET and VMAT-1 among different hereditary clusters,
Mann Whitney U test was used. Spearman’s rank correlations were used to estimate relation
between 123I-MIBG uptake, NET and VMAT-1 protein expression, tumor size and concentrations
of plasma metanephrines. Overall, a two-sided P-value below 0.05 was considered statistically
significant. Statistical analyses were performed using SPSS 20.0 software (SPSS Inc, Chicago,
IL, USA).
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RESULTS
Agreement between different methods for assessing 123I-MIBG uptake in PPGLs
Calculated T/L ratios of SPECT images in Hermes and IRW were highly correlated (ρ=0.995,
P<0.001, Supplementary Figure 1A) with narrow BA limits of agreement (-0.92 to 1.15,
Supplementary Figure 1B). In the BA plot the mean-difference line overlapped the line of
equality, indicating that Hermes provided similar T/L ratios as IRW (Supplementary Figure 1B).
Furthermore, T/L ratios of planar images, reviewed in Hermes, significantly correlated with T/L
ratios of SPECT images reviewed in Hermes (ρ=0.582, P<0.001) and IRW (ρ=0.588, P<0.001).
I-MIBG uptake in PPGLs vs. normal adrenal glands

123

Median T/L ratios of PPGLs were 5.5 (IQR: 3.1-9.5) and significantly higher than NA/L ratios of
normal left adrenal glands (median 1.5, IQR: 0.9-2.3, P<0.001, Figure 2). T/L ratios of extra-adrenal
PPGLs were significantly higher than ratios of adrenal PPGLs (median 8.4, IQR: 6.0-11.1 vs. 5.4,
IQR: 2.9-7.3, P<0.05, Figure 2). Tumor necrosis was visually observed in three adrenal and four
extra-adrenal located PPGLs and T/L ratios were similar to non-necrotic tumors (data not shown).
The median T/L ratio of the 11 patients using potentially interfering medication was 3.7 (IQR:
2.0-6.7), whereas that of the 46 patients without those drugs was 5.8 (IQR: 3.1-9.6, P=0.164).

**

50

**

T/L or NA/L ratio
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Figure 2. 123I-metaiodobenzylguanidine single photon emission tomography (SPECT) uptake expressed as
tumor-to-liver (T/L) ratio in PPGLs according to tumor location. Uptake in normal adrenals is expressed
as normal adrenal-to-liver (NA/L) ratio.
All ratios are corrected for injected dose and decay. The horizontal bar represents the mean and error bars the
standard deviation. *P<0.01, **P<0.01 (Mann Whitney U test).
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A ROC was constructed from T/L ratios of (extra-)adrenal PPGLs and NA/L ratios of normal
left adrenal glands (AUC 0.916, 95% CI: 0,86-0,97, Figure 3). To provide 100% sensitivity, the
upper reference for physiological adrenal 123I-MIBG uptake was established at 0.7, resulting
in a specificity of 10.3%. To provide 100% specificity, the upper reference for physiological
adrenal 123I-MIBG uptake was established at 4.3 (the maximum value for PPGL-negative normal
adrenals), resulting in a sensitivity of 66,1%.
ROC Curve

1,0

Sensitivity

0,8

0,6

0,4

0,2

0,0
0,0

0,2

0,4

0,6

0,8

1,0

1 - Specificity

Figure 3. Receiver operating characteristic curve for 123I-metaiodobenzylguanidine uptake values.
This curve was constructed from the tumor-to-liver (T/L) ratios of PPGL lesions and normal adrenal-to-liver
(NA/L) ratios of normal adrenals in patients with PPGL. The diagonal line represents the line of no-discrimination.

Distribution of 123I-MIBG uptake across different genotypes
The distribution of T/L ratios in PPGLs across hereditary and apparently sporadic tumors is shown
in Figure 4. The median T/L ratio for hereditary cluster 1 tumors (SDHx, VHL) was 6.2 (IQR: 5.08.1), for hereditary cluster 2 (RET, NF1, MAX) 5.4 (IQR: 3.8-8.2) and apparently sporadic tumors
5.8 (2.5-10.9). No statistical differences in 123I-MIBG uptake were found between these groups.
The maximum tumor diameter ranged from 0.6 to 14.0 cm (median 4.1, IQR: 2.5-6.2).
123

I-MIBG uptake was positively correlated with maximum tumor diameter in both adrenal

and extra-adrenal PPGLs (ρ=0.380, P=0.002). The five smallest PPGLs, each measuring < 2.0
Table 1).
cm, all showed uptake of 123I-MIBG with T/L ratios higher than 1.0 (Supplementary
Page 1
Furthermore, no statistical significant correlation was found between 123I-MIBG uptake and
concentrations of plasma metanephrines (ρ=0.229, P=0.076).
57

3

Chapter 3

50

T/L ratio

40
30
20
10
0

SDHx

VHL

RET

Cluster 1

NF1

MAX

Sporadic

Cluster 2

Figure 4. 123I-metaiodobenzylguanidine uptake expressed as tumor-to-liver (T/L) ratio in PPGLs across
different genotypes.
All T/L ratios are corrected for injected dose and decay.

Evaluation of NET and VMAT-1 protein expression in PPGLs
Of 62 PPGLs, 61 samples were available for NET staining. Tumor cells in all samples showed
a positive cytoplasmic staining for NET and a clear variability in staining intensity among
samples was observed (Figure 5). Figure 6A shows NET immunohistochemical staining intensity
according to genotype. Negative to occasionally weak cytoplasmic staining was encountered
in VHL- and MAX- related PPGLs. The expression of NET in hereditary cluster 2 (RET, NF1,
MAX) and apparently sporadic tumors was higher than for hereditary cluster 1 (SDHx, VHL)
PPGLs (108.1±18.7, 94.4±10.9 vs. 41.3±18.4, P=<0.05, P=<0.01, Figure 6A). No statistically
significant differences in NET staining were found between cluster 2 and apparently sporadic
PPGLs (P=0.354, Figure 6A).
PPGLs showed cytoplasmic immunoreactivity with the anti-VMAT-1 antibody and occasionally
also sustentacular cells stained positive (Figure 5). VHL-, RET- and MAX-related tumors
showed an overall similar VMAT-1 expression, which was usually scored as medium. A highly
heterogeneous expression of VMAT-1 was encountered in sporadic PPGLs (Figure 6B). VMAT-1
expression in hereditary cluster 1 (SDHx, VHL) PPGLs was higher than in hereditary cluster 2
(RET, NF1, MAX) tumors (193.8±19.1 vs. 135.8±12.3, P<0.01). No significant differences were
observed between hereditary and sporadic samples (160.6±11.9 vs. 168.7±12.5, P=0.197,
Figure 6B). Neither NET nor VMAT-1 protein expression correlated with 123I-MIBG uptake
(ρ=-0.103, P=0.203; ρ=0.046, P=0.723, respectively).
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Figure 5. Immunohistochemical staining of PPGLs for norepinephrine transporter (NET) and vesicular
monoamine transporter type 1 (VMAT-1).
Representative images of SDHD, VHL, RET, NF1, MAX and sporadic tumors with magnifications as indicated.
Areas with brown color (DAB polymer) are representative of positive staining.
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Figure 6. Comparison of staining for (A) norepinephrine transporter (NET), (B) vesicular monoamine
transporter type 1 (VMAT-1) among different PPGL genotypes.
Graphs represent immunohistochemical staining scores, calculated as percentage area stained positive times
staining intensity. The horizontal bar represents the mean. Statistical comparisons were performed based on
conventional clustering according to predefined transcriptional profiles. *P<0.05, **P<0.01 (Mann Whitney U
test).
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DISCUSSION
Our study provides the first semi-quantitative analysis of
patients with PPGL. Uptake of

123

123

I-MIBG scintigraphy in

I-MIBG in PPGLs was significantly higher than in normal

adrenal glands and cut-off values were established to distinguish between pathological
and physiological uptake. The uptake of 123I-MIBG significantly correlated with maximum
tumor diameter. No significant differences in 123I-MIBG uptake were found between PPGLs
of various genotypic clusters. NET expression was significantly higher in cluster 2 (RET,
NF1, MAX) and in apparently sporadic PPGLs than in cluster 1 (SDHx, VHL) PPGLs. VMAT1 expression was significantly higher in cluster 1 than cluster 2 tumors. MIBG uptake,
however, did not correlate with either NET or VMAT-1 expression.
Traditionally, 123I-MIBG scintigraphy is considered as non-quantitative due to a relatively low
tumor-to-background ratio and limited spatial resolution. Scintigraphic image interpretation
can be difficult in case of small lesions and physiological uptake of

123

I-MIBG by normal

adrenal glands, which is observed in 50-80% of cases. Cecchin et al. [32] proposed a scoring
system in which

123

I-MIBG uptake in adrenal glands was visually compared with hepatic

uptake. Scintigraphic images were classified as positive in case of adrenal uptake more
intense than in the liver or non-homogeneous uptake in an enlarged adrenal gland or an
extra-adrenal focus. They demonstrated that the scoring system was highly specific and
sensitive (91,5% and 100%, respectively) for detecting PPGL and is useful to discriminate
normal adrenal

123

I-MIBG uptake from pheochromocytoma. Others have adopted this

approach [19, 23, 33]. However, a major disadvantage is that visual interpretation remains
subjective and is highly observer-dependent. Thus, assessments of

123

I-MIBG uptake

may be facilitated by using semi-quantitative measurement methods. Our present study
demonstrates that semi-quantitative analysis of 123I-MIBG images can be used for uptake
measurements and facilitates the discrimination between adrenal PPGL and physiological
adrenal uptake. Nevertheless, there was considerable overlap between tumoral uptake and
physiological uptake by normal adrenals and this might still lead to false negative results,
as also observed by Cecchin et al [32]. Also, T/L ratios provide a semi-quantitative uptake
parameter. Actual quantification would require quantitative SPECT using accurately
calibrated SPECT reconstructions.
Mechanisms of uptake and storage of 123I-MIBG in sympathetic chromaffin cells is similar
to that of (nor)epinephrine. At the cellular membrane level, uptake is mediated by NET
(solute carrier family 6 member 2, SLC6A2), a monoamine transporter, which is responsible
for the regulation of extracellular norepinephrine levels by active re-uptake mechanisms
following their release from neuronal or endocrine stores. NET is typically expressed in
noradrenergic neurons and sympathetic nerves, but also prominent in chromaffin cells of
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the adrenal medulla and PPGLs. After entering the cell, similar to norepinephrine, 123I-MIBG
translocates from the cytosol into neurosecretory storage vesicles. This is mediated by
VMAT. There are two VMAT isoforms, VMAT-1 and VMAT-2, encoded by two different
genes and displaying different cellular distributions [34]. VMAT-1 is mainly expressed in
neuroendocrine cells including chromaffin cells, whereas VMAT-2 is expressed in peripheral
and central neurons. Fottner et al. have shown that VMAT-1 expression is essential for
positive 23I-MIBG scintigraphy of PPGLs [35].
Differences in the expression of catecholamine transporters have been reported between
RET- and VHL-related tumors [36, 37]. Huyhn et al. [36] showed that RET-related PPGLs
expressed more NET mRNA and protein than VHL-related tumors. In contrast, a higher
expression of VMAT-1 was found in VHL-related tumors, although this was not confirmed at
the protein level. Saveanu et al. [37]observed a lower NET mRNA expression in VHL-related
PPGLs compared to sporadic PPGLs, whereas expression of NET in RET-related PPGLs was
higher. We observed a cytoplasmic staining for NET and VMAT-1 as previously reported by
Huyhn et al. [36]. Our study confirms genotype-dependent differences in the expression
of NET and VMAT-1.
The various PPGL genotypes are increasingly recognized as important determinants
of functional imaging results. For example, several studies demonstrated a poor
overall sensitivity of
[24, 25]. Similar to

123
123

I-MIBG scintigraphy in SDHB-related PPGLs (less than 50%)

I-MIBG, several positron emission tomography (PET) tracers

specifically target catecholamine synthesis, storage and secretion pathways including
18

F-fluorodihydroxyphenylalanine (18F-FDOPA) and 8F-fluorodopamine (18F-FDA). Kaji et

al. showed that 18F-FDOPA PET is superior to 123I-MIBG scintigraphy in the context of VHL
syndrome [26]. We have previously shown that 18F-fluorodeoxyglucose (18F-FDG) PET can
distinguish between PPGLs with different underlying genotypes and sensitivity of 18F-FDG
PET is higher in SDHB/D-related PPGLs than non-SDHB/D-related metastatic PPGLs (92
vs. 37%) [38]. Sensitivity of 123I-MIBG scintigraphy appears to be lower in VHL- and SDHB-related PPGLs [22, 25, 26]. Based on these studies and the differences in catecholamine
transporter expression between genotypes, we hypothesized that a genotype-dependent
imaging phenotype also exists for

123

I-MIBG scintigraphy. With the current study we

show that this is not the case and that 123I-MIBG uptake appears to be independent of
the underlying genotype. Furthermore, we did not find significant correlations between
123

I-MIBG uptake and transporter (NET, VMAT-1) expression. Based on our results, we

argue that, as opposed to certain PET-tracers, 123I-MIBG scintigraphy cannot be used for
the prediction of underlying genotypes. The observation of relatively low T/L ratios and low
NET expression in VHL might suggest that 123I-MIBG scintigraphy is of limited use in VHLrelated PPGLs. This, however, remains to be confirmed in larger series.
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The lack of correlations between
suggest that

123

123

I-MIBG avidity and NET and VMAT-1 staining might

I-MIBG accumulation is not primarily determined by the expression of these

transporter systems. However, 123I-MIBG uptake may be determined by NET and VMAT-1
transporter activity rather than transporter quantity. Also, differences in the recruitment
of NET from the cytoplasm towards the cell and vesicular membranes may play a role.
In addition to transmembrane transport,

123

I-MIBG accumulation is also determined by

catecholamine storage capacity as reflected by the number of neurosecretory granules
[39]. Other mechanisms besides uptake via NET and VMAT-1 includes passive diffusion,
fractional blood content, non-specific uptake by other transporters and uptake by nontumor cells such as macrophages and endothelial cells. Another potential explanation for
the lack of correlation is the fact that we used the IHC staining score in a single tumor tissue
section to determine the expression of NET and VMAT-1 in these tumors. This may not be
representative of the protein expression of the entire tumor.
Besides genetic factors, we investigated other possible determinants of 123I-MIBG uptake
including tumor location, tumor size and plasma metanephrines concentrations. Several
studies have shown that the sensitivity of 123I-MIBG scintigraphy is lower in extra-adrenal
PPGLs [33, 40]. Saveanu et al. [37] reported a higher NET expression in adrenal versus
extra-adrenal PPGLs. This has also been shown to be the case for VMAT-1 expression [35].
In contrast, we found no differences in NET or VMAT-1 expression between tumor locations
and, surprisingly, even a slightly higher 123I-MIBG uptake in extra-adrenal PPGL. In addition,
we found a significant and positive correlation between maximum tumor diameter and
123

I-MIBG uptake regardless tumor location. This is in line with previous results [20, 23].

MIBG uptake did not correlate with plasma metanephrines. Others also failed to identify
any correlation between 123I-MIBG uptake and hormonal levels [20, 33, 39].
This study has several limitations. First, a relatively low number of hereditary PPGLs was available
for comparison of genotype-specific 123I-MIBG imaging results. Additional studies with a larger
sample size are desired. It would be interesting to also take into account somatic mutations in
apparently sporadic PPGLs. Second, semi-quantitative T/L ratios may be helpful to distinguish
between pathological and physiological adrenal uptake, but do not necessarily provide a ‘definite
answer’. There is a considerable overlap between tumors and normal adrenals. The T/L ratio should
therefore be merely regarded as an additional ‘aid’ for the evaluation of MIBG images in the
individual clinical context. Third, the use of the left adrenal gland for assessments of physiological
I-MIBG uptake in hereditary cases may have some limitations. This adrenal might be affected by

123

adrenal hyperplasia or a subclinical tumor, especially in patients with germline mutations who are
at risk for bilateral disease. Although we observed slightly higher NA/L ratios in hereditary PPGLs
(data not shown), the ratios largely overlapped with ratios of sporadic PPGLs. This, however,
deserves further investigations in a larger study sample.
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In conclusion, liver normalized semi-quantitative

123

I-MIBG uptake may be helpful to

distinguish between pheochromocytoma and physiological adrenal uptake. The presence
of an underlying hereditary syndrome in individual patients cannot be predicted by semiquantitative uptake of 123I-MIBG. Genotype-specific differences in expression of NET and
VMAT-1 do not translate in differences in 123I-MIBG uptake.
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SUPPLEMENTARY DATA
Supplementary Table 1. Patient characteristics.
No.

Genotype

Age
(yrs)

Sex
(M/F)

Tumor
location
(A/EA)

Episode

Maximum
tumor
diameter (cm)

1

Sporadic

49

F

RA

Primary

4,0

2

Sporadic

54

F

LA

Primary

6,0

3

Sporadic

49

F

LA

Primary

3,0

4

Sporadic

34

F

LA

Primary

3,5

5

Sporadic

59

M

LA

Primary

11,0

6

Sporadic

66

M

RA

Primary

4,5

7

Sporadic

54

F

LA

Primary

11,0

8

Sporadic

63

F

RA

Primary

3,5

9

Sporadic

55

M

RA

Primary

2,0

10

Sporadic

39

F

RA

Primary

8,0

11

Sporadic

64

F

RA

Primary

14,0

12

Sporadic

52

M

EA

Primary

4,8

13

Sporadic

29

M

EA

Primary

9,0

14

Sporadic

55

F

LA

Primary

6,5

15

Sporadic

51

M

EA

Metastasis

2,0

15

Sporadic

49

M

RA

Primary

6,2

16

Sporadic

31

F

RA

Primary

5,0

17

Sporadic

70

F

RA

Primary

2,5

18

Sporadic

69

F

EA

Metastasis

0,6

19

Sporadic

34

F

RA

Primary

2,9

20

Sporadic

50

F

LA

Primary

4,9

21

Sporadic

39

F

RA

Primary

8,5

22

Sporadic

41

F

RA

Primary

4,5

23

Sporadic

26

M

RA

Primary

4,3

24

Sporadic

53

M

LA

Primary

5,5

25

Sporadic

17

F

RA

Primary

3,5

26

Sporadic

32

F

LA

Primary

4,0

27

Sporadic

30

M

RA

Primary

6,5

28

Sporadic

34

F

RA

Primary

4,5

29

Sporadic

25

F

LA

Primary

2,3

30

Sporadic

63

M

LA

Primary

1,8

31

Sporadic

35

F

LA

Primary

6,2
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Total plasma
MN1

Type
scanner2

T/L ratio
planar
Hermes

T/L ratio
SPECT
Hermes

T/L ratio
SPECT
IRW

Daily dose potential
interfering drug

9972

Ecam Dual

1,53

4,78

4,87

36980

Ecam Dual

2,05

3,14

3,09

8050

Ecam Dual

1,28

10,40

10,83

Labetolol 600 mg

3543

Ecam Dual

0,77

2,66

2,74

Nifidipine 60 mg

136000

Ecam Dual

4,22

26,19

25,45

10255

Ecam Dual

1,47

6,44

6,28

21665

Symbia T16

1,43

3,97

3,61

5667

Symbia T16

1,44

3,41

3,43

1287

Ecam Dual

1,31

6,77

6,30

43687

Ecam Dual

1,34

1,72

1,77

229400

Ecam Dual

5,58

20,66

19,35

10633

Ecam Dual

0,85

9,79

9,79

1207

Symbia T16

2,92

27,72

29,35

9945

Ecam Dual

NA

5,02

5,32

1173

Symbia T16

1,76

7,94

7,66

13479

Ecam Dual

1,79

7,31

7,47

17210

Ecam Dual

1,16

13,38

13,79

2007

Symbia T16

0,95

3,02

2,97

1489

Infinia

1,33

9,87

9,58

5171

Ecam Dual

0,15

0,86

0,71

16762

Symbia T16

1,18

3,83

3,72

62121

Symbia T16

6,78

55,80

54,33

4211

Ecam Dual

3,49

11,43

11,12

1720

Ecam Dual

NA

1,46

1,39

25294

Symbia T16

0,49

1,00

1,00

7711

Symbia T16

3,04

1,57

1,77

3604

Symbia T16

NA

6,71

6,72

46660

Ecam Dual

3,43

13,24

12,35

14287

Symbia T16

1,53

6,58

7,04

3383

Ecam Dual

0,44

2,11

1,92

1061

Symbia T16

NA

1,98

1,98

22599

Symbia T16

4,78

14,95

15,66

3

Lercanidipine 10 mg

Amlodipine 20 mg

Nifedipine 30 mg

Labetolol 200 mg

Amytriptiline 35 mg

Diltiazem 120 mg
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Supplementary Table 1. Continued
No.

Genotype

Age
(yrs)

Sex
(M/F)

Tumor
location
(A/EA)

Episode

Maximum
tumor
diameter (cm)

32

Sporadic

16

F

RA

Primary

4,8

33

Sporadic

43

F

LA

Primary

5,6

34

MEN-2

36

M

LA

Primary

5,0

35

MEN-2

29

F

LA

Primary

2,5

36

MEN-2

36

M

LA

Primary

,9

37

MEN-2

56

M

LA

Primary

1,4

38

MEN-2

44

M

RA

Primary

2,5

39

MEN-2

35

F

LA

Primary

2,5

40

MEN-2

58

F

LA

Primary

1,0

41

MEN-2

50

M

LA

Primary

3,2

42

MEN-2

55

M

LA

Primary

2,3

43

MEN-2

71

M

RA

Primary

3,5

44

MEN-2

3

61

M

LA

Primary

5,0

44

MEN-2

3

61

M

RA

Primary

8,0

45

MEN-23

47

F

LA

Primary

8,0

45

MEN-2

47

F

RA

Primary

6,5

46

MAX

57

M

LA

Primary

1,8

47

NF1

37

F

EA

Primary

3,6

48

NF1

59

F

LA

Primary

7,0

49

SDHA

19

F

RA

Primary

8,0

50

SDHB

51

SDHB

52

SDHD4

52

SDHD

32

M

EA

Primary

2,5

53

SDHD

34

F

EA

Primary

2,5

54

SDHD

59

F

EA

Primary

5,2

55

SDHD

65

M

LA

Primary

4,0

56

VHL

5

32

M

EA

Primary

2,5

56

VHL

5

32

M

RA

Primary

1,5

57

VHL2

8

F

EA

Metastasis

2,7

2

4

3

46

M

EA

Metastasis

6,4

14

F

EA

Primary

5,0

32

M

EA

Primary

3,0

In total 57 patients.
1
Upper reference limit of plasma metanephrines is 106-940 pmol/L.
2
All Siemens except one patient (GE Healthcare Infinia).
M=male, F=female, yrs=years, A=adrenal, EA=extra-adrenal, MN=metanephrines, NA=not assessed.
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Total plasma
MN1

Type
scanner2

T/L ratio
planar
Hermes

T/L ratio
SPECT
Hermes

T/L ratio
SPECT
IRW

9896

Symbia T16

1,04

1,95

1,88

13750

Ecam Dual

1,24

4,10

3,10

1372

Ecam Dual

0,61

6,00

5,56

8082

Symbia T16

1,37

8,66

8,48

1480

Ecam Dual

0,90

5,22

5,08

833

Ecam Dual

0,53

2,78

3,08

2339

Ecam Dual

1,23

5,87

5,42

4142

Ecam Dual

1,04

5,06

4,59

1928

Ecam Dual

1,08

2,25

2,10

1837

Symbia T16

0,99

11,19

11,09

NA

Ecam Dual

0,66

2,72

2,68

2379

Ecam Dual

1,14

3,40

3,50

13804

Ecam Dual

2,31

7,90

7,17

13804

Ecam Dual

1,06

8,62

9,73

25908

Symbia T16

1,53

5,83

5,83

25908

Symbia T16

1,66

5,40

5,40

2904

Ecam Dual

0,64

4,99

5,27

7752

Ecam Dual

1,42

9,08

9,45

27931

Ecam Dual

2,17

6,18

6,00

5164

Ecam Dual

2,71

6,44

6,36

728

Symbia T16

0,56

6,48

7,00

27676

Symbia T16

3,81

12,83

12,48

2173

Ecam Dual

1,04

8,56

8,45

2173

Ecam Dual

0,55

5,43

5,28

2782

Symbia T16

0,86

4,87

4,91

907

Ecam Dual

4,45

40,94

39,36

6448

Symbia T16

1,24

5,05

5,32

1245

Ecam Dual

0,96

2,72

2,83

1245

Ecam Dual

0,34

3,36

2,12

27452

Ecam Dual

2,23

6,86

6,64

Daily dose potential
interfering drug

3

Amlodipine 5 mg

Formoterol (dose NA)

Amlodipine 5 mg
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Supplementary Figure 1. Bland-Altman plots for tumor-to-liver ratios on single photon emission
tomography (SPECT) as calculated by the two software systems (respectively Hermes and IRW).
Bland-Altman analysis indicates the difference of the estimates obtained by the two methods in relation to the
average of these estimates. The dotted lines represent the Bland-Altman limits (±1.96×SD) and the solid line
represents the mean difference and the dashed line is the line of equality.
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ABSTRACT
Background: Pheochromocytomas and paragangliomas (PPGLs) can be localized by 18F-FDG
PET. The uptake is particularly high in tumors with an underlying succinate dehydrogenase
(SDH) mutation. The latter are characterized by compromised oxidative phosphorylation
and a pseudo-hypoxic response which mediates an increase in aerobic glycolysis, also known
as the Warburg effect. The aim of this study was to explore the hypothesis that increased
uptake of 18F-FDG in SDHx-related PPGLs is reflective of increased glycolytic activity and is
correlated with expression of different proteins involved in glucose uptake and metabolism
through the glycolytic pathway.
Methods: Twenty-seven PPGLs collected from patients with hereditary mutations in SDHB
(n=2), SDHD (n=3), RET (n=5), NF1 (n=1), MAX (n=1) and sporadic patients (n=15) were
investigated. Pre-operative 18F-FDG PET/CT studies were analyzed; mean and maximum
standardized uptake values (SUVs) in manually drawn regions of interest were calculated.
Expression of proteins involved in glucose uptake (GLUT-1 and 3), phosphorylation
(HK-1, 2 and 3), glycolysis (MCT-4) and angiogenesis (VEGF, CD34) were examined in
paraffin-embedded tumor tissues using immunohistochemical staining with peroxidasecatalyzed polymerization of diaminobenzidine as read-out. Expression was correlated with
corresponding SUVs.
Results: Both maximum and mean SUVs for SDHx-related tumors were significantly higher
than for sporadic and other hereditary tumors (P<0.01). The expression of HK-2 and HK-3
were significantly higher in SDHx-related PPGLs compared to sporadic PPGLs (P=0.022,
P=0.025). The expression of HK-2 and VEGF were significantly higher in SDHx-related PPGLs
compared to other hereditary PPGLs (P=0.039, P=0.008). No statistical differences in the
expression were observed for GLUT-1, GLUT-3 and MCT-4. Percentage anti-CD 34 staining
and mean vessel perimeter were significantly higher in SDHx-related PPGLs compared to
sporadic tumors (P=0.050, P=0.010). Mean SUVs significantly correlated with the expression
of HK-2 (P=0.027), HK-3 (P=0.013), VEGF (P=0.049) and MCT-4 (P=0.020).
Conclusion: Activation of aerobic glycolysis in SDHx-related PPGLs is associated with
increased 18F-FDG accumulation due to accelerated glucose phosphorylation by hexokinases
rather than increased expression of glucose transporters.

F-FDG PET/CT in PPGL
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INTRODUCTION
Pheochromocytomas and paragangliomas (PPGLs) are catecholamine-producing
neuroendocrine tumors arising from the chromaffin cells of the adrenal medulla and extraadrenal sympathetic paraganglia [1]. PPGLs can occur as part of hereditary syndromes.
Susceptibility genes include succinate dehydrogenase (SDH) complex subunits and assembly
factor 2 (SDHA/B/C/D/AF2), von Hippel-Lindau (VHL), RET, neurofibromatosis (NF) 1, mycassociated factor X (MAX) and transmembrane protein 127 (TMEM127) [2]. Gene expression
profiling has revealed the presence of two clusters of PPGLs: cluster 1 (VHL, SDHx) which show
increased expression of genes associated with angiogenesis and hypoxia whereas cluster 2 (RET,
NF1, TMEM127 and MAX) display a rich signature of RNA synthesis and kinase signaling [3, 4].
Enhanced uptake of glucose by tumor cells compared to normal cells is the hallmark of in vivo
cancer imaging with 18F-fluorodeoxyglucose positron emission computed tomography (18F-FDG
PET/CT). We have shown previously that

18

F-FDG PET/CT is superior to other functional

imaging techniques for localizing metastatic PPGL, particularly in those with an underlying SDHB
mutation [5-7]. 18F-FDG PET/CT is also very useful for localizing benign PPGLs [8]. Interestingly,
F-FDG uptake varies among PPGLs of different genotypes, with the highest standard uptake

18

values (SUVs) being observed in SDH and VHL-related tumors [6, 9]. The precise mechanism
behind these genotype-specific differences in 18F-FDG uptake has not been elucidated.
SDHx mutations cause impairment of SDH function in the mitochondrial electron transport
chain and hence compromise oxidative phosphorylation [10-12]. Abolition of SDH enzymatic
activity results in activation of the hypoxic-angiogenic pathway via transcription factor hypoxiainducible factors (HIFs)-1α and -2α [13]. Their main target genes include genes involved in
glucose metabolism (glucose transporters (GLUT), hexokinases (HK), angiogenesis (vascular
endothelial growth factor (VEGF)), survival and motility [14-16]. Activation of HIF-α further
supports the shift of tumor cell energy metabolism from oxidative phosphorylation towards
aerobic glycolysis, also known as the Warburg effect [17]. The alternative energy generation
pathway is somewhat less efficient requiring a much larger cellular influx of glucose to maintain
tumor cells energy needs.
High uptake of 18F-FDG by SDHx-related tumors has been suggested to be a reflection of the
Warburg effect. Various mechanisms for accelerated glucose use by tumor cells have been
described. Enhanced influx of glucose via glucose transporters (GLUTs) is considered to be
the most important. Overexpression of GLUT isoforms GLUT-1 and 3 is closely related to
18

F-FDG uptake in tumor cells [18]. In addition, accelerated glucose phosphorylation by the

cytosolic enzyme hexokinase (HK) as the first step toward glycolysis results in enhanced
F-FDG accumulation. HK-2 is predominantly expressed in tumor cells that exhibit the Warburg

18
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effect [19] and is associated with elevated 18F-FDG uptake in malignant conditions [20, 21].
Upregulation of both GLUTs and HK is frequently associated with malignant transformation
of cells [22]. Furthermore, activity of HK-3 and monocarboxylate transporter type 4 (MCT-4),
which facilitates the cellular lactate transport, possibly are regulated by hypoxia [11, 23]. In
addition, hypoxia also promotes anaerobic glycolysis and several studies have demonstrated
that 18F-FDG uptake is an indirect reflection of tumor hypoxia [24, 25].
The aim of this study was to explore the hypothesis that increased uptake of

18

F-FDG is

reflective of increased glycolytic activity and is correlated with expression of different proteins
involved in glucose uptake and metabolism through the glycolytic pathway. Therefore,
immunohistochemical expression of GLUT-1, GLUT-3, HK-1, HK-2, HK-3 and MCT-4 was
directly correlated with in vivo 18F-FDG uptake in PPGLs of different genotypes. Additionally,
VEGF expression was examined to account for hypoxia regulated angiogenesis, and also CD34
to account for genotype-specific differences in microvasculature that could alter the radiotracer
supply to tumor cells.

78

F-FDG PET/CT in PPGL

18

MATERIALS AND METHODS
Patient population
The study included 27 consecutive patients (17 men and 10 women, aged [mean±SD] 51±15
years) in whom PPGL was histopathological confirmed and of which 22 (81%) were adrenal and
5 (19%) extra-adrenal in location. Patient characteristics are listed in (Supplementary) Table 1.
The institutional review board approved this retrospective study and the requirement to obtain

4

informed consent was waived.
Table 1. Patients characteristics.
Genotype

N
(patients)

Gender
(M/F)

Age,
years

Tumor
location
(A/EA)

Tumor
dimensions,
centimeter3

Sporadic1

15

8/7

54.2 ± 14.9

14/1

47,9 ± 56,3

SDHB

2

2/0

31.0 ± 14.1

0/2

3,4 ± 2,4

SDHD

3

2/1

49.5 ± 13.4

1/2

26,0 ± 33,8

MEN-2

5

4/1

46.8 ± 14.4

5/0

14,8 ± 21,0

NF1

1

0/1

70

1/0

51,7

MAX

1

1/0

63

1/0

20,4

In total 27 patients.
Data are presented as mean±SD. M=male; F=female; A=adrenal; EA=extra-adrenal.

FDG PET/CT scanning
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All patients underwent pre-surgical evaluation with 18F-FDG-PET/CT at the Radboud University
Medical Center between December 2007 and February 2012 (Figure 1). Patients fasted for
at least 6 hours before receiving a [mean±SD] 241±73 MBq dose of intravenous 18F-FDG
based on body weight. PET/CT scans were performed ~one hour (range; 55–74 minutes) after
injection. Before November 2011, imaging was performed using a Biograph 2 PET/CT, and after
November 2011 using an mCT-40 scanner (both Siemens Healthcare, USA). Both scanners were
calibrated and certified by European Association of Nuclear Medicine (EANM) Research Ltd
(EARL) in accordance with the EANM guidelines for PET/CT [26]. First, a low-dose CT scan using
“CareDose” with reference 40 mA and 130 kV was performed from the base of the skull to the
mid-thigh. Instructions for breathing and positioning were given to patients. The CT transaxial
matrix size was 512 x 512 with pixels of 0.98 x 0.98 mm2 for both scanners. CT slice width was
3 mm for the Biograph 2 and 1.5 mm for the mCT. PET images were obtained using OSEM2D
reconstruction on the Biograph 2 with 4 iterations and 16 subsets and a post reconstruction
Gaussian filter of 5 mm FWHM. Transaxial PET matrix size was 128 x 128 and pixel size was 5.31
x 5.31 x 3 mm3. For the mCT, images were obtained using time-of-flight and HD reconstruction
with 3 iterations and 21 subsets and a post reconstruction Gaussian filter of 8 mm FWHM.
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Transaxial PET matrix size was 256 x 256 and pixel size was 3.18 x 3.18 x 3 mm3. The large
value of the Gaussian filter for the mCT images resulted in additional smoothing and was used
in order to comply with the EANM guidelines for PET CT [26] allowing direct comparison of
quantitative data from both scanners.

A

B

C

Figure 1. Imaging results in a patient with a sporadic PPGL located in the left adrenal. (A)
18
F-fluorodeoxyglucose positron emission tomography (B) 123I-metaiodobenzylguanidine single photon
emission tomography (C) Computed tomography scan.

Image interpretation and quantitative measurements
PET/CT images were reviewed using Inveon Research Workplace version 4.1 software (Siemens
Healthcare). Regions of interest (ROI) were manually drawn in each transversal slice over visually
assessed lesions in correspondence with CT images. ROIs were combined to form a volume
of interest (VOI), which was used for quantitative analysis. Maximum and mean standardized
uptake values (SUVs) normalized for body weight were calculated as SUV = A / IA x BW [A:
activity concentration of VOI (Bq/ml), BW: body weight (g), IA: injected activity (Bq)]. Liver80
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normalized SUVs were calculated as PPGL SUVs divided by corresponding liver mean SUVs in
a fixed volume of interest in the upper central liver. All calculated SUVs were decay corrected
by using the following formula: A0 = At x eλt [A0: corrected activity, At = uncorrected activity, λ =
decay constant (ln2/110) min-1, t = elapsed time in min].
Immunohistochemical staining and quantification
See Supplementary Methods for details.

4

Quantitative PCR
See Supplementary Methods for details.
Statistical analysis
Statistical analysis was conducted using SPSS 20 (SPSS Inc, Chicago, IL) and GraphPad Prism 6
software (GraphPad Inc, La Jolla, CA). For comparison of immunohistochemical staining scores
and SUVs of different genotypes, scores and SUVs were analyzed using Kruskal Wallis test with
post-hoc Dunn’s test. Results are presented as mean ± SD. Correlations were examined using
Spearman correlation test. A two-side P value less than 0.05 was considered to be statistically
significant.
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RESULTS
F-FDG uptake in PPGLs
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Maximum SUVs of PPGL ranged from 0.8 to 11.8 (3.7 ± 3.2) and mean SUVs from 0.6 to 5.4
(1.8 ± 1.5) (r=0.91, P<0.001). The distribution of SUVs in PPGLs across hereditary and sporadic
tumors is shown in Figure 2. The maximum SUV for hereditary cluster 1 tumors (SDHB, SDHD)
was higher (9.6 ± 1.5) than for hereditary cluster 2 tumors (RET, NF1, MAX: 1.9 ± 0.3, P<0.01)
and sporadic tumors (2.6 ± 1.7, P<0.01). Also, mean SUVs for hereditary cluster 1 tumors were
higher (4.5 ± 0.8) than for hereditary cluster 2 (1.0 ± 0.1, P<0.01) and sporadic tumors (1.3 ±
0.8, P<0.01).
Maximum SUVs were higher for adrenal (2.7 ± 1.8, P<0.001) and extra-adrenal PPGLs (8.2 ±
4.3, P<0.01) than for normal adrenal glands (1.2 ± 0.5). Also mean SUVs were higher for adrenal
(1.3 ± 0.8, P<0.01) and extra-adrenal PPGL (4.0 ± 1.9, P<0.01) than for normal adrenal glands
(0.8 ± 0.2). 18F-FDG uptake by normal adrenal glands did not exceed that of the liver in any case.
No false-positive lesions were observed on 18F-FDG PET/CT. The volume of the PPGL lesions
were calculated as described before [27] and varied from 0,8 to 161 cm3 (35 ± 46). There was
no significant relation between tumor volume and 18F-FDG uptake (P=0.945).

**

12.0
11.0
10.0
9.0
8.0
7.0
6.0
5.0
4.0
3.0
2.0
1.0
0.0

**

B

SUV mean

SUV max

A

Sporadic

SDHx

RET/NF1/MAX

6.0
5.5
5.0
4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

**

Sporadic

**

SDHx

RET/NF1/MAX

Genotype
Figure 2. F-fluorodeoxyglucose positron emission tomography standardized uptake value (SUV) in
PPGLs across different genotypes. (A) Maximum SUV (B) Mean SUV.
18

All SUVs are normalized for body weight and liver and corrected for decay.
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Markers of glucose uptake and metabolism
All 27 PPGL samples showed a positive cytoplasmic staining for HK-1. Staining was high
across samples (Figure 3) and no significant differences were observed between the different
genotypes and sporadic samples (Figure 5). HK-2 staining showed a clear variation between
samples (Figure 3). Negative to occasionally medium cytoplasmic staining was encountered in
sporadic tumor samples. HK-2 expression was found to be significantly higher in SDHx-related
PPGLs than in sporadic (P=0.022) and RET, NF1 and MAX-related tumors (P=0.039) (Figure
5). Increased expression of HK-2 was confirmed at the mRNA level using qPCR and a high
(P=0.004) expression of the markers was observed in SDHx-related tumors when compared
to sporadic tumors and cluster 2-related tumors (Supplementary Figure 1). HK-3 expression
was significantly higher in SDHx-related PPGLs than in sporadic tumors (P=0.025), however
when compared to RET, NF1 and MAX-related tumors no statistical significance was observed
(Figure 5).

SDHB

10X

20X

10X

20X

10X

20X

10X

20X

10X

20X

10X

20X

10X

20X

10X

20X

10X

RET

Sporadic

Hexokinase 1

Hexokinase 2

20X

Hexokinase 3

Figure 3. Immunohistochemical staining of PPGLs for hexokinases.
Representative images of a SDHB, RET and sporadic tumor with magnifications as indicated. Areas with brown
color (DAB polymer) are representative of positive staining.
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GLUT-1 and GLUT-3 showed predominantly cytoplasmic staining and occasionally (5-10%)
cell membrane staining (Figure 4). Sporadic, SDHx, RET, NF1 and MAX-related tumors showed
an overall similar GLUT-1 expression (Figure 6). A homogeneous distribution of staining in
the cytoplasm was observed. Sporadic and RET associated tumors showed a similar GLUT-3
expression, which was usually scored as medium. SDHx-related PPGLs appeared to exhibit a
higher GLUT-3 staining compared to sporadic and RET PPGLs. However, statistical significance
was not achieved (Figure 6). On the other hand, at the mRNA level, GLUT-3 expression did
not show significant differences between the groups (Supplementary Figure 1). MCT-4 was
localized to cytoplasm as well as membrane. The expression of MCT-4 did not show significant
differences between the different genotypes (Figures 4 and 6). VEGF expression was found to
be significantly higher in SDHx-related PPGLs compared to RET, NF1 and MAX-related PPGLs
(P=0.008) (Figure 4 and 6). There was a significant difference in mean percentage anti-CD34
stained area (P=0.050) and mean vessel perimeter (P=0.010) between SDHx-related and
sporadic PPGLs. The microvessel density did not differ among genotypes.
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40X
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40X
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20X
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40X
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Sporadic

10X

GLUT 1

GLUT 3

MCT-4

VEGF

Figure 4. Immunohistochemical staining of PPGLs for glucose transporters (GLUT-1 and GLUT-3),
monocarboxylate transporter type 4 (MCT-4) and vascular endothelial growth factor (VEGF).
Representative images of a SDHB, RET and sporadic tumor with magnifications as indicated. Areas with brown
color (DAB polymer) are representative of positive staining.
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Figure 5. Comparison of staining for (A) hexokinase 1, (B) hexokinase 2 and (C) hexokinase 3 among
different PPGL genotypes.
Graphs represent staining scores, calculated as percentage area stained positive times staining intensity. Groups
with different letters as superscripts are significantly different.

Relationship between 18F-FDG uptake and markers of glucose uptake and metabolism
The correlative relationships between immunohistochemical staining and calculated SUVs and
corresponding P-values are summarized in Table 2. Mean SUVs of PPGLs were significantly
associated with HK-2, HK-3, VEGF and MCT-4 staining. The strongest correlation with SUV was
found for HK-3 expression (R=0.471, P=0.013). No significant relationship was found between
GLUT-1 and GLUT-3 staining and SUV. Maximum SUVs showed only a significantly correlative
relationship for HK-2 (R=0.409, P=0.034) and HK-3 immunohistochemical staining (R=0.381,
P=0.050). No correlative relationships were found for 18F-FDG uptake and vessel parameters.

85

200

200

150
100
50
0

S p o r a d ic
300

D

b

a

250

a

200
150
100
50
0

SSporadic
p o r a d ic

150
100
50
0

S D H x R E T /N F 1 /M A X

S ta in in g s c o r e

C

S ta in in g s c o r e

B250

S ta in in g s c o r e

A 250

S ta in in g s c o r e

Staining score

Chapter 4

S p o r a d ic

S D H x R E T /N F 1 /M A X

SSporadic
p o r a d ic

SDHx
S
D H x R RET/NF1/MAX
E T /N F 1 /M A X

300
250
200
150
100

SDHx
RET/NF1/MAX
S
D Hx RE
T /N F 1 /M A X

50
0

Genotype
Figure 6. Comparison of staining for (A) glucose transporter type 1, (B) glucose transporter type 2, (C)
vascular endothelial growth factor and (D) monocarboxylate transporter type 4 among different PPGL
genotypes.
Graphs represent staining scores, calculated as percentage area stained positive times staining intensity. Groups
with different letters as superscripts are significantly different.

Table 2. Correlations between 18F-fluorodeoxyglucose uptake and immunohistochemical markers of
glucose uptake and metabolism.
Marker

SUV Maximum

SUV Mean

R

P

R

P

HK-2

0.409

(0.034)*

0.425

(0.027)*

HK-3

0.381

(0.050)*

0.471

(0.013)*

GLUT-1

-0.001

(0.998)

-0.100

(0.620)

GLUT-3

0.174

(0.386)

0.263

(0.185)

VEGF

0.312

(0.114)

0.383

(0.049)*

MCT-4

0.373

(0.055)

0,444

(0.020)*

All SUVs are normalized to liver normalized and decay corrected. Correlations are expressed as Spearman’s rho
and P-value (* = P < 0.05).
SUV = standard uptake value; HK-2 = hexokinase-2; HK-3 = hexokinase-3; GLUT-1 = glucose transporter type
1; GLUT-3 = glucose transporter type 3; VEGF = vascular endothelial growth factor; MCT-4 = monocarboxylate
transporter type 4.
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DISCUSSION
We examined the ex vivo expression of markers of the Warburg effect in PPGLs using
immunohistochemical staining and their correlation with uptake of in vivo 18F-FDG on PET/
CT scans. We confirmed genotype-specific differences in

18

F-FDG uptake where SDHx-

related PPGLs showed highest SUVs. The expression of HK-2 was significantly higher in
SDHx-related PPGLs compared to sporadic and cluster 2 PPGLs. Furthermore, expression
of HK-3 was significantly higher in SDHx-related PPGLs compared to sporadic PPGLs and
expression of VEGF was significantly higher in SDHx-related PPGLs compared to cluster
2 PPGLs. Uptake of

18

F-FDG significantly correlated with the expression of HK-2, HK-3,

VEGF and MCT-4.
Similar to glucose, 18F-FDG is taken up by tumor cells mostly via facilitative transport by GLUTs.
After cell entry, 18F-FDG is phosphorylated by HKs into 18F-FDG-6-P which, in contrast to
glucose-6-P, cannot be further metabolized along the glycolytic pathway. The cell membrane
is impermeable to 18F-FDG-6P so it accumulates within cells directly proportionate to their
metabolic activity. 18F-FDG-6P can theoretically escape from the cell by dephosphorylation
back to 18F-FDG by glucose-6-phosphatase. In general, this process is negligible because of the
low intracellular levels of the dephosphorylating enzyme. Therefore, 18F-FDG uptake of any
cell is determined by expression of GLUTs and activity of HKs. Another possible determinant is
tumoral blood flow which brings 18F-FDG to the cell and reasonably increases its metabolism
in parallel. However, activation of the hypoxic-angiogenic pathway via HIF-1α and -2α results in
adaptation of the tumor to a hypoxic environment and consequently an uncoupling of blood flow
and metabolism implying hypoxic stimulation of glucose metabolism in the presence of adequate
oxygen. This phenomenon, known as the Warburg effect [28], characterizes cluster 1 PPGLs
(VHL, SDHx). Favier et al. demonstrated that HIF-2α, which together with HIF-1α upregulates
VEGF and GLUT-1 gene expression [29], is overexpressed in VHL and SDHx-related PPGLs
[30]. VEGF activated in endothelial vascular cells within tumors can significantly contribute to
F-FDG uptake [31].

18

High SUVs observed in SDHx-related PPGLs could be related to the Warburg effect and
thus we expected to find a stronger GLUT-1 and GLUT-3 expression in SDHx- compared to
cluster 2-related PPGLs. However, we found no significant increase in immunohistochemical
GLUT staining in SDHx-related tumors. We observed a predominantly cytoplasmic and weak
membrane staining for both GLUT-1 and GLUT-3 as also reported by Blank et al. [32]. In addition,
we found no correlation between GLUTs and SUVs in PPGLs. Taken together, these results
suggest that glucose uptake may not be preferentially regulated by GLUT-1 and GLUT-3 in these
tumors. Aloj et al. concluded that higher levels of glucose transporter protein do not guarantee
increased FDG uptake by cancer cells [33]. Differences in 18F-FDG uptake may be caused by
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differences in GLUT transporter activity rather than by differences in number of transporters
present. Also, our findings suggest that the expression and recruitment of GLUTs to the cell
membrane do not appear to vary in a genotype-specific way.
Instead of GLUT, higher 18F-FDG uptake in SDHx PPGLs might be related to expression of HKs.
HK-2 showed an increased expression in SDHx-related PPGLs as predicted. The expression
of HK-2 is regulated by HIF-1 and it is predominantly overexpressed in various cancer cells
that display the Warburg effect [19] and associated with 18F-FDG uptake [21, 34]. Favier et
al. [11] also observed a significantly higher HK-2 gene expression in SDHx-related PPGLs
compared to NF1 and RET related PPGLs. Immunohistochemical staining of HK-3 showed
increased expression in SDHx-related PPGLs compared to sporadic tumors but when compared
with cluster 2 tumors no significant increased expression was found. In addition, we found a
stronger correlation between HK-3 and SUV than HK-2. A study using rat hepatoma cell line
N1S1 reported the role of hypoxia signaling in the regulation of HK-3 [23]. However, little is
known about its regulation by HIFs in PPGLs. Thus, increased glucose phosphorylation by HKs
rather than the glucose transport by GLUTs is reflected as increased 18F-FDG uptake. Also, we
assessed expression of HK-1 and observed lack of differences among different genotypes as
it is a housekeeping enzyme ubiquitously expressed in mammalian tissues independent of HIF
and is unaltered in most cancer cells [35].
Increase in HK-2 and HK-3 expression in SDHx-related PPGLs point towards increased glycolysis,
which we further investigated by assessing expression of MCT-4. This monocarboxylate
transporter exports lactate out of the cell and its expression is known to be high in cells with
increased glycolysis and lactate production. We found membrane as well as cytoplasmic staining
for MCT-4 but the levels of expression did not vary among the different genotypes. However,
Favier et al. [11] reported an increased expression of MCT-4 at the mRNA level in SDHx-related
tumors. Thus, though evidence suggests increased glycolysis in SDHx-related tumors, it might
not be accompanied by increased lactate production.
We determined expression of VEGF to further explore our hypothesis that higher 18F-FDG
uptake in SDHx-related PPGLs is reflective of the Warburg effect. A significantly increased
expression of VEGF was observed, suggesting an increase in microvessel density in SDHx-related
PPGLs. These results are in line with our previous estimations of mRNA levels measured by
qPCR [36] and with Blank et al. [32] who also observed a significant correlation between SDHBrelated PPGLs and microvessel density. VEGF stimulates angiogenesis but this probably will
not necessarily result in higher uptake of 18F-FDG since newly formed vessels can be leaky and
do not provide tumor cells with nutrients like glucose. Therefore, we also investigated CD34,
marker for more mature endothelial cells. An increase in percentage of anti-CD34 staining was
confirmed by quantitative analysis of CD34 immunohistochemical staining. Moreover, mean
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vascular perimeter was significantly higher in SDHx-related tumors compared to cluster 2 and
sporadic tumors. Nevertheless, no statistical differences in microvessel density were observed
which could be attributed to highly heterogenous vascular patterns observed in these tumors.
Taken together, increased endothelial surface area in this type of tumors can potentially
contribute to higher accumulation of 18F-FDG, supporting the idea that functionality of vessels
is more critical for SUVs than microvessel density.
Additional studies with a larger sample size are needed to further explore the genotype-specific
signature of expression of markers of the Warburg effect and their impact on functional imaging
of these tumors. Also, somatic mutations in apparently sporadic tumors will need to be taken
into account. Besides genetic factors, the influence of the microenvironment on the metabolism
of tumor cells deserve further investigations. Furthermore, besides immunohistochemistry,
a more quantitative approach such as western blotting (not performed in the present study
due to limited sample quantity) would be useful for better assessment of the expression of the
investigated markers. In addition, SUVs merely provide a semi-quantitative measurement of
18

F-FDG uptake, not providing information on the actual exchange of 18F-FDG between the

intra- and extracellular compartment. This would require a dynamic scanning approach. In
addition, considering the heterogeneous uptake pattern observed in some tumors, both SUVmean
and SUVmax have their limitations regarding their representativeness for the tumor as a whole
and the correlation with tissue markers.
In conclusion, activation of aerobic glycolysis in SDHx-related PPGLs is associated with increased
F-FDG accumulation due to accelerated glucose phosphorylation by hexokinases rather than

18

increased expression of glucose transporters. Differences in tumor vasculature and the activity
of transporter systems may also contribute to genotype-related SUVs.
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SUPPLEMENTARY DATA
Supplementary Table 1. Patients characteristics and results for immunohistochemical markers of glucose
uptake and metabolism and 18F-fluorodeoxyglucose uptake.
Genotype

Sex

Age (y)

Tumor
dimensions (mm)

Tumor
location

Tumor stage

Sporadic1

F

70

12 x 8 x 16

EA

metastasis

Sporadic

F

66

30 x 27 x 32

RA

primary

Sporadic

F

56

21 x 17 x 22

RA

primary

Sporadic

M

66

27 x 23 x 23

RA

rest tumor

Sporadic

F

75

35 x 26 x 37

RA

primary

Sporadic

M

44

23 x 26 x 32

RA

primary

Sporadic

M

70

52 x 40 x 50

RA

primary

Sporadic

M

41

22 x 22 x 21

RA

primary

Sporadic

M

36

70 x 63 x 60

RA

primary

Sporadic

M

49

75 x 56 x 73

RA

primary

Sporadic

F

53

35 x 32 x 33

LA

primary

Sporadic

M

20

78 x 52 x 70

RA

primary

Sporadic

M

62

31 x 35 x 38

LA

primary

Sporadic

F

50

50 x 52 x 53

LA

primary

Sporadic

F

55

43 x 40 x 50

LA

primary

RET

M

36

17 x 13 x 20

LA

local relapse 2

RET

M

36

23 x 19 x 30

LA

primary

RET

M

44

27 x 18 x 38

RA

primary

RET

M

71

22 x 17 x 17

RA

primary

RET

F

47

49 x 45 x 45

RA

primary

MAX

M

63

38 x 25 x 41

LA

local relapse 1

NF1

F

70

46 x 33 x 65

RA

primary

SDHD

M

32

21 x 14 x 21

EA

primary

SDHD

F

60

55 x 45 x 50

EA

primary

SDHD

M

46

30 x 30 x 21

RA

primary

SDHB

M

41

22 x 22 x 20

EA

local relapse 2

SDHB

M

21

13 x 14 x 17

EA

primary

Patients were tested for the presence of germline mutations and large deletions in SDHB/C/D, RET,
VHL and -since 2011- in SHDA, SDHAF2, TMEM127 and MAX.
M=male; F=female; y = years; EA = extra-adrenal; LA = left adrenal; RA = right adrenal;
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HK-2

HK-3

GLUT-1

GLUT-3

VEGF

MCT-4

SUV max

SUVmean

200

100

120

100

200

90

0.79

0.70

80

80

90

90

90

5

2.78

1.27

40

80

110

130

160

100

1.67

0.78

0

60

0

80

90

90

1.93

1.14

270

80

25

180

270

100

5.82

2.81

90

60

40

150

80

60

2.32

1.08

0

40

20

0

5

20

1.28

0.62

190

120

66

210

180

30

0.83

0.60

20

60

100

10

150

40

2.15

0.90

0

10

165

110

90

160

2.28

0.97

50

120

120

150

160

160

1.87

1.10

160

20

15

180

180

270

4.58

1.63

180

30

160

90

180

160

1.64

0.95

90

160

60

150

150

270

3.06

1.62

110

160

200

90

140

160

6.47

3.26

35

160

30

160

90

80

1.61

1.01

150

40

85

150

180

40

1.57

0.83

20

180

100

160

130

200

2.42

1.25

50

160

50

160

90

160

1.83

0.99

30

70

10

50

150

70

1.90

1.11

100

90

30

70

90

30

2.30

0.99

70

70

90

70

10

70

1.97

0.94

120

180

30

200

200

160

10.2

3.99

210

140

110

200

270

60

9.28

5.42

280

160

60

90

180

80

1.64

0.95

230

200

200

90

180

160

11.8

4.93

200

90

20

150

270

270

8.83

4.76

4

HK-2 = hexokinase-2; HK-3 = hexokinase-3; GLUT-1 = glucose transporter type 1; GLUT-3 = glucose transporter
type 3; VEGF = vascular endothelial growth factor; MCT-4 = monocarboxylate transporter type 4; SUV = standard
uptake value (max = maximum).
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Supplementary Table 2. Details of antibodies used for immunohistochemistry.
Primary
antibody

Host

Concentration (µg/ml)

Manufacturer /
Catalog number

Secondary
antibody

Concentration
(µg/ml)

Manufacturer / Catalog
number

HK-1

Goat

10

Santa Cruz
Biotechnology
SC 6518

Rabbit
anti-goat
biotin

4

DAKO,
EO466

HK-2

Goat

3

Santa Cruz
Biotechnology
SC 6521

HK-3

Goat

10

Santa Cruz
Biotechnology
SC 6523

GLUT-1

Rabbit

1

Thermo Scientific
RB-9052-PO

Goat
anti-rabbit
biotin

7.5

Vector Laboratories,
BA-1000

GLUT-3

Mouse

Neat

Thermo Scientific
PA1-28204

Goat
polyclonal
anti-mouse/
rat/rabbit
peroxidase

1:1 of neat

Immunologic,
DPVO
110HRP

MCT-4

Rabbit

5

Millipore AB3316P

VEGF

Rabbit

32

Gifted by dept. of
Laboratory
Medicine, RUNMC

CD-34

Mouse

1:200

Immunologic
ILM 1343
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Immunologic,
DVPO
999HRP
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R e la t iv e e x p r e s s io n ( 2 ^ ( -  C t ) )

Relative expression (2^(-ΔCt))

R e la t iv e e x p r e s s io n ( 2 ^ ( -  C t ) )

18

A

b

0.010
0.008

0.006
0.004
0.002

a

4

a

0.000

B

S p o ra d ic

SDHx

R ET /N F 1/M A X

0.05

b
0.04
0.03

a

0.02

a

0.01
0.00

S p o ra d ic
Sporadic

SDHx
SDHx

R ET /N F 1/M A X
RET/NF1/MAX

Genotype
Supplementary Figure 1. Expression of (A) Hexokinase 2 and (B) glucose transporter type 3 mRNA in
PPGL tumors.
Expression of mRNAs in PPGL tumors were investigated using qPCR and their relative expression levels across
different genotypes are plotted. Groups with different letters as superscripts are significantly different.
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SUPPLEMENTARY METHODS
Quantitative PCR
Total RNA was isolated using the Total RNA purification Kit (Norgen Biotek Corp) with on-column
DNase-I treatment. RNA concentrations were determined by measuring the spectrophotometric
absorption at 260 nm using the GeneQuant (Amersham). cDNA synthesis was performed using
500 ng total RNA and 8 µl 5X iScript reaction mix (Bio-Rad) containing oligo dT primers, with
a total volume of 40 µl. cDNA synthesis was performed using a heating block. Samples were
denatured for 10 min at 70 0C and cDNA synthesis was performed for 60 min at 42 0C, followed
by an enzyme inactivation step for 5 min at 99 0C. Quantitative PCR (qPCR) was performed to
determine the expression levels of HK-2, GLUT-3 and β2 Microglobulin (β2M) mRNAs in 22
PPGL tumor tissues. The primers used for the reactions are as follows: HK-2 Forward Primer
5’ TCAGATTGAGAGTGACTGCC 3’ and Reverse Primer 5’ TTTCTCGTATCCTGTCCACC
3’ GLUT-3 Forward Primer 5’ GTGGCCCAGATCTTTGGTC 3’ and Reverse Primer 5’
AAGGGCTGCACTTTGTAGG 3’ β2M Forward Primer 5’ATGAGTATGCCTGCCGTGTG 3’
Reverse Primer 5’CCAAATGCGGCATCTTCAAAC3’. Reactions were performed using SYBR
green PCR master mix (Applied Biosystems). cDNA equivalent of 10 ng total RNA was used for
each reaction and the reactions were performed in a total volume of 10 µl in ABI Prism 7500
sequence detector (Applied Biosystems). The amplification reactions were carried out with
denaturation at 95 0C for 10 min, 40 cycles of 15 s at 95 0C (melting), and 60 s at 60 0C (annealing
and elongation). The expression of the mRNAs was calculated relative to the levels of the internal
control gene β2M. The relative expression levels were determined by the 2-ΔCt method.
Immunohistochemical staining and quantification
Tumor tissue sections were deparaffinized, rehydrated and washed with 50 mM phosphate
buffered saline (PBS). Antigen retrieval was performed by boiling the sections in 10 mM citrate,
pH 6.0 in a microwave for 3 minutes at 850W followed by 10 minutes at 150 W. Endogenous
peroxidase activity was blocked with 3% hydrogen peroxide (H2O2) in PBS for 30 minutes. For
HK-1, 2 and 3 staining, endogenous peroxidase activity was blocked by incubation with 0.6%
H2O2

in 40% methanol and 60% 50 mM PBS for 30 minutes. Subsequently, the sections were

washed with PBS. Non-specific interactions were blocked using normal human serum (5% in
PBS for 30 minutes) for HK-1, 2 and 3, normal goat serum (20% in PBS) for VEGF, MCT-4, (30
minutes) GLUT-1 and -3 (10 minutes) respectively. For GLUT-1 prior to incubation with the
primary antibody, avidin and biotin block (Vector Laboratories, SP-2001) was performed for 15
minutes each. Primary antibody diluted in 0.1% BSA/PBS was applied (Supplementary Table 2)
for 60 minutes for HK-1, HK-2, HK-3, CD34 and GLUT-3, 90 minutes for MCT-4 and overnight
for GLUT-1 and VEGF at 4 °C. The sections were then washed with 50 mM PBS, followed by
incubation with the secondary antibody for 30 minutes (Supplementary Table 2). Slides stained
for HK-1, HK-2, HK-3 and GLUT-1 were incubated with avidin biotin reagent (Vectastain Elite
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ABC Kit, Vector Laboratories, PK6100) for 45 minutes. The sections were washed with PBS
and incubated with 3,3-diaminobenzidine (DAB) (Immunologic, BS04-110) for 10 minutes.
After washing DAB with running tap water for 5 minutes, the sections were counterstained
with hematoxylin for 10 seconds, washed and dehydrated in ethanol series (50%, 70%, 100%)
followed by xylene and mounted with permount.
Expression of various markers was quantified by evaluating the amount of DAB staining by an
experienced pathologist (BK) who was unaware of the patient’s clinical data while CD34 was
scored automatically. The percentage of the positive stained area of the sections was graded
in a scale ranging from 0-100%. The intensity of the DAB color was graded as non-staining (0),
faint staining (I), medium staining (II) and intense staining (III), ignoring the background color of
the staining. Areas containing adrenal cortex, brown fat and capillaries were used as controls for
comparison between different sections. The intensity of each marker was evaluated separately.
Cytoplasmic staining was evaluated for HK-1, HK-2, HK-3 and VEGF. For GLUT-1, GLUT-3 and
MCT-4 cytoplasmic and/or membrane staining was graded as they were expressed both in the
cytoplasm and membrane. The score of the staining represents the expression of the markers
and is based on the multiplication of the intensity with the percentage of the positive stained
area.
For CD34 scoring, image acquisition was performed using a CCD color camera (AxioCam MRc;
Carl Zeiss AG, Jena, Germany) mounted on a conventional light microscope (AxioPhot; Carl
Zeiss AG, Jena, Germany) and attached to a personal computer. Images were acquired using a
x20 objective (Plan Neofluar, NA = 0.5, resulting in specimen level pixel size of 0.53x0.53 µm2).
Prior to analysis of the immunohistochemical staining, an image of an empty microscopic field
was acquired, which was used for correction for unequal illumination. Image acquisition and
analysis were performed using a custom written macro in KS400 image analysis software (Carl
Zeiss). Thresholds for recognition of CD34-positivity were determined from a set of training
slides and were found adequate for almost all slides analyzed in this study. When the initial
thresholds led to unrealistic patterns, interactive adjustment was performed by the operator.
For each patient, the percentage of anti-CD34 stained area, the microvessel density and the
vessel perimeter were calculated per surface area tumor in ten randomly selected images.
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ABSTRACT
Background: Static single timeframe

18

F-FDG PET/CT is useful for the localization and

functional characterization of pheochromocytoma and paraganglioma (PPGL).

18

F-FDG-

uptake varies between PPGLs with different genotypes and highest standardized uptake
values (SUVs) are observed in case of succinate dehydrogenase (SDH) mutations, possibly
related to enhanced aerobic glycolysis in tumor cells. The exact determinants of 18F-FDG
accumulation in PPGL are unknown. We performed dynamic PET/CT scanning to assess in
vivo 18F-FDG pharmacokinetics to investigate whether it has added value over static PET to
distinguish different genotypes.
Methods: Dynamic 18F-FDG PET/CT was performed in 13 sporadic PPGLs and 13 PPGLs from
11 patients with mutations in SDHA/B/D, von Hippel-Lindau (VHL), RET and neurofibromin
1 (NF1). Pharmacokinetic analysis was performed using a two-tissue compartment tracer
kinetic model. The derived transfer rate-constants for transmembranous glucose flux (K1
(in), k2 (out)) and intracellular phosphorylation (k3) along with the fractional blood volume
(Vb) were analyzed using non-linear regression analysis. Glucose metabolic rate (MRglc) was
calculated using Patlak linear regression analysis. Maximum SUVs (SUVmax) of the lesions were
determined on additional static PET/CT.
Results: Both MRglc and SUVmax for hereditary cluster 1 (SDHx, VHL) tumors were significantly
higher than for hereditary cluster 2 (RET, NF1) and sporadic tumors (P<0.01, P<0.05,
respectively). Median k3 in cluster 1 was significantly higher than for sporadic tumors
(P<0.01). Median Vb for cluster 1 was significantly higher than for cluster 2 tumors (P<0.01).
No statistical significant differences in K1 and k2 were found between the groups. Cutoff
values for k3 to distinguish between cluster 1 and other tumors were established at 0.015
min-1 (100% sensitivity, 15,8% specificity) and 0.636 min-1 (100% specificity, 85.7% sensitivity).
MRglc significantly correlated with SUVmax (P=0.001) and k3 (P=0.002).
Conclusion: In vivo metabolic tumor profiling in patients with PPGL can be achieved by
assessing 18F-FDG pharmacokinetics using dynamic PET/CT scanning. Cluster 1 PPGLs can
be reliably identified by a high 18F-FDG phosphorylation rate.
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INTRODUCTION
Static

18

F-FDG PET/CT has been proven useful for localization and characterization of

both primary and metastatic pheochromocytomas and paragangliomas (PPGLs) [1]. These
catecholamine-producing tumors derive from the adrenal medulla and extra-adrenal
sympathetic chromaffin tissues. At least one-third of PPGLs are associated with hereditary
cancer susceptibility syndromes [2]. Germline mutations have been identified in more than 15
well-characterized genes, most commonly in succinate dehydrogenase (SDH) complex subunit
B and D (SDHB/D), RET, von Hippel-Lindau (VHL) and neurofibromin 1 (NF1) [2, 3]. Furthermore,
somatic mutations are found in at least one third of sporadic PPGLs [2]. Hereditary PPGL can
be segregated into two clusters based on their transcription profiles: cluster 1 (SDH, VHL) is
enriched for genes that are associated with the hypoxic response, and cluster 2 (RET, NF1)
implicates gene mutations that activate kinase signaling [4, 5]. SDHB mutations are associated
with a particularly malignant phenotype [6-8].
The degree of 18F-FDG uptake mirrors glucose metabolism in tumor cells and varies between
different PPGL genotypes. The highest standardized uptake values (SUVs) on static PET/
CT images are observed in SDHx and VHL-related tumors [9-11]. The high SUVs observed
in cluster 1 PPGLs are currently not well explained or reflected by dedifferentiation or high
proliferation rate [9, 12-14]. Increased glucose uptake could be rather due to genotyperelated changes in energy metabolism [15, 16]. This is supported by our previous observation
that 18F-FDG accumulation in SDHx-related PPGLs is associated with increased expression
of hexokinases (HK), indicating an increase in aerobic glycolysis, also known as the Warburg
effect [10]. Alternatively, high SUVs could be related to a high proportion of unmetabolized (e.g.,
unphosphorylated) 18F-FDG present in the PPGL tissue. Dynamic 18F-FDG PET/CT gives the
opportunity to determine the proportion of unmetabolized (e.g., unphosphorylated) 18F-FDG
[17]. The unmetabolized 18F-FDG includes 18F-FDG located in various compartments including
the extracellular spaces (in the bloodplasma, in the extravascular extracellular space) and in
the cells. Pharmacokinetic analysis of dynamic PET/CT allows quantitative assessment of in
vivo glucose metabolic rate (MRglc). Additionally, pharmacokinetic rate-constants of 18F-FDG
metabolism and blood volume fraction can be calculated by using a two-tissue compartment
model [17].
The aims of this study were 1) to assess in vivo 18F-FDG uptake and pharmacokinetics across
sporadic and hereditary PPGLs by using dynamic multi-timeframe PET/CT scanning in order to
analyze the glycolytic activity of cluster-1 PPGLs, and 2) to investigate whether dynamic PET/
CT has added value over static 18F-FDG PET/CT for distinguishing between different genotypes.
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MATERIAL AND METHODS
Patient population
Between October 2013 and April 2017, we prospectively included 26 patients who underwent
F-FDG PET/CT imaging as part of their diagnostic evaluation for PPGL. The initial fifteen patients

18

were included consecutively regardless of genotype. To achieve a representative mix of different
hereditary cases the additional eleven patients were selected for inclusion based on (high pre-test
suspicion of) the presence of a germline mutation. All patients were investigated at the Radboud
University Medical Center. Exclusion criteria were diabetes mellitus, fasted glucose level ≥ 8.0
mmol.L-1, severe claustrophobia, breast feeding and pregnancy. Twenty-four patients (13 males,
14 females, mean age, range; 52.7, 20-85 years) were analyzed as two patients were excluded
because of fasting hyperglycemia at time of scanning and they were later proven to have diabetes
mellitus. The biochemical diagnosis of PPGL had been confirmed in all cases. In twenty patients, the
diagnosis of PPGL was re-confirmed histologically after surgery. . Twenty-one patients had nonmetastatic PPGLs (19 adrenal, 2 extra-adrenal). Three patients had metastatic PPGL, including
one with retro-aortic lymph node metastasis, one with retrocaval lymph node metastasis, and one
with both para-aortic lymph node and thoracic spine bone metastasis. The presence of germline
mutations and large deletions in SDHA/B/C/D/AF2, VHL, RET, TMEM127, and MAX was investigated
using standard procedures. Eleven patients had an underlying mutation. The others were classified
as apparently sporadic. Patient characteristics are listed in Table 1. Plasma concentrations of free
metanephrines were assayed using high-performance liquid chromatography [18]. Biochemical
phenotypes were categorized as described previously [19]. Tumor sizes were recorded from
pathology reports. The study was approved by the Institutional Review Board of the Radboud
University Medical Center and written informed consent was obtained from each patient.
F-FDG PET/CT image acquisition and reconstruction

18

Patients fasted for at least 6 hours prior to scanning. Venous blood glucose levels were measured
before

18

F-FDG-infusion. All PET/CT-scans were acquired on a Biograph mCT-40 (Siemens

Medical Solutions USA, Inc., Knoxville, TN, USA) which was calibrated, harmonized and was
certified by European Association of Nuclear Medicine (EANM) Research Ltd in accordance
with the EANM guidelines [20]. CT findings were used to select the index tumor lesion. After
performing low-dose breath-hold spiral-CT, free-breathing PET/CT images in a single bed position
were acquired immediately after 18F-FDG infusion in list mode for 55 minutes in supine position
with the index tumor centrally located in the field of view. Subsequently, static 18F-FDG PET/CT
from skull-base to mid-thigh was performed 66 ± 4 minutes (mean ± SD) after 18F-FDG infusion
for clinical purposes. A dose of 1.82 ± 0.23 MBq.kg-1 18F-FDG (range; 83-202 MBq) was directly
administered in an antecubital vein by using a standardized injection protocol (8.0 ml at 0.2
ml.sec-1) with a remote-controlled pump, followed by a saline flush (40 ml at 8.0 ml.sec-1), after
the start of acquisition. Data were acquired and reconstructed as previously described [10, 21].
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Image analysis of dynamic PET
Decay-corrected PET/CT images were reviewed using Inveon Research Workplace (version 4.2;
Siemens Healthcare). Images were analyzed by one investigator (AB) under the supervision of
two experienced nuclear medicine physicians (DV, LFGO).
Parametric images of MRglc were derived from tissue and plasma blood time-activity
concentration curves by using the Patlak linearization approach, with data acquired between
15 and 55 minutes after injection, as previously described [17, 22]. A detailed description of
the Patlak graphical analyses and its assumptions have been published elsewhere [23] and a
summary is provided in the Supplementary Methods section.

5

Tracer pharmacokinetics were assessed by performing pharmacokinetic analysis on the basis
of tissue and plasma blood time-activity concentration curves. The rate-constants (K1-k3) and
vascular blood fraction (Vb) were calculated using nonlinear least-squares regression analysis by
assuming a two-tissue, irreversible compartment model (Figure 1). The optimization consisted
of 99 random starting points with reproducible results to prevent optimization algorithm to quit
when converging to a local minimum instead of the global minimum.

K1
18F-FDG

plasma

in
k2

k3
Non-metabolized
18F-FDG
intracellular

Metabolized

18F-FDG-6-PO

intracellular

4

Vb
Figure 1. The irreversible two-tissue compartment model for 18F-fluorodeoxyglucose (FDG) metabolism.
The measured positron emission tomography signal (shown as a grey box) is a combination of the intracellular
activity concentration of free 18F-FDG (non-metabolized 18F-FDG in tissue), the intracellular activity concentration
of 18F-FDG-6-phosphate (metabolized 18F-FDG-6-PO4 in tissue), and a fraction of the activity concentration of
18
F-FDG in blood plasma (blood volume fraction, Vb). By using dynamic PET/CT, pharmacokinetic rate-constants
K1 and k2 (the rate-constants of transport of 18F-FDG in and out the tumor cell by glucose transporters, given in
milliliters per gram per minute), k3 (the rate-constant of cytoplasmic phosphorylation of 18F-FDG by hexokinase,
per minute) and Vb (in milliliter of blood per milliliter of tumor) can be determined by using nonlinear least-squares
regression of dynamic PET/CT data. The vertical dashed line represents the cell membrane.
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Table 1. Patient characteristics.
Patient
No.

Sex

Genotype

Age
(yrs)

Tumor location

1

M

NF1

66

LA

2

F

NF1

31

LA

3

F

RET

62

LA

4

F

RET

20

RA

5

M

RET

35

RA

6

M

RET

70

LA

7

F

SDHA

63

LA
EA (Thoracic spine)
EA (Para-aortic lymph node)

8

M

SDHA

35

EA (Retro-aortic lymph node)

9

M

SDHB

46

EA (Dorsolateral bladder)

10

M

SDHD

64

RA

11

M

VHL

48

RA

12

F

Sporadic

55

LA

13

F

Sporadic

34

RA

14

M

Sporadic

51

EA (Retrocaval lymph node)

15

F

Sporadic

33

LA

16

F

Sporadic

56

EA (Para-aortic lymph node)

17

M

Sporadic

66

LA

18

M

Sporadic

85

RA

19

M

Sporadic

55

LA

20

M

Sporadic

43

LA

21

F

Sporadic

73

LA

22

F

Sporadic

55

RA

23

M

Sporadic

64

RA

24

F

Sporadic

55

LA

Study included a total of 24 patients.
DA=dopamine, E=epinephrine, EA=extra-adrenal, F=female, yrs=years, LA=left adrenal, M=male, NA = not
available, NE=norepinephrine, RA=right adrenal, NE=norepinephrine.
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Primary/recurrent/metastatic

Maximum tumor diameter
(cm)

Biochemical phenotype

Primary

1.2

E + NE

Primary

4.0

E + NE

Primary

3.4

E + NE

Primary

3.5

E + NE

Primary

2.1

E + NE

Primary

3.0

E

Primary

NA

NE + DA

Metastatic

NA

NE + DA

Metastatic

NA

NE + DA

Metastatic

NA

DA

Recurrent

NA

NE + DA

Primary

1.5

NE + DA

Primary

2.2

NE

Primary

11.0

E + NE

Primary

5.0

E + NE

Metastatic

2.0

NE

Primary

4.0

E + NE

Primary

1.4

NE

Primary

1.8

E

Primary

NA

NE

Primary

3.5

E + NE

Primary

10.0

E + NE

Primary

12.5

NE + DA

Primary

1.5

E

Primary

5.0

E + NE

Primary

6.0

E + NE

5
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Image analysis of static PET
Static 18F-FDG PET/CT scans were also evaluated semi-quantitatively by standardized uptake
value (SUV) analysis. Maximum standardized uptake values (SUVmax) normalized for body
weight, were calculated as SUV = A / (IA x BW) [A: activity concentration within the volume of
interest (Bq.ml-1), BW: body weight (g), IA: injected activity (Bq)]. All calculated SUVs were decay
corrected by using the half-life of 18F.
Statistical analysis
Parameter values strongly deviated from a (log)normal distribution and are therefore presented
by median and range. For comparisons of MRglc, SUVmax, pharmacokinetic rate constants (K1-k3)
and Vb across different genotypes, data were analyzed using the independent-samples Kruskal–
Wallis test with Dunn post hoc test. To test for differences between primary and metastatic
PPGLs, the Mann-Whitney U test was used. Correlations were examined using the Spearman’s
rank correlation test and presented as the fraction of the total variance explained (R2). Cutoff
values for mutations in cluster 1 (SDHx, VHL) were determined using receiver-operatingcharacteristic curve analysis, and the area under the curve was calculated. Statistical analysis
was conducted using SPSS 20 (SPSS Inc.) and GraphPad Prism 6 software (GraphPad Inc.). A
two-sided P value of less than 0.05 was considered to be statistically significant.
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RESULTS
The results of (semi-)quantitative PET/CT-analyses are summarized in Table 2. In 23 patients,
dynamic 18F-FDG PET/CT was directed at a single index tumor in the field of view of one bed
position, except for one patient (no. 7) with multiple lesions in the field of view. For this patient with
metastatic disease, only the best evaluable lesion was included in the data analysis, i.e. a lymph
node metastasis without necrosis or previous local treatment (131I-metaiodobenzylguanidine
therapy and external radiotherapy).
Table 2. 18F-FDG PET/CT parameters.
All tumor lesions
(n = 26)

Primary tumors
(n = 22)

Metastases
(n = 4)

MRglc (nmol.ml-1.min-1)

53.6 (13.2 – 412.4)

49.4 (13.2 – 412.4)

137.6 (14.6 – 219.8)

SUVmax (g.cm )

4.7 (1.3 – 21.1)

4.6 (1.3 – 19.6)

7.1 (2.0 – 21.1)

-3

5

K1 (ml.g .min )

0.42 (0.10 – 3.25)

0.41 (0.18 – 3.25)

0.46 (0.96 – 0.51)

k2 (min-1)

0.95 (0.13 – 2.82)

0.93 (0.13 – 2.83)

1.04 (0.24 – 1.15)

k3 (min-1)

0.032 (0.011 – 0.170)

0.032 (0.014 – 0.151)

0.049 (0.011 – 0.170)

Vb (ml.ml-1)

0.148 (0.037 – 0.738)

0.144 (0.037 – 0.738)

0.182 (0.080 – 0.390)

-1

-1

Data are expressed as median (range). No significant differences were observed between the two groups
(Mann Whitney U test). K1-k3=rate constants of the two-tissue compartment model of glucose metabolism,
MRglc=glucose metabolic rate, SUVmax=maximum standardized uptake value normalized for body weight and
decay, Vb=blood volume fraction.

Dynamic 18F-FDG PET/CT in PPGLs
An example of a parametric image of glucose metabolic rate is shown in Figure 2. The median
MRglc for hereditary cluster 1 tumors (SDHx, VHL) was higher than for hereditary cluster 2
tumors (RET, NF1) (P<0.01) and apparently sporadic tumors (P<0.01) (Figure 3A).
Pharmacokinetic rate constants in PPGLs across hereditary and apparently sporadic tumors
are shown in Table 3 and Figure 4. The median k3 for hereditary cluster 1 tumors (SDHx, VHL)
was higher than for apparently sporadic tumors (P<0.01). The median Vb for hereditary cluster
1 tumors (SDHx, VHL) was higher than for hereditary cluster 2 tumors (RET, NF1) (P<0.01). Vb
appeared to be independent of tumor location and size (data not shown). In order to exclude
bias towards metastatic lesions, and thereby towards genotype, a subanalysis was performed
on primary lesions only, yielding similar results (Supplementary Table 1).
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A

D

B

E

C

C

Figure 2. Dynamic 18F-FDG PET/CT results in a patient with primary sporadic PPGL located in
the left adrenal (No. 24). (A) Parametric image of glucose metabolic rate (MRglc) from dynamic
18
F-fluorodeoxyglucose (FDG) positron emission tomography (PET) scan (B) Static 18F-FDG PET/CT (C)
Computed tomography (CT) scan (D) Image-derived input function (IDIF) and tumor time-activity curve
(TAC) (E) Patlak plot.
The slope of the Patlak plot equals influx constant Ki.

Table 3. 18F-FDG pharmacokinetic rate constants for primary and metastatic PPGLs.
Hereditary cluster 1
tumors (SDHx, VHL)
(n = 7)

Hereditary cluster 2
tumors (RET, NF1)
(n = 6)

Sporadic
tumors
(n = 13)

K1 (ml.g-1.min-1)

0.28 (0.10 – 3.25)

0.44 (0.23 – 0.65)

0.50 (0.18 – 1.01)

k2 (min )

0.79 (0.13 – 2.82)

1.08 (0.54 – 1.50)

0.99 (0.47 – 1.49)

k3 (min )
Vb (ml.ml )

-1
-1

-1

0.084 (0.015 – 0.170)

a

0.041 (0.015 – 0.062)

0.219 (0.080 – 0.738)

a

0.105 (0.037 – 0.128)

0.025 (0.011 – 0.059)b
b

0.151 (0.072 – 0.300)

Data are expressed as median (range). and : Values are significantly higher than b values when indicated
after unique values (P<0.01, Kruskal Wallis with post-hoc Dunn’s test). No significant differences were observed
between other groups. K1-k3=rate constants of the two-tissue compartment model of glucose metabolism,
Vb=blood volume fraction.
a
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A
450

B

P < 0.01

primary
metastatic

25

Cluster 2

Cluster 1

P < 0.05

primary
metastatic

ns

P < 0.01

P < 0.01

ns
Cluster 2

Cluster 1

20

350
300

SUV max

-1

-1

MRglc (nmol.mL .min )

400

250
200
150
100

15

10

5

50
0
SDHA

SDHB

SDHD

VHL

NF1

RET

Sporadic

0

SDHA

SDHB

SDHD

VHL

NF1

RET

Sporadic

Figure 3. Scatter plots show (A) glucose
C metabolic rate (MRglc) and (B) F-fluorodeoxyglucose (FDG)
maximum standardized uptake values (SUVmax) in PPGLs across different genotypes.
18

The horizontal bar represents the median and interquartile range (IQR). The diamonds represent three different
tumor locations in the same patient (No. 7, Table 1). All SUVs are normalized for body weight and decay. P values
are from Kruskal Wallis with Dunn post hoc test and the groups are compared as indicated; ns=not significant.

Static versus dynamic 18F-FDG PET/CT across genotypes
The median SUVmax for hereditary cluster 1 tumors (SDHx, VHL) was higher than for hereditary
cluster 2 tumors (RET, NF1) (P<0.01) and apparently sporadic tumors (P<0.05) (Figure 3B).
Receiver operating curves were determined for k3 and SUVmax of all cluster 1 tumors (n=7) and
other (both cluster 2 and apparently sporadic, n=19) tumors. The area under the curve for k3 was
0.880 (95% confidence interval (CI): 0.66-1.00; Figure 5) and for SUVmax 0.910 (95%-CI: 0.801.00; Figure 5), respectively. To provide 100% sensitivity, the upper reference to distinguish
cluster 1 tumors from other tumors was established at 0.071 min-1 for k3 (the minimum value
for cluster 1 tumors), resulting in a specificity of 100%. To provide 100% sensitivity, the lower
reference to distinguish cluster 1 tumors from other tumors was established at 4.7 for SUVmax,
resulting in a specificity of 68.4%, which is lower than for k3.
Determinants of 18F-FDG uptake in PPGLs
The correlation coefficients between MRglc and calculated SUVs and pharmacokinetic rate
constants are summarized in Table 4. MRglc significantly correlated with SUVmax (R2=0.475, 95%CI: 0.291-0.882, P=0.001) and k3 (R2=0.358, 95%-CI: 0.181-0.832, P=0.002) (Supplementary
Figure 1). No correlations were found between MRglc and K1, k2 and Vb, respectively.
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primary
metastatic

A

ns

B

Cluster 2

Cluster 1

3.5

3.0

3.0

2.5

2.5

k2 (min )

2.0

-1

-1

K1 (min )

3.5

primary
metastatic

ns
ns

1.5

1.5
1.0

0.5

0.5

SDHA

SDHB

SDHD

0.20

NF1

RET

ns

0.0

Sporadic

P < 0.01

primary
metastatic

C

VHL

ns

D
0.8

SDHB

SDHD

VHL

NF1

ns
P < 0.01

RET

Sporadic
ns

Cluster 2

Cluster 1

0.6

-1

-1

Vb (mL.ml )

0.15

k3 (min )

SDHA

primary
metastatic

Cluster 2

Cluster 1

ns
Cluster 2

Cluster 1

2.0

1.0

0.0

ns
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0.10

0.4

0.2

0.05

0.00

SDHA

SDHB

SDHD

VHL

NF1

RET Sporadic

0.0

SDHA

SDHB

SDHD

VHL

NF1

RET

Sporadic

Figure 4. Pharmacokinetic rate-constants (K1, k2 and k3) and blood volume fraction (Vb) in PPGLs across
different genotypes. The horizontal bar represents the median and interquartile range (IQR).
The diamonds represent three different tumor locations in the same patient (No. 7). P values are from Kruskal
Wallis with Dunn post hoc test and the groups are compared as indicated; ns=not significant.

Table 4. Determinants of glucose metabolic rate.
Parameter

MRglc (nmol.ml-1.min-1)
R² (95%-CI)

P

0.475 (0.291-0.882)

0.001**

K1 (ml.g .min )

0.066 (-0.629-0.156)

0.228

SUVmax
-1

-1

k2 (min )

0.145 (-0.732-0.073)

0.067

k3 (min-1)

0.358 (0.181-0.832)

0.002**

Vb (ml.ml )

0.107 (-0.103-0.677)

0.118

-1

-1

Correlations with MRglc are expressed as R-squared and corresponding P value (**P<0.01).
CI=confidence interval, K1-k3=rate constants of the two-tissue compartment model of glucose metabolism,
MRglc=glucose metabolic rate, R²=R-squared, SUVmax=maximum standardized uptake value normalized for body
weight and radioactive decay, Vb=blood volume fraction.
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Figure 5. Receiver-operating-characteristic curve for (A) pharmacokinetic rate-constant k3 and (B)
maximum standardized uptake values (SUVmax).
This curve was constructed from k3 and SUVmax of cluster 1 tumors versus other (cluster 2 and sporadic) tumors
in patients with PPGL. Diagonal line represents line of no discrimination.
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DISCUSSION
Our study provides the first quantitative assessment of in vivo glucose metabolic rate (MRglc) in PPGLs
across some genotypes, using dynamic 18F-FDG PET/CT scanning. We found profound genotypespecific differences in 18F-FDG pharmacokinetics between cluster 1 (SDHx, VHL) versus cluster 2
(RET, NF1) and sporadic PPGLs. Both MRglc and SUVmax were significantly higher in cluster 1 PPGLs
than in cluster 2 and sporadic tumors. Moreover, the glucose phosphorylation rate constant k3 was
significantly higher in cluster 1 tumors than in sporadic tumors and the vascular blood fraction (Vb)
was significantly higher in cluster 1 than in cluster 2 tumors. Furthermore, we demonstrated that k3
can be used to reliably distinguish between cluster 1 and other tumors.
PPGLs are usually benign, but up to 15-20% develop into metastatic disease. Currently there
are no reliable histological or molecular markers for malignancy. The strongest predictor for the
developments of metastases is the presence of a germline SDHB mutation [24]. In addition, the
prognosis is poorest in patients with metastatic PPGL due to an underlying SDHB mutation [8].
Therefore, early identification of PPGLs of an aggressive and/or SDHB related nature is key for
proper management. Radionuclide imaging is instrumental for tumor localization, but also for
the functional characterization of PPGLs [25].
We have previously shown that PPGL features on 18F-FDG PET/CT can point towards particular
hereditary syndromes and can be used, along with other clinical characteristics to guide the
genetic testing [9, 10, 26]. Using static 18F-FDG PET/CT, we have observed prominent 18F-FDG
accumulation in SDHx and VHL PPGLs, exhibiting higher SUVs compared to other tumors. This
is probably related to the fact that cluster 1 mutations result in a HIF-driven activation of the
hypoxic/angiogenic pathway and metabolic shift towards aerobic glycolysis, known as the
Warburg effect [16, 27, 28]. However, 18F-FDG accumulation is influenced by many factors,
such as the presence of necrosis, vascular density, activity of glucose transporters (GLUTs)
and glycolytic enzymes (HKs). Therefore, the exact determinants of 18F-FDG uptake in PPGLs
remained to be established.
Quantitative dynamic

18

F-FDG PET/CT is considered as the gold standard for measuring

in vivo tumor glucose metabolism. MRglc provides the most accurate estimate of the glucose
consumption [29, 30]. The cellular expression and activity of HKs is best reflected by the
pharmacokinetic rate constant k3. The major HK isoform, HK-2, is regulated by HIF-1alpha and
predominantly expressed in tumor cells that exhibit the Warburg effect [16, 31]. Okazumi et
al. [32] found a significant correlation between k3 and HK activity in liver tumors. Strauss et al.
[33] demonstrated that k1 and k3 reflect gene activity of GLUTs and HKs, respectively, and are
correlated with their cellular expression. They also reported an association between k3 and
HIF-1alpha [34]. In the current study, we found increased k3 values in cluster 1 PPGLs as well
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as a significant correlation between k3, MRglc and SUV, suggesting that increased accumulation
of 18F-FDG is largely determined by increased HK activity. In contrast, K1-k2 values were not
different between clusters, suggesting that GLUT activity does not account for genotypespecific differences in 18F-FDG avidity.
Differences in 18F-FDG uptake could also reflect differences in tumor blood flow and in parallel,
the delivery and metabolism of 18F-FDG. The dynamic PET-derived-parameter Vb represents the
fraction of blood within the tumor lesion. We observed relatively high average Vb values in PPGL
when compared to other types of tumors [34-36], but also a large variability between PPGLs.
Favier et al. have shown that PPGLs are hypervascular tumors with highly heterogeneous vascular
patterns [37]. This is probably related to the genotype-specific impact on angiogenesis. They also
found HIF-induced over-expression of vascular endothelial growth factor (VEGF) in SDHx and
VHL-related PPGLs [16]. We also demonstrated that VEGF expression and endothelial surface
area was higher in SDHx-related PPGLs than in cluster 2 and sporadic tumors [10]. In line with this
theory we observed that Vb was significantly higher in cluster 1 compared to cluster 2 PPGLs and
significantly correlated with SUVmax. Therefore, besides increased glycolysis, increased vascularity
or blood perfusion may be largely responsible for higher SUVmax in cluster 1 tumors.
Recently, Barbolosi et al. calculated the proportions of unmetabolized and metabolized
F-FDG and kinetic parameters in a small number of sporadic primary PPGLs as compared to

18

other tumors [36]. Their model was based on a new mathematical approach that integrates a
measurement error model without the acquisition of dynamic images. Interestingly, they found
that as compared to other tumors, PPGLs were characterized by a relatively low glycolytic
activity as expressed by a high proportion of unmetabolized 18F-FDG and relatively low k3
value. Furthermore, Ki (net influx rate constant) and Vb were relatively higher. In contrast to our
current study, however, no comparisons were made between PPGLs of different genotypes.
Nevertheless, we indeed also observed relatively low k3 values when compared to previous
measurements of k3 in other tumors by our group [35]. These results confirm that the glycolytic
effect due to the Warburg effect might be less pronounced than in several other types of cancer.
Besides a switch to glycolysis, increased uptake of 18F-FDG could also be affected directly by the
accumulation and paracrine effects of the oncometabolite succinate, as was recently suggested
by a study by Garrique et al. [38]. They demonstrated that exposure to succinate increased
the in vivo 18F-FDG uptake in an adenocarcinoma xenograft mouse model. Additional in vitro
studies showed that succinate did not affect 18F-FDG uptake by tumors cells per se, but rather
by endothelial cells. These results suggest the presence of a ‘metabolic crosstalk’ between tumor
cells and the microenvironment. The latter phenomenon has been previously described in PPGL
by others [39]. Unfortunately, our present study cannot further elucidate these mechanisms,
since dynamic 18F-FDG PET cannot distinguish the metabolized and unmetabolized component
of 18F-FDG in tumor cells versus stromal cells.
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Although on average, we found a significantly higher MRglc and SUVmax in cluster 1 PPGLs,
individual values for both parameters considerably overlapped between cluster 1 and sporadic
tumors. From a clinical point of view, it would be useful to identify the genotypes based on
functional imaging in individual patients, especially high risk SDHB tumors. This can be particulary
useful in patients carrying variants of unknown significance (VUS). Our results suggest that
dynamic 18F-FDG PET/CT could serve this purpose when HK-activity (k3) is taken into account.
We acknowledge that this study is limited by the small sample size. Obviously, our results would
need replication in a larger study sample that includes a better variety of genotypes, primary
PPGLs in various locations and metastases. This would also permit analysis of within cluster
variability, for example SDHx versus VHL. In addition, there are some practical constraints to the
clinical application of somewhat laborious dynamic PET in clinical practice. This, however, could
be overcome by simplification of the protocol such as in the Hunter’s method that was mentioned
previously [36]. Also, proton (1H) nuclear magnetic resonance (NMR) spectroscopy was shown
to discriminate between SDHx and non-SDH tumors by looking at the presence or absence of
a succinate peak, respectively [40, 41]. This imaging technique could be complementary to
dynamic PET/CT for in vivo metabolic profiling.
In conclusion, in vivo metabolic tumor profiling in patients with PPGL can be achieved better
by assessing 18F-FDG pharmacokinetics using dynamic PET/CT scanning than static FDGPET/CT. With this technique, cluster 1 PPGLs can be reliably identified by a high
phosphorylation rate,
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SUPPLEMENTARY DATA
Supplementary Table 1. 18F-FDG Pharmacokinetic rate-constants for primary PPGLs.
Hereditary cluster 1
tumors (SDHx, VHL)
(n = 4)

Hereditary cluster 2
tumors (RET, NF1)
(n = 6)

Sporadic
tumors
(n = 12)

K1 (ml.g-1.min-1)

0.26 (0.23 – 3.25)

0.44 (0.23 – 0.65)

0.48 (0.18 – 1.01)

k2 (min-1)

0.53 (0.13 – 2.82)

1.08 (0.54 – 1.50)

0.90 (0.47 – 1.49)

k3 (min )

0.095 (0.071 – 0.151)

0.041 (0.015 – 0.062)

0.255 (0.014 – 0.059)b

Vb (ml.ml-1)

0.386 (0.149 – 0.738)a

0.105 (0.037 – 0.128)b

0.167 (0.072 – 0.300)

-1

a

Data are expressed as median (range). a and b: a Values are significantly higher than b values when indicated
after unique values (P<0.01, Kruskal Wallis with post-hoc Dunn’s test). No significant differences were observed
between other groups. K1-k3=rate-constants of the two-tissue compartment model of glucose metabolism,
Vb=blood volume fraction.
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Supplementary Figure 1. Scatter plots shows correlation between glucose metabolic rate (MRglc) and (A)
maximum standardized uptake values (SUVmax) and (B) the pharmacokinetic rate-constant k3.
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SUPPLEMENTARY METHODS
Image Analysis of Dynamic PET
To measure the blood clearance of 18F-FDG, plasma time-activity curves were obtained from
an image-derived input function (IDIF). An early time frame (10-50 seconds post injection)
was used, in which the bolus of activity was best visualized, and the IDIF time-activity curve of
each patient was derived using a cylindrical container volume of interest (VOI) placed over the
entire aorta. Within this VOI, the aorta was segmented by using an isocontour representing
60% of the maximum activity within the VOI. Voxelwise Patlak analysis was performed to
obtain a parametric dataset. Tumor mean MRglc values were extracted using VOI’s of the tumor,
which were defined in the last time frames (40-55 minutes) by a manually drawn 3D region of
interest (ROI) in correspondence with CT images. VOIs were segmented by using an isocontour
representing 50% of the maximum MRglc so that nonmetabolic necrotic areas were excluded.
Correction was applied for time differences between the arrival of the 18F-FDG bolus in the
descending aorta and the tumor by visually synchronising the time of bolus arrival in the tumor
VOI with that of the aorta VOI. Glucose metabolic rate (MRglc, expressed in nmol.ml-1.min-1) in
tumor tissue was calculated as MRglc = Ki x (Cp/LC) (Ki, 18F-FDG influx constant, which is the
slope of the linear Patlak-plot over the interval 10-55 min; Cp, venous plasma glucose level (mol.
ml-1); LC, lumped constant). A lumped constant of 1.0 was assumed, thereby assuming equal
affinity of the biological system to 18F-FDG compared to glucose.
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ABSTRACT
Background: 18F-fluorodeoxyglucose (18F-FDG) PET/CT is useful for localising metastatic
pheochromocytoma and paragangliomas (PPGLs). In many other cancer types,

18

F-FDG

PET/CT is used for early therapy monitoring. Actual tumor shrinkage on CT according to the
Response Evaluation Criteria in Solid Tumors (RECIST) can be preceded by a decline in uptake
of 18F-FDG. This study aimed to evaluate the additional value of 18F-FDG PET/CT compared
to CT for assessing progression in patients with metastatic PPGL.
Methods: 78 patients with progressive metastatic and non-resectable PPGL were
prospectively included in FIRSTMAPPP (NCT 01371201), a randomized phase II study of
sunitinib. Both diagnostic CT and 18F-FDG PET/CT were performed at baseline and every
three months until patients developed progressive disease (PD), as determined by RECIST
1.1. Response evaluation with 18F-FDG PET/CT was performed according to PET Response
Criteria in Solid Tumors (PERCIST) 1.0 and European Organization for Research and
Treatment of Cancer (EORTC) criteria. Response was classified as: stable metabolic disease
(SMD) or progressive metabolic disease (PMD). The best overall metabolic response (BOmR)
was registered with both sets of criteria and compared.
Results: A total of 60 patients and 264

18

F-FDG PET scans were eligible for response

evaluation. Agreement on BOmR according to PERCIST and EORTC was observed in 83%
of patients with corresponding κ-coefficient of 0.74. Response according to RECIST and
PERCIST were concordant in 72% of patients. PMD coincided with PD in 30% and PMD
preceded PD/SD in 59%, respectively. In 11%, despite SMD, there was PD. The median time
to PD was 6 months versus 3 months to PMD (P<0.001). PMD was based on the development
of new 18F-FDG-avid lesion(s) in 45 (90%) patients, 25 of which were located in the bone.
Conclusion: Metabolic response monitoring by 18F-FDG PET/CT adds essential information
to treatment response monitoring in patients with metastatic PPGL, applying either PERCIST
or EORTC criteria. In the majority of cases, progressive disease was detected earlier with
F-FDG PET/CT than with CT-based RECIST criteria, in particular due to the early detection

18

of new bone metastases.
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INTRODUCTION
Functional imaging is widely used for the localisation of pheochromocytoma and
paraganglioma (PPGL), tumors arising from adrenomedullary and extra-adrenal chromaffin
cells, respectively [1].

18

F-fluorodeoxyglucose positron emission tomography ( 18F-FDG

PET) has shown to be highly sensitive in the detection of metastases of PPGL, especially in
carriers of germline succinate dehydrogenase subunit B (SDHB) mutations which predispose
to a malignant course [2-4]. Uptake of 18F-FDG reflects glucose metabolism and serves as
biomarker of tumor cell viability and proliferative activity. Consequently,

18

F-FDG PET/

CT can be used for the evaluation of metabolic response to anti-cancer therapies [5].
Traditionally, response monitoring is performed by measuring changes in tumor size on
anatomical imaging according to Response Evaluation Criteria in Solid Tumors (RECIST)
1.1 [6]. However, metabolic changes often precede any measurable change in tumor size,
making early response assessment difficult with such morphological measurements.
Additionally, targeted therapies may induce necrotic or cystic changes that do not result
in tumor shrinkage. Furthermore, bone metastases without soft tissue measurable
component are not considered RECIST assessible, whereas bone metastases are among
the most frequently (~70%) observed disease locations in patients with metastatic PPGL,
further complicating response assessment using RECIST [7]. This observation suggests that
18

F-FDG PET-based response evaluation might be more accurate, given that bone lesions

are included. In several other malignancies it has been demonstrated that assessment of
metabolic response by 18F-FDG PET/CT is more accurate for tumor response assessment
than RECIST and correlates better with patient outcome [5]. Early response assessment
may protect patients from unnecessary further exposure to ineffective and expensive
targeted therapies with potential toxic adverse events over a prolonged period of time.
Currently, two sets of criteria to quantify metabolic response are available: PET Response
Criteria in Solid Tumors (PERCIST) 1.0 [8] and the criteria developed by the European
Organization for Research and Treatment of Cancer (EORTC) [9]. Both sets are being
validated in prospective clinical studies.
Currently, treatment options for metastatic PPGLs are limited and rarely curative. Over the
past decade, the recognition of genetic and molecular pathogenic drivers for tumorigenesis
of PPGLs has led to the investigation of potentially beneficial targeted therapies. Sunitinib
is an oral multitargeted receptor tyrosine kinase inhibitor which blocks the activation of
vascular endothelial and platelet-derived growth factor receptors, thereby angiogenesis
and tumor cell growth. Sunitinib has proven to be effective in the treatment of advanced
renal cell carcinoma and gastro-intestinal stromal tumors [10]. Case series suggest that
sunitinib is also effective in a subset of patients with metastatic PPGL, resulting in a
partial response according to RECIST, disease stabilization and improved blood pressure
123
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control [11]. Sunitinib is now under investigation in the First International Randomized
Study in Malignant Progressive Pheochromocytoma and Paraganglioma (FIRSTMAPPP),
an international phase II multicenter study (ClinicalTrials.gov: NCT 01371201). The
primary objective of this double-blind randomized placebo-controlled trial is to determine
the efficacy of sunitinib on the progression-free survival at 12 months in patients with
progressive metastatic PPGL.
The aim of the current study was to evaluate the additional value of

18

F-FDG PET/CT

compared to CT imaging for assessing progression in patients with metastatic PPGL in
the context of FIRSTMAPPP. The performances of PERCIST and EORTC response criteria
were compared.
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MATERIALS AND METHODS
FIRSTMAPPP
Between 2012 and 2019, 78 patients with progressive metastatic and non-resectable PPGL
were prospectively included in FIRSTMAPPP, a randomized double-blind placebo-controlled
phase II multicenter study to evaluate the efficacy of sunitinib (starting dose 37.5 milligram daily).
The primary outcome is progression-free survival at 12 months. Details on the study design and
inclusion and exclusion criteria can be found at ClinicalTrials.gov (NCT 01371201). The inclusion
was finalized on 16th January 2019. However, the trial is currently still in its follow-up phase and
therefore treatment arms remain undisclosed. Patients were treated and evaluated at fourteen
different centers in France, the Netherlands, Italy and Germany (Supplementary Table 1). The
study was approved by the regional medical ethics committees (EudraCT no. 2010-024621-20).
All patients provided written informed consent. Response monitoring by both diagnostic CT and
F-FDG PET/CT was performed at baseline and at three monthly intervals during follow-up.

18

Follow-up was continued until the end of treatment in case of progressive disease established
by CT according to RECIST based on central review, or based on the decision of either patients
or treating physicians, for example because of toxicity or complications.
CT image acquisition, reconstruction and analysis
Contrast-enhanced CT images with slice thickness of ≤ 5 mm were used for RECIST 1.1 evaluation.
The injected (non-ionic) iodinated contrast agent was administered intravenously and the dose was
based on patients’ weight. To minimize the risk of contrast nephropathy, contrast-enhanced multiphase CT imaging was recommended for initial staging but not required for follow-up evaluations.
Imaging was performed during the arterial phase (≈30 s after administration of contrast) to increase
the sensitivity for the detection of liver metastases. The venous phase was acquired after 70-90s
after contrast administration for evaluation of the neck, the chest, the abdomen and the pelvis for the
assessment of both lymph node extension and metastases. CT images were evaluated by radiologists
of local centers by using the RECIST 1.1 criteria [6], but the final and decisive judgement was made
by central review at the coordinating center Gustave Roussy at Villejuif, France.
F-FDG PET/CT image acquisition and reconstruction

18

Patients fasted for at least 4-6 hours before receiving a 252 MBq (range, 71-471) dose of intravenous
F-FDG based on body weight. Whole-body 18F-FDG PET/CT images, generally from skull base to

18

mid-thigh, were acquired 61 min (range 42-119) after injection. For comparison of baseline and
follow-up 18F-FDG PET/CT images of a single patient, variation in incubation time was not attempted
to exceed 15 min whereas the administered 18F-FDG activity was not attempted to exceed 20% of
the baseline scan. Low-dose CT images were acquired for attenuation correction and for anatomical
reference. PET/CT images were reconstructed using an ordered-subset expectation maximization
algorithm and a gaussian filter using the standard manufacture-supplied reconstruction software.
125
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Image analysis of 18F-FDG PET/CT
F-FDG PET/CT images were qualitatively reviewed centrally at Radboud University Nijmegen

18

Medical Center by two experienced nuclear medicine physicians (MG, MJ) who were blinded to
clinical data and RECIST response outcome. Reading was performed on an Oasis workstation
(version 1.9.4.9, Segami). Furthermore, 18F-FDG PET/CT images were semi-quantitatively analysed
using Inveon Research Workplace (version 4.2; Siemens Healthcare) by three investigators (AB, TP,
LC). Volumes of interest (VOI) were manually drawn around target lesions in correspondence with
low-dose CT images. These container VOIs included the whole lesion whilst excluding other areas
of high 18F-FDG uptake. Adjacent lesions within a single organ (i.e. lymph nodes) that could not be
measured separately were considered as one single target lesion. If necessary, adjacent normal tissue
uptake (i.e. myocardium or bladder) was manually excluded from the VOI. Standardized uptake values
(SUV) were calculated as SUV = A / IA x (BSA or LBM), where A is the activity concentration within
the volume of interest (Bq/ml), BSA is body surface area (m2), LBM is lean body mass (kg) and IA is
injected activity (Bq). All calculated SUVs were decay-corrected using the half life of 18F-FDG. Since
liver metastases are often present in PPGL patients, uptake in the descending thoracic aorta was
used to define the 18F-FDG concentration in the blood pool. Aorta-normalized SUVs were calculated
as SUVs of target lesions divided by the corresponding aorta mean SUVs in a fixed volume of interest.
Response evaluation by 18F-FDG PET/CT
For the purpose of metabolic response monitoring, both PERCIST 1.0 [8] and EORTC [9] criteria
were applied. According to PERCIST criteria, the peak standardized uptake value corrected for lean
body mass (SULpeak) was determined in a maximum of five tumor lesions with the highest 18F-FDG
uptake, including a maximum of two lesions per organ system. Within the container VOI, SULpeak
was automatically extracted using an customized Matlab script (Matlab 2014b, Natick, MA, USA).
This script automatically identified the metabolically most active part of the tumor using a threedimensional (3D) spherical volume of interest (VOI) of 1 ml. On each follow-up scan, target lesions
could be redefined depending on shifts in the hottest lesion(s), on the condition that lesion(s) were
present since baseline. Baseline SULpeak had to exceed the background value (2x aorta SULmean + 2x SD
of aorta) for the tumor to qualify as a target lesion. Uptake of all target lesions were summed on each
scan (∑SULpeak). Metabolic changes were defined as a fractional change (ΔSULpeak) comparing the
follow-up scan with the baseline scan. Percentage change in ∑SULpeak (Δ∑SULpeak) was defined as the
difference in ∑SULpeak between baseline and follow-up divided by the baseline ((∑SULpeak,followup- ∑SUL
)/∑SULpeak,baseline) ∙100%. Complete metabolic response (CMR) was defined as a complete

peak,baseline

resolution of 18F-FDG uptake within all lesions to a level less than or equal to that of background
activity, making them indistinguishable from surrounding tissue. Partial metabolic response (PMR)
was defined as ≥30% decrease in ∑SULpeak with an absolute drop of 0.8 g∙mL-1 SULpeak units..
Progressive metabolic disease (PMD) was defined as ≥30% increase with an absolute increase of
0.8 g∙mL-1 SULpeak units or new visible 18F-FDG-avid lesion. Stable metabolic disease (SMD) was a
response between PMR and PMD.
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According to EORTC criteria, maximum standardized uptake values corrected for body surface
area (SUVmax) were determined in a maximum of seven tumor lesions with the highest 18F-FDG
uptake in as many involved organ systems as possible, with no maximum of lesions per organ. The
same tumor lesions were measured on subsequent follow-up 18F-FDG PET/CT images. Response
was determined by calculating the percentage change in SUVmax (Δ∑SUVmax) between baseline
and actual follow-up images in a similar fashion as the Δ∑SULpeak (Δ∑SUVmax=((∑SULmax,followup∑SULmax,baseline)/∑SULmax,baseline) ∙100%. Complete metabolic response (CMR) definition was
similar to PERCIST criteria. Partial metabolic response (PMR) was defined as ≥ 25% decrease in
∑SUVmax. Progressive metabolic disease (PMD) was defined as ≥ 25% increase or new 18F-FDGavid lesion. Stable metabolic disease (SMD) was a response between PMR and PMD.
The best achieved metabolic response (CMR, PMR or SMD) during treatment until PMD was
registered as the patients’ best overall metabolic response (BOmR). Metabolic response rate
(the rate of patients with CMR and PMR) was calculated from the patients’ BOmR.
Data analysis and statistiscs
Continuous variables deviated from a (log)normal distribution and were presented as median
and range, and categorical variables as number (%). Statistical analyses were performed using
SPSS 25.0 (IBM Corp, Armonk, NY). Graphs were drawn with GraphPad Prism 5.0 (GraphPad
Software, La Jolla, CA). Concordance between PERCIST and EORTC criteria was assessed
using the Cohen’s kappa (κ) coefficient. Agreement in BOmR between the two sets of criteria
was based on differences in summed standardized uptake values (Δ∑SULpeak for PERCIST and
Δ∑SUVmax for EORTC, respectively). New visible avid 18F-FDG PET lesions were not taken into
account for agreement analysis, since this would classify for PMD for both sets of criteria and
thereby resulting in perfect agreement between both methods. Since RECIST evaluation was
performed centrally, the available RECIST data for our analysis were the date of progressive
disease (PD) or, in case of no progression, stable disease (SD) after 24 months of treatment. Best
overall response data were not yet released. The date of PD according to RECIST was compared
to the date of PMD according to PERCIST. To test for the differences in time to progression
according to RECIST and PERCIST criteria, a non-parametric sign test was used. A two-sided
P-value below 0.05 was considered statistically significant.
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RESULTS
Patient inclusion and characteristics
Among 78 patients included in FIRSTMAPPP, 74 were examined with

18

F-FDG PET/CT at

baseline (Figure 1). Six patients were excluded because of rapid disease progression even prior
to the first scheduled follow-up visit at three months. Five additional patients were lost from the
study prematurely (within three months). Of these, one patient suffered from severe cardiac
toxicity, another discontinued due to general deterioration in clinical condition, two withdrew
consent and one was lost-to follow-up. Two patients with unavailable follow-up 18F-FDG PET/
CT images were excluded since they had follow-up with an alternative radiopharmaceutical
(68Ga-DOTATATE PET/CT and

111

In-pentetreotide scintigraphy, respectively). One patient

lacked any measurable disease on 18F-FDG PET/CT at baseline and could therefore not be
evaluated. Finally, a total of 60 patients were eligible for 18F-FDG PET/CT response evaluation.
The median follow-up time for patients was 9 months (range, 3-24). Patient characteristics are
listed in Table 1.

78 patients included
in FIRSTMAPPP study
No baseline 18F-FDG PET/CT scan available (n=4)

74 patients underwent
18F-FDG PET/CT
No 18F-FDG PET/CT follow-up:
- Rapid disease progression or died within 3 months (n=6)
- Lost from study prematurely within 3 months (5)
- No follow-up 18F-FDG PET/CT scan available (n=2)
- Negative baseline 18F-FDG PET/CT scan (n=1)

60 patients eligible for 18F-FDG PET/CT response evaluation
Figure 1. Patient flow chart of 18F-FDG PET/CT response evaluation.
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Table 1. Baseline characteristics of the 60 evaluated patients.
Variable

Value

Sex (n)
Male
Female

40
20

Age (years)
Median
Range

52
24-80

Weight (kilogram)
Median
Range

73
46-108

Hereditary background (n)
SDHB mutation
SDHA mutation
SDHC mutation
Sporadic or unknown

20
1
1
38

Localisation primary tumor (n)
Adrenal
Extra-adrenal
Head and neck

29
28
3

Duration of disease from first diagnosis until diagnosis of malignancy
Range (years)

0-17

Location of metastases (%)
Lymph nodes
Bone
Liver
Lung
Soft tissue
Pleura/peritoneum

77
49
26
32
8
7

Previous treatment (n)
Adrenalectomy
Paragangliomectomy
Adjacent organ resection
Lymph node resection
Bone surgery
Hepatic surgery
Pulmonary surgery
131
I-metaiodobenzylguanidine (MIBG) therapy
Chemotherapy
Embolisation
Radiofrequency ablation
Cryoablation
External radiotherapy
Targeted molecular therapy
Somatostatin analog therapy
Interferon-gamma therapy

35
24
13
23
4
11
8
13
14
5
8
6
19
2
7
9

6
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Availability of 18F-FDG PET/CT data
F-FDG PET/CT scans were obtained in 16 different centers with 12 different scanner types

18

(Supplementary Table 1). Patients with diabetes mellitus were not excluded. Median fasting
glucose level was 5.7 mmol.L-1 (range, 3.1-18.2). The plasma glucose level prior to image
acquisition was higher than 10 mmol.L-1 in nine (3.4%) scans (median 11.2, range 10.4-18.2).
These scans were nevertheless included. The total number of analysed 18F-FDG PET/CT scans
was 264. For individual follow-up, subsequent 18F-FDG PET/CT was performed using the same
scanner type in 71 (92%) of patients. 18F-FDG PET/CT scans were not consistently available
for every treatment visit in five (8%) patients. Of these, three patients had already PMD at an
earlier timepoint than the missing 18F-FDG PET/CT scan(s). In the other two patients, PMD
was established at a later timepoint than the missing 18F-FDG PET/CT scan(s), but still before
progressive disease was established on CT. Inconsistencies in intervals between tracer injection
and scanning (> 15 min) were noted in 23 patients. In 7 patients, the injected 18F-FDG activity
was > 20% higher than the respective follow-up scan, and in 4 patients > 20% lower.
PERCIST versus EORTC criteria for 18F-FDG PET/CT response evaluation
Lesions were observed in the adrenal glands, paraganglia, liver, lungs, bones, lymph nodes,
peritoneum, pleura and other soft tissues. Brown adipose tissue activation, possibly due to
catecholamine excess was frequently observed [12].
Table 2. Comparison of best overall metabolic response between PERCIST and EORTC Criteria.
EORTC
CMR

PMR

SMD

PMD

Total
PERCIST

CMR

0

0

0

0

0

PMR

0

11

0

0

11

SMD

0

4

21

2

27

PMD

0

0

4

18

22

Total EORTC

0

15

25

20

60

PERCIST

PERCIST and EORTC criteria agreed on 50 of 60 patients (83%). κ-coefficient = 0.74, indicating
substantial agreement.
CMR: complete metabolic response, PMD: partial metabolic response, SMD: stable metabolic disease, PMD:
progressive metabolic disease

BOmR according to PERCIST and EORTC are listed in Table 2. There were no cases of CMR,
regardless of which criteria were used. With PERCIST, 11 patients had PMR (metabolic response
rate 18%), 27 had SMD (45%) and 22 had PMD (37%) as BOmR. The number of patients with a
shift in the hottest lesion(s) during treatment was 43 (72%). In the other 17 patients (28%) the
same target lesion persisted throughout follow-up, including two patients with a single target
lesion (one with a mediastinal paraganglioma and carotid bifurcation lymph node metastasis
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and one with a local recurrence in the right adrenal and resected lymph node metastases).
With EORTC, 15 patients had PMR (metabolic response rate 25%), 25 had SMD (42%) and 20
(33%) had PMD as their BOmR. Agreement on BOmR was observed in 50 (83%) patients, with
a corresponding κ-coefficient of 0.74. There was disagreement on BOmR in 10 (17%) patients
and the discrepancies are outlined in Table 3.
Table 3. Discrepancies in best overall metabolic response between PERCIST and EORTC criteria.
No. of
patients

BOmR
PERCIST

BOmR
EORTC

Reason for disagreement

4

PMD

SMD

Increase in ∑SULpeak was greater than increase in ∑SUVmax for
multiple lesions and switch in hottest lesions at the follow-up scan

1

SMD

PMR

Reduction in ∑SUVmax was greater than reduction in ∑SULpeak for
multipele lesions and switch in hottest lesions at the follow-up scan

3

SMD

PMR

Decrease in ∑SULpeak and ∑SUVmax was between 25-30%, resulting in
SMD according to PERCIST and in PMR according to EORTC

2

SMD

PMD

Increase in ∑SULpeak and ∑SUVmax was between 25-30%, resulting in
SMD according to PERCIST and in PMD according to EORTC

BOmR: best overall metabolic response, CMR: complete metabolic response, PMD: partial metabolic response,
SMD: stable metabolic disease, PMD: progressive metabolic disease, ∑SULpeak: summed peak standardized
uptake value, ∑SUVmax: summed maximum standardized uptake value

PERCIST and metabolic response versus RECIST
Both PERCIST and EORTC results were compared with RECIST and showed substantial
agreement. Results for EORTC are described in the Supplementary Results.
According to RECIST, 45 (75%) patients developed progressive disease (PD) and 10 (17%)
patients had stable disease (SD) during a completed follow-up (maximum 24 months). For
the remaining five (8%) patients (no. 29, 41, 74, 76 and 78), RECIST outcome was unavailable
because they prematurely stopped therapy (n=3) or are still under treatment (n=2). According
to PERCIST, 50 patients (83%) had PMD, 8 (13%) had SMD and 2 (3%) had PMR (Figure 2).
PMD was based on the development of new 18F-FDG-avid lesion(s) in 45 (90%) patients, 25 of
which were located in the bone. Of these 45 patients, 27 had an increase of ≥30% in ∑SULpeak.
In 5 (10%) patients, PMD was based on an increase of ≥30% in ∑SULpeak only.
Response according to RECIST and PERCIST were concordant in 43 (72%) patients. Of these,
four patients had SD/SMD and 39 patients had PD/PMD. RECIST and PERCIST were discordant
in 17 (28%) patients. In 11 patients RECIST classified the response as SD, but PERCIST as PMD,
in 10 patients due to the appearance of new 18F-FDG avid lesions. On the other hand, six patients
with SMD were classified as having PD.

131

6

Chapter 6

Maximum change SULpeak from baseline (%)
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Figure 2. Response according to PERCIST 1.0 for individual patients.

The time to progression for individual patients with PD and/or PMD (n=56) is shown in Figure 3.
PMD coincided with PD in 30% and PMD preceded PD/SD in 59%, respectively. In 11%, despite
SMD, there was PD. Thirteen patients had already PMD after 3 months, while they developed
PD after more than 6 months. In 12 (92%) patients PMD was based on the development of new
F-FDG-avid lesion(s) in 12 (92%) patients and an increase of ≥30% in ∑SULpeak was observed

18

in 4 (31%) patients. The median time to PD was 6 months (range, 2-30 months) versus 3 months
(range, 2-22 months) to PMD (P<0.001). Representative images of patient no. 11 (PMD before
PD) are shown in Figure 4.
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Patient No.

RECIST 1.1
53
33
19
71
60
52
45
42
40
35
32
25
20
16
13
7
6
62
39
4
14
37
68
49
26
9
69
65
43
31
11
57
66
38
8
5
70
18
10
78
76
74
63
41
29
27
22
21
12
3
51
23
64
15
56
54

PERCIST 1.0
RECIST and PERCIST concordant
30%

6

PERCIST prior to RECIST
59%

◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆
◆

RECIST prior to PERCIST
11%

◆
◆
◆
◆
◆

0

3

6
9
12 15 18 21
Time to progression (months)

24

Figure 3. Detection of progressive disease according to RECIST 1.1 versus PERCIST 1.0.
Red diamonds represent stable disease/unknown progression, blue diamonds represent stable metabolic disease.
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A

B

C

baseline

month 3

Figure 4. 18F-FDG PET/CT and contrast-enhanced CT images in a patient with metastatic SDHA-related
pheochromocytoma (No. 11). New 18F-FDG avid bone lesion is visible after three months of treatment
(arrow). (A) Axial CT view, (B) axial attenuation-corrected 18F-FDG PET image, (C) axial PET/CT fusion image.
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DISCUSSION
The current study is the first to systematically evaluate the use of 18F-FDG PET/CT for the
monitoring of metabolic response to treatment in patients with metastatic PPGL. The study
population consisted of participants in a large randomized placebo controlled multicenter trial
on the effectiveness of treatment with sunitinib. Both PERCIST and EORTC criteria were used
and metabolic response was compared with response according to CT-based RECIST criteria.
PERCIST and EORTC criteria yielded similar BOmR rates, with a concordance of 83%. In 58%
of patients with progressive disease, progression was observed earlier with 18F-FDG PET/CT
based on PERCIST than by CT based on RECIST.
Anti-cancer treatments induce tumor necrosis and changes in tumor metabolism, which
can be depicted by

18

F-FDG PET/CT. The ability to differentiate between responders and

nonresponders early in the course of treatment is essential to allowing the early adjustment
of treatment regimens. Anatomical imaging using RECIST 1.1 criteria is a widely accepted
method to evaluate therapy response in routine clinical practice of patients with cancer.
However, RECIST depends on changes in tumor size which has some limitations for response
assessment. In the last decades, the increased availability of 18F-FDG PET/CT has led to the
investigation of this imaging modality as non-invasive tool for evaluating metabolic response
in clinical cancer trials. In several other malignancies it has been demonstrated that PET-based
response evaluation better correlates with patient outcome in terms of progression free and
overall survival than RECIST based response evaluation [5]. Early metabolic response can be
a predictor of overall treatment response [13-15], including patients who were treated with
sunitinib for gastro-intestinal stromal tumors or renal cell carcinoma [16-18]. In the current
study we found that disease progression in PPGL is detected earlier by PERCIST than by RECIST
in most cases. Consequently, PET-based response monitoring could reduce (the duration of) side
effects, prevent complications and reduce costs of ineffective systemic treatment.
Currently, two sets of internationally recognized criteria for PET/CT-based response evaluation
are available. The EORTC criteria [9] were first described in 1999 and have been used and
investigated since then. In the meantime, response assessment by 18F-FDG PET/CT has been
further developed and refined by the PERCIST criteria. However, both sets of criteria have not
been validated in large prospective studies. PERCIST and EORTC differ in several aspects with
both their own limitations and methodological issues [19]. The main differences are the primary
outcome measurement (SULpeak for PERCIST vs. SUVmax for EORTC), number of target lesions (5
vs. 7), maximum number of lesion per organ (no maximum vs. maximum 2 per organ), definition
of target lesions (hottest lesions on each subsequent scan vs. same lesions as baseline on each
subsequent scan) and the cut-off value of ΔSUV for PMR/PMD (30% vs. 25%). SUVmax partly
overlaps SULpeak and is easier and quicker to measure than SUVpeak, but it is also more sensitive
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to noise effects because it relies on the single hottest voxel within the lesion. Both PERCIST and
EORTC reflect the most metabolically active parts of tumor burden. Several studies have shown
that both sets of criteria provide very similar results for tumor response [5, 20-25]. The feasibility
of PET/CT-based criteria should be easy and reproducible by different observers in order to be
routinely performed in daily clinical practice. Generally, PERCIST criteria are recommended for
the use in clinical trials because of their more specific, detailed and unambiguous definitions.
Fledelius et al. [26] have demonstrated that PERCIST provides a higher overall agreement
between observers than a qualitative approach in categorising treatment response in nonsmall cell lung cancer patients. However, according to critics, PERCIST fails to provide reliable
results that are generally applicable and consensus should still be reached on a feasible analysis
methodology [19]. In our study population, we found a good agreement between PERCIST and
EORTC. Discrepancies between PERCIST and EORTC could mainly be attributed to a shift in
the hottest lesions, which was frequently (72%) observed.
The comparison of tumor response assessments between RECIST and PERCIST have shown
considerable differences in several studies. A pooled analysis and review by Min et al. [27]
demonstrated that concordance of tumor responses between RECIST and PERCIST in patients
with solid tumors is moderate. In patients with metastatic PPGL treated with sunitinib, AyalaRamirez et al. [11] observed that RECIST indicated SD in five patients, including four with
predominant bone metastases that showed a more than 30% decrease in 18F-FDG uptake
indicating for PMR. All four patients with PMR did have a longer progression-free survival and
three of them did have blood pressure improvement (the other patient was normotensive).
The main therapeutic objective in metastatic PPGL patients, as with the treatment for all
neuroendocrine tumors, is to control tumor growth and hormonal hypersecretion-related
symptoms and thereby quality of life. Therefore, it is particularly relevant to monitor changes
in tumor metabolism that influence endocrine activity in these patients.
Importantly, bone lesions are only measurable according to RECIST in case of an identifiable softtissue component and hence bone metastases are often non-evaluable by RECIST. Metastatic
lesions of PPGL are often (~70%) located in the bone. Approximately fifty percent of patients
in the present study had bone lesions, some smaller than 1 cm. Since PERCIST includes bone
lesions and RECIST does not, an advantage of the former response monitoring technique is
expected. In the current study, PMD was most often based on the appearance of new 18F-FDG
avid lesions and half of these cases had new lesions involving the bone.
It is important to be aware of possible false-positive results, since a paradoxical increase in
18

F-FDG uptake can sometimes be attributed to the metabolic flare response phenomenon,

which has been reported in other types of cancer treated with molecular targeted therapies
[28, 29]. Pseudoprogression includes unusual patterns of treatment response and can be
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observed until months after treatment initiation and may resemble tumor progression. So far,
pseudoprogression has not been reported for sunitinib and other multi-targeted tyrosine kinase
inhibitors. However, several studies have shown that sunitinib may enhance antitumor activity of
the immune system [30]. Furthermore, increased osteoblastic activity in metastatic bone lesions
due to rapid repair has been reported for anti-angiogenic therapies. Consequently, metabolic
response evaluation by 18F-FDG PET/CT may be hampered by pseudoprogression. On the other
hand, tumor necrosis is often seen after start of treatment with anti-angiogenic therapies. If
there is still a small part in the tumor lesion with high 18F-FDG avidity, PERCIST and/or EORTC
(SUVmax and SULpeak, respectively) do not reflect an overall decrease in tumor metabolism.
Although PPGLs are often hypervascularized tumors and the bone is often involved, we found
that metabolic progression was mostly based on the appearance of new 18F-FDG avid lesions.
This study has several limitations that should be acknowledged. First, data were collected
retrospectively from several international centers with differenvt local practices for 18F-FDG
PET/CT scanning. Only a part of the scanners were calibrated and harmonized according to the
European Association of Nuclear Medicine Research Ltd. (EARL) guidelines [31]. Consequently,
the used scanners and scanning protocols differed. Deviations in acquisition protocols can create
differences in 18F-FDG uptake, which might have influenced our results. These issues remain
difficult to overcome in any multicenter trial, taking into account the rarity of the condition.
Second, target lesions for semi-quantitative measurements were determined by three different
investigators with potential inter-observer variability. However, the used methodology was
standardized and all target lesions were checked in the reading of 18F-FDG PET/CT scans by
one experienced supervisor (MG). Third, patients may have received additional treatments to
manage local symptoms caused by metastases. These treatments, including local radiotherapy
or surgery, might potentially influence the 18F-FDG uptake and response outcome results.
Moreover, catecholamine-induced brown adipose tissue activation was frequently observed
in our cohort. This might also hamper reliable assessment of metastatic tumor lesions in this
specific patient population, although experienced nuclear physicians will recognize typical
locations. Finally and most importantly, to establish the true clinical benefit of metabolic
response monitoring as compared to RECIST, survival, biochemical and quality of life data need
to be taken into account.
In conclusion, metabolic response monitoring by 18F-FDG PET/CT adds essential information to
treatment response monitoring in patients with metastatic PPGL, applying either PERCIST or
EORTC criteria. In the majority of cases, progressive disease was detected earlier with 18F-FDG
PET/CT than with CT-based RECIST criteria, in particular due to the early detection of new
bone metastases.
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SUPPLEMENTARY DATA
Supplementary Table 1. 18F-FDG scanner modalities.
Country

City

Site

18

France

Bordeaux

University Hospital of
Bordeaux*

GE Discovery 690

Lyon

Centre Léon Bérard
Hospital Centre Alpes Léman

Philips Gemini TF 16
Philips Allegro
After July 2013: Siemens Biograph
16

Angers

Angers University Hospital

GE Discovery 690

Paris

Institute Gustave Roussy*

GE Discovery 690

Paris

Georges Pompidou European
Hospital

Philips Guardian Body

Marseille

Centre Antoine Lacassagne
University Hospital Timone

Siemens Biograph 40 mCT
GE Discovery 710

Strasbourg

Regional Hospital
Metz-Thionville
University Hospital of
Strasbourg

GE Discovery STE
Siemens Biograph 40 mCT
After April 2013: Siemens
Somatom Definition mCT

The Netherlands

Nijmegen

Radboud University Medical
Center*

Siemens Biograph 40 mCT

Italy

Padova

University Hospital of Padua

Siemens 1080

Brescia

ASST Civil Hospital of Brescia

GE Discovery 690

Würzburg

University Hospital Würzburg*

Siemens Biograph 40 mCT
After February 2015: Siemens
Biograph 64 mCT

Berlin

Charite University Hospital

Philips Gemini TF TOF 16
After April 2018: GE Discovery MI

München

Hospital of the University of
Munich

GE Discovery 690

Germany

F-FDG PET scanner

* Scanner accreditated according to the European Association of Nuclear Medicine Research Ltd. (EARL)
guidelines
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SUPPLEMENTARY RESULTS
EORTC metabolic response versus RECIST
According to EORTC, 50 patients (83%) had PMD, 7 (12%) had SMD and 3 (5%) had PMR. PMD
was based on the development of new 18F-FDG-avid lesion(s) in 43 (86%) patients, 27 of which
were located in the bone. Of these 43 patients, 28 had an increase of ≥25% in ∑SUVmax. In 6
(12%) patients, PMD was based on an increase of ≥25% in ∑SUVmax only.
Response according to RECIST and EORTC were concordant in 43 (72%) patients. Of these, four
patients had SD/SMD and 39 patients had PD/PMD. RECIST and EORTC were discordant in
17 (28%) patients. In 11 patients RECIST classified the response as SD, but EORTC as PMD, in
10 patients due to the appearance of new 18F-FDG avid lesions. On the other hand, six patients
with SMD were classified as having PD.
PMD coincided with PD in 32% and PMD preceded PD/SD in 57% respectively. In 11%, despite
SMD, there was PD. The median time to PD was 6 months (range, 2-30 months) versus 3 months
(range, 2-22 months) to PMD (P<0.001).
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ABSTRACT
Context: Patients with pheochromocytomas and paragangliomas (PPGLs) may have brown
adipose tissue (BAT) activation induced by catecholamine excess. 18F-fluorodeoxyglucose
(18F-FDG) PET/CT can be used for the localization of both PPGLs and BAT. It is unknown
whether BAT is specifically affected by altered cellular energy metabolism in patients with
SDHx and VHL-related PPGLs.
Objective: To determine endocrine and paracrine effects of catecholamine excess on BAT
activation in patients with PPGLs as detected by 18F-FDG PET/CT, taking into account genetic
variation.
Design: Patients with PPGLs who were fully genetically characterized underwent pre-surgical
F-FDG PET/CT imaging for tumor localization and to quantify BAT activation.

18

Setting: Single Dutch tertiary referral center.
Patients and Intervention: 73 patients, age 52.4 ± 15.4 yr, BMI 25.2 ± 4.1 kg/m2, mean ± SD,
were grouped into sporadic, cluster 1 (SDHx, VHL) and cluster 2 (RET, NF1, MAX) mutations.
Main outcome measures: 18F-FDG mean standard uptake values (SUVmean) were assessed in
predefined BAT locations, including perirenal fat.
Results: 21/73 (28.8%) patients exhibited BAT activation. BAT activation was absent in all
six patients with non-secreting PPGLs. No difference in 18F-FDG uptake by perirenal fat on
the side of the pheochromocytoma and the contralateral side was observed (SUVmean 0.80 vs.
0.78 respectively, P=0.42). The prevalence of BAT activation did not differ between sporadic
(28.9%), cluster 1 (40.0%) and cluster 2 patients (15.4%), P=0.36.
Conclusion: Patients with PPGLs exhibit a high prevalence of BAT activation on 18F-FDG PET/
CT. This is likely due to systemic catecholamine excess. BAT activation is not associated with
specific germline mutations.

Brown adipose tissue activation in PPGL

INTRODUCTION
Brown adipose tissue (BAT) is present in infants and diminishes with age [1]. Activation of
BAT can be visualized using in vivo imaging with 18F-fluorodeoxyglucose positron emission
tomography/computed tomography (18F-FDG PET/CT) imaging and has led to the realization
that remnants are still present in adulthood [2, 3]. The role of BAT in metabolism and obesity,
has led to greater interest in the regulatory mechanisms of this tissue [4]. It has been shown
in animal studies that norepinephrine stimulation of BAT via β3-receptors lead to increased
number of brown fat cells, lipolysis, glucose transportation, expression of uncoupling protein-1
(UCP1), and ultimately heat production [5]. In humans, systemic catecholamines may similarly
play a role in stimulation of BAT.
Hypersecretion of catecholamines is the hallmark of pheochromocytomas and sympathetic
paragangliomas (PPGLs). PPGLs are neuroendocrine tumors of the adrenal medulla and
sympathetic paraganglia. In vivo cancer imaging with 18F-FDG PET/CT utilizes the characteristic
of increased uptake of glucose and 18F-FDG by tumor cells, relative to normal cells. In patients
with PPGLs, activated BAT tissue is often visualized [6, 7], and it was present in up to 27% of
patients when various functional imaging studies, including 18F-FDG PET/CT, were combined
[8]. The recruitment of BAT appears to be dynamic, with case reports of patients with PPGLs
demonstrating BAT activation in association with increased systemic catecholamine levels, while
normalization of catecholamines after surgery subsequently led to significant reduction of BAT
activation [9, 10].
The classical depot of BAT is located inter-scapularly. In animal studies, chronic cold stimulation
or β -adrenergic stimulation leads to brown adipocytes dispersed in white adipose tissue, which
have been termed inducible brown adipocytes, ‘BRITE’(brown in white) or ‘beige’ adipocytes.
While classical BAT cells are derived from a myf-5 cellular lineage (similar to skeletal muscle
cells), beige adipocytes are derived from a myf-5 negative lineage (similar to white fat) [11].
Recent studies on the BAT depots in the supraclavicular area in adults found predominantly
BRITE adipocytes, with only some overlap with the classical BAT, demonstrating that it cannot
be differentiated by anatomical location [12]. Recently, this co-existence of BRITE and classical
BAT was found in the peritumoral fat surrounding a pheochromocytoma, while BAT was absent
around non-functional adrenal adenomas, leading to suggestions that local catecholamines had
a paracrine effect on the ‘browning’ of peritumoral fat [13]. Since the kidneys and the adrenal
glands are encapsulated by a common connective tissue (Gerota’s fascia), we hypothesized
that local catecholamine secretion and action from the PPGLs might lead to an increased BAT
activation in the adjacent perirenal fat.
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Up to 40% of PPGLs are caused by germline mutations in tumor susceptibility genes, including
von Hippel-Lindau (VHL), succinate dehydrogenase subunits A, B, C, D, and assembly factor
2 (SDHA/B/C/D/AF2), neurofibromatosis type 1 (NF1), rearranged during transfection (RET),
myc-associated factor X (MAX) and transmembrane protein (TMEM127) [14]. Based on gene
expression profiling, PPGLs can be classified into cluster 1 (VHL, SDHx) with increased expression
of genes associated with angiogenesis and hypoxia, and cluster 2 (RET, NF1, MAX, TMEM127)
with increased expression of genes associated with RNA synthesis and kinase signaling [15, 16].
SDHx mutations cause impairment of SDH function in the mitochondria electron transport
chain, and hence compromise oxidative phosphorylation [16-18]. Similarly, VHL-related PPGLs
mutations also have impaired oxidative phosphorylation [19]. This results in activation of the
hypoxic-angiogenic pathway via transcription factors hypoxia-inducible factors (HIFs-1α and
-2α) [20]. Their main target genes include genes involved in glucose metabolism such as glucose
transporters (GLUTs), hexokinases (HK), angiogenesis (vascular endothelial growth factor), as
well as survival and motility [21]. 18F-FDG uptake varies among PPGLs of different genotypes,
with the highest standard uptake values (SUVs) observed in PPGLs belonging to cluster 1 [22].
Since these are germline mutations, there is potential to affect all cells with mitochondria,
including BAT which contains abundant mitochondria.
The aims of this study were to determine the systemic and paracrine effects of excess
catecholamine secretion by PPGLs on BAT, and to determine if specific germline mutations
were associated with BAT activation in patients with PPGLs.
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METHODS
Patient population
73 consecutive patients (age 52.4 ± 15.4 yr, BMI 25.2 ± 4.1 kg/m2, mean ± SD, 40 men and
33 women) with a confirmed PPGL who had undergone an 18F-FDG PET/CT scan between
December 2007 and February 2015 were studied. 60 (82.2%) tumors were adrenal, 2 (2.7%)
extra-adrenal, and 11 (15.1%) metastatic PPGLs. 72 patients had histological confirmation of a
PPGL, while 1 patient had metastatic PPGL as proven by extreme elevations of metanephrines
and typical imaging features. Collection of plasma metanephrines were collected under strict
clinical protocol [23], and they were measured using liquid chromatography with electrochemical
detection [24]. All patients had undergone genetic testing for germline mutations in known
susceptibility genes. 45 patients had sporadic tumors, 15 patients belonged in cluster 1 (SDHA,
n = 2; SDHB, n = 5, SDHD, n = 7, VHL, n = 1) and 13 patients belonged to cluster 2 (RET, n = 8;
NF1, n = 4; MAX, n = 1). 6 patients had non-functional PPGLs (with consistently normal plasma
metanephrines levels), of whom one was sporadic, and the remaining 5 belonged to cluster 1
(SDHB, n = 2; SDHD, n = 3) (Table 1). Data were collected under conditions of regular clinical
care, with the approval of ethics committee obtained for the retrospective use of those data, for
scientific purposes. All patients consented in the use of their clinical data.
Imaging procedures
Our 18F-FDG PET/CT scanning protocol has been previously described [25]. After the injection
of 18F-FDG, patients sat for 60 minutes in a quiet room in which the ambient temperature was
set at 20 C. Subjects were neither warmed nor instructed to avoid cold before the PET/CT
examinations. Data on age, sex, height, weight, fasting plasma glucose level, use of beta-blockers
and alpha-blockers were obtained for all patients. Outdoor temperatures were registered to
account for seasonal differences based on data from the Royal Netherlands Meteorological
Institution.
Image interpretation and quantitative measurement
F-FDG PET/CT images were reviewed using Inveon Research Workplace software (version
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4.1; Siemens Healthcare). Both the researcher (T.P.) and a nuclear medicine physician (B.B.)
interpreted the images. Classical sites of BAT activation were assessed, which included cervical,
supraclavicular, axillary, mediastinal, pericardial, periaortal and perirenal tissue. BAT activation
was deemed present if there was increased uptake of

18

F-FDG, identified by a maximum

standardized uptake value (SUVmax) >1.5 on PET (approximately six times higher than in white
adipose tissue), and it corresponded to an area of fat on CT (Hounsfield units: -10 to -180) [26].
A volume of interest (VOI) was then drawn up in the area of maximal uptake (Figure 1), with a
fixed cubic size of 8 x 8 x 8 mm (total volume 1.014 mm3), and used for quantitative analysis.
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Table 1. Baseline characteristics of patients by genotype (n = 73).
Sporadica

Cluster 1b
(n = 15)

Cluster 2c
(n = 13)

Total
(n = 73)

P

(n = 45)
56.0 ± 13.9

44.2 ± 16.8

49.7 ± 15.8

52.4 ± 15.4

0.03d

Sex, females (%)

21 (46.7)

7 (46.7)

5 (38.5)

33 (45.2)

0.89

BMI, kg/m

25.2 ± 4.3

25.5 ± 4.1

24.7 ± 3.6

25.2 ± 4.1

0.96

Age, yr

2

β–blocker use (%)

16 (35.6)

3 (20.0)

2 (15.4)

21 (28.8)

0.33

α–blocker use (%)

31 (68.9)

7 (46.7)

7 (53.8)

45 (61.6)

0.25
0.56

Diabetes Mellitus (%)

8 (17.8)

1 (6.7)

1 (7.7)

10 (13.7)

Tumor Location
(A/EA/M)

40/ 0/ 5

7/2/6

13 / 0 / 0

60 / 2 / 11

Plasma Normetanephrine
(48–495 pmol/L)

10028 ± 16123

8419 ± 14347

3477 ± 5666

8532 ± 14500 0.17

Plasma Metanephrine
(57–295 pmol/L)

2658 ± 3313

195 ± 92

1540 ± 2166

1953± 2912

<0.001e

Non-Functional (%)

1 (2.2)

5 (33.3)

0 (0.0)

6 (8.2)

<0.001

Results presented as mean ± SD unless stated. P value shown in the last column are from Kruskal-Wallis test
for comparing the three groups if the variable is continuous and Fisher’s exact test if the variable is categorical.
Patients were tested for presence of germline mutations and large deletions in SDHB/C/D, RET, VHL, and since
2011, in SDHA, SDHAF2, TMEM 127, and MAX.
b
Patients with germline mutations in succinate dehydrogenase subunits A, B, C, D, and assembly factor 2 (SDHA/
B/C/D/AF2), and von Hippel-Lindau (VHL).
c
Patients with germline mutations in neurofibromatosis type 1 (NF1), rearranged during transfection (RET),
myc-associated factor X (MAX) and transmembrane protein (TMEM127).
d
P = 0.02 between cluster 1 and sporadic.
e
P < 0.001 between cluster 1 and sporadic, P = 0.003 between cluster 1 and cluster 2.
A=adrenal, EA=extra-adrenal, M=metastatic disease
a

Regardless of presence of BAT activation, VOIs were also drawn in several sites in all patients:
bilateral supraclavicular fat (representing typical BAT site), subcutaneous abdominal fat
(representing typical white adipose tissue site), bilateral perirenal fat (representing possible
site of BRITE fat). In the perirenal fat, VOIs were drawn up bilaterally at three levels: upperthird, middle-third and lower-third relative to the kidneys. The average of the three levels was
then taken for each side. In patients with perirenal fat volume that was less than the VOI (8 x
8 x 8 mm), this could not be assessed. Maximum and mean standardized uptake values (SUVmax
and SUVmean) were established in all VOIs. SUVmax of tumors were also measured as previously
described [25]. They were normalized for body weight and were calculated as SUV = A/IA x
BW (A, activity concentration of VOI [Bq/ml]; BS, body weight [g]; IA, injected activity [Bq]). All
calculated SUVs were decay corrected using the following formula: A0 = At x eλt (A0, corrected
activity; At, uncorrected activity; λ, decay constant [In2/11] min-1; t, elapsed time in min).

148

Brown adipose tissue activation in PPGL

A

G

B

H

C

D

E

F

I

7
Figure 1. 55 year-old man with left sporadic pheochromocytoma and BAT activation. A-B, Coronal PET/
CT fusion (A) and coronal CT (B) images show increased uptake of 18F-FDG activity mapped to areas
of fat density among neck (thin white arrow) and mediastinum (thick white arrow). Uptake is greater in
contralateral (right) perirenal fat (blue arrows) compared to the ipsilateral (left) side surrounding the
tumor (*). C-D, Transversal PET/CT fusion (C) and CT (D) images show mildly increased uptake of 18F-FDG
activity in bilateral supraclavicular areas, with volumes of interest (VOIs) drawn (white boxes). E-F,
Transversal PET/CT fusion (E) and CT (F) images show increased uptake of 18F-FDG activity in perirenal
areas (blue arrows), with activity greater on the contralateral side of the tumor (*). G, Transversal PET/
CT fusion images showing VOIs of perirenal fat (white arrows) and subcutaneous fat (blue arrows) (I).
H-I, Transversal PET/CT fusion (H) and CT (I) images show BAT activation in periaortal (white arrow) and
perivertebral (blue arrow) sites.

Statistical analysis
Baseline characteristics were presented in mean ± SD for continuous variables, and number
(%) for categorical variables. Kruskal-Wallis test with post hoc Dunn test for continuous
variables and Fisher’s exact test for categorical variables were used to compare the baseline
characteristics between the mutation groups. Wilcoxon rank-sum test and Fisher’s exact tests
were used to compare between BAT patients and non-BAT patients to assess for risk factors
for BAT activation. In patients with a functioning unilateral tumor, we assessed for a paracrine
effect of a tumor stimulating BAT activation in the surrounding fat, by comparing the average
perirenal VOIs ipsilateral to the tumor with the contralateral side, using Wilcoxon matched-pairs
signed-ranks test. For comparison of SUVs of different genotypes, the SUVmean (supraclavicular),
SUVmean (abdominal fat), and SUVmean (perirenal fat) were analyzed using Kruskal-Wallis test
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with the post hoc Dunn test, along with SUVmax (tumor) and SUVmax (of the most active BAT site).
The presence of BAT activity was analyzed in the functional and non-functional groups, and
the genotype clusters, using Fisher’s exact test. All statistical computations were performed
with STATA version 12.1 (College Station, TX: StataCorp LP). Figures were produced with
GraphPad Prism version 5.0 for Windows (GraphPad Software, CA). All tests will be two-tailed
with significance set at P < 0.05.
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RESULTS
Systemic catecholamines and BAT activation
Overall, 21 of 73 (28.8%) patients had BAT activation (Supplementary Table 1). 21 of 67 (31.3%)
functional tumors had BAT activation, compared with none of the 6 patients with non-functioning
tumors, P=0.17. Patients with BAT activation were significantly younger when compared to
patients without BAT activation (age 41.4 ± 14.6 yr vs. 56.9 ± 13.5 yr (P<0.001), while there
was a trend towards a lower BMI and lower outdoor temperature (Table 2). However, levels
of normetanephrine and metanephrine, the metabolites of norepinephrine and epinephrine,
respectively, did not significantly differ between both groups (11974 ± 17125 pmol/L vs. 7140
± 13227 pmol/L, P=0.24 and 1778 ± 3471 pmol/L vs. 2024 ± 2688 pmol/L, P=0.19). 28.8% of
patients were using β-blockers at the time of the scan, and there was no difference between those
with and without BAT activation. In a sub-group analysis looking only at patients without prior
β-blockers use, there was a trend towards patients with BAT activation having a higher plasma
normetanephrine level compared to those without activation, although this did not reach statistical
significance (9801 ± 15434 pmol/L and 3362 ± 4481 pmol/L, P=0.09). The supraclavicular area
was the most frequent site where BAT activation was found, in 18 of the 21 patients (85.7%) with
BAT activation. The next most common sites were neck, mediastinum and perivertebral areas,
with detection in 14 patients (66.7%) , while perirenal activation was noted in 6 patients (28.6%).
Table 2. Patients with BAT compared to patients without BAT activation
BAT Activation
(n = 21)

No BAT Activation
(n = 52)

P

Age, years

41.4 ± 14.6

56.9 ± 13.5

< 0.001

Sex, females (%)

10 (47.6)

23 (44.2)

0.80

BMI, kg/m

24.0 ± 3.6

25.7 ± 4.3

0.06

β–blocker use (%)

5 (23.8)

16 (30.8)

0.78

α–blocker use (%)

13 (61.9)

32 (61.5)

1.00

2

Diabetes mellitus (%)

2 (9.5)

8 (15.4)

0.71

Outdoor temperature, °C

7.6 ± 7.9

10.5 ± 6.3

0.14

Serum glucose, mmol/L

5.8 ± 1.2

6.0 ± 1.3

0.72

Plasma normetanephrine (48–495 pmol/L)

11974 ± 17125

7140 ± 13227

0.24

Plasma metanephrine (57–295 pmol/L)

1778 ± 3471

2024 ± 2688

0.19

Results presented as mean ± SD unless otherwise stated.
P value shown in the last column are from Wilcoxon rank-sum test for comparing the two groups if the variable
is continuous and Fisher’s exact test if the variable is categorical.
BAT: brown adipose tissue
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Paracrine effects of catecholamines on BAT
Among the 73 patients, we excluded 18 patients with inadequate perirenal fat for assessment,
6 with non-functional tumors and 5 with bilateral or non-adrenal tumors. The remaining 44
patients had unilateral, functional pheochromocytomas and were assessed for BAT activation
of perirenal fat as a reflection of paracrine effects of locally released catecholamines. The mean
ipsilateral perirenal SUVmean did not significantly differ from the contralateral side (0.78 ± 0.77
vs. 0.80 ± 0.86, P=0.32). 25 patients had a higher SUVmean on the contralateral side, compared
to 19 patients with higher SUVmean on the ipsilateral side (Figure 2).

Figure 2. Comparing SUVmean of perirenal fat on ipsilateral side of pheochromocytoma to contralateral
perirenal fat in 44 patients with a functional unilateral pheochromocytoma.

BAT activation across different genotypes
BAT activation was observed in 13 of 45 (28.9%) patients with sporadic tumors, 6 of 15 (40.0%)
in cluster 1 patients, and 2 of 13 (15.4%) in cluster 2 patients, P = 0.36. The mean SUVmax of the
tumors in Cluster 1 was significantly higher than both sporadic and cluster 2 tumors (18.5 ± 9.2
vs. 5.8 ± 4.6 and 3.8 ± 1.5, P<0.001) (Figure 3). However, no statistical difference was found
in the SUVmax of the most active BAT site between the these groups (3.7 ± 5.7 vs. 1.6 ± 2.2 vs.
1.5 ± 2.9 respectively, P=0.26). Similarly, in the supraclavicular, subcutaneous and perirenal
sites, SUVmean was similar in all groups (Figure 3). Between the mutation groups, there was no
significant difference in the number of BAT sites that were noted amongst patients with BAT
activation (4.5 ± 1.9 vs. 6.2 ± 2.1 vs. 5.0 ± 2.8, P=0.26).
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Abbreviatons: 18F-FDG: 18F-flurodeoxyglucose, PPGLs: pheochromocytoma and paraganglioma, RET: rearranged during transfection, NF1: neurofibromatosis type 1, MAX: mycassociated factor X, SDH: succinate dehydrogenase subunits, VHL: von Hippel-Lindau, SUV: standardized uptake value.

Figure 3. Median (± IQR) uptake of 18F-FDG in various tissues in patients with sporadic PPGLs, cluster 1 (SDHA, SDHB, SDHD, VHL) and cluster 2 (RET, NF1, MAX)
mutations. (A) SUVmax of tumor. * SUVmax greater in cluster 1 compared with sporadic tumors, P < 0.001. (B) Total number of sites with brown adipose tissue (BAT) activation
(areas assessed were cervical, supraclavicular, axillary, mediastinal, pericardial, periaortal and perirenal). (C) SUVmean at supraclavicular area (classical BAT site). (D) SUVmean
at perirenal fat (possible brown-to-white adipose site). (E) SUVmean at subcutaneous fat (white adipose tissue).
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DISCUSSION
This is the first study to date of fully genetically characterized patients with PPGLs, looking
to examine the effects of genotype differences on the activation of brown fat using 18F-FDG
PET/CT imaging. While significantly higher FDG uptake was detected in tumors of patients
with cluster 1 mutations compared to those with cluster 2 mutations or sporadic, there was no
difference in BAT activity between the groups in terms of BAT prevalence and 18F-FDG uptake
at various BAT sites. Local release of catecholamines from a tumor do not appear to lead to
increased BAT activation in the adjacent perirenal fat, as the activity on the ipsilateral side was
not greater than the contralateral side. At the same time, we confirmed a high proportion of
patients with PPGLs (28.8%) with BAT activation, which is much higher than the prevalence
of 3-7% reported in general adult population studies [27]. BAT activation was not present in
patients with non-functional tumors.
Systemic effects of catecholamines
In a previous large study by Hadi in patients with PPGLs [8], BAT activation was noted on
F-FDG PET/CT in a similar proportion of patients with confirmed PPGLs (13/59, 22%). They
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found a mean SUVmax of the BAT tissue of 3.9, similar to ours of 4.0, which is well above the PET
activity of normal fat. Age is often considered the strongest determinant for BAT activation [28],
and this was confirmed by our study. There was a trend towards colder outdoor temperature
and lower BMI increasing BAT activation, which are well described factors [29]
BAT activation was only detected in patients with functional tumors, and in none of the patients
with non-functional tumors. This is similar to a previous study showing BAT activation only in
patients with functional PPGLs, but not in 20 patients or subjects with normal metanephrines
levels [30]. This supports the role of systemic catecholamines in BAT activation. Hadi et al [8]
found higher mean norepinephrine levels in BAT activation. We could not confirm an association
between normetanephrine levels and BAT activation. There could be several explanations for
this, such as the use of β-blockers by patients in the current study. Also, down-regulation of
catecholamine receptors has been known to occur in patients with functional PPGLs, limiting
the effects of catecholamine excess, and this may occur similarly in BAT [31].
Local effects of catecholamines
Local effects of catecholamines may be relevant, as a recent study demonstrated induction
of brown fat around a pheochromocytoma, suggesting that the local catecholamine release
from the tumor may stimulate local depots of adipose tissue [13]. Humans, similar to rodents,
have two types of brown adipocytes, classical and BRITE [11]. Using cell-specific markers,
both classical and BRITE BAT in the adipose tissue surrounding the tumor were identified.
This co-existence of both brown adipocytes has also been shown in supraclavicular fat [12],
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and highlights the difficulty in differentiating the two depots, using cell markers with currently
undefined cell functions [32]. The importance of distinction between the two types is that they
may be stimulated and recruited by different signals [4].
This finding led us to look for evidence of perirenal fat being stimulated by the local catecholamines
released from an adjacent pheochromocytoma. Nevertheless, there was no difference between
the SUVmean of the perirenal fat on the ipsilateral side of the tumor compared to the contralateral
side. A plausible explanation would be that some of these pheochromocytomas have only mild
catecholamine excess. On the other hand, even in a subgroup of patients with at least ten times
elevation of plasma normetanephrines (n=16), the findings were similar, with mean SUVmean of the
ipsilateral perirenal fat not greater than the contralateral side (1.12 ± 1.13 vs. 1.19 ± 1.27, P = 0.28).
Of the 21 patients with BAT activation, 6 (28.6%) demonstrated perirenal BAT activation, similar
to another study which had a prevalence of 26.3% [29]. In these 6 patients, the perirenal site
was the site of greatest BAT activity (highest SUVmax) in 2 patients, of whom 1 patient had a
metastatic bladder paraganglioma, and high perirenal BAT activation could not be attributed
to local hormonal release.
It is still possible that perirenal BAT activation is often present around a pheochromocytoma, as
previously suggested [13], since PET may underestimate BAT activity [33]. Tissue measurements
of UCP-1, a specific marker for brown adipocytes, can detect smaller quantities of BAT and
probably is more sensitive [5]. However, PET is able to reflect the quantity of BAT tissue, and
only one of these six patients with perirenal BAT had increased activity of perirenal fat on the
ipsilateral side of the tumor. It is also worthwhile to note that in addition to paracrine effects
of a tumor, if any, all patients were also exposed to the systemic effects of catecholamine
excess, and this study was not able to distinguish the effects of the two. Taken together, we
could not confirm previous suggestions of ‘browning’ of perirenal fat from paracrine effects of
a pheochromocytoma.
Germline mitochondrial mutations and BAT activity
SDH genes are nuclear genes encoding for mitochondrial proteins and they act as tumor
suppressors. In PPGL tumors, SDHx mutations result in defects in the mitochondrial oxidation
pathway, accumulation of succinate, stabilization of the HIF pathway and tumorigenesis via the
Warburg effect [34]. Although this is a germline mutation, patients with SDHx mutations do not
appear to exhibit increased propensity to tumors in other tissues, leading to the hypothesis that
a second hit is required [35]. The sympathetic ganglia and adrenal medulla appear to be more
vulnerable to tumor development, possibly due to their oxygen sensing properties. BAT, which
contains abundant mitochondria, offers a possibility to examine for altered energy metabolism
in non-tumoral tissue of patients with PPGLs and germline mutations.
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F-FDG uptake was greater in cluster 1 tumors, consistent with prior findings, and we

previously identified that this is due to accelerated glucose phosphorylation by hexokinases,
and not increased glucose transporter expression [25]. In contrast, there was no significant
difference between the mutation groups, in terms of prevalence of BAT activation, number
of sites or intensity of BAT (SUVmax). Furthermore, in pre-defined VOIs of the supraclavicular,
perirenal and subcutaneous fat, there was no significant difference in SUVmean in the different
clusters. Patients with cluster 1 mutations were younger than patients with sporadic tumors,
which is expected as it is an inherited condition. Despite this, there was still no increase in
prevalence of BAT activation in patients with cluster 1 mutations.
One possible explanation is that while there is loss of heterozygosity in SDHx-related
PPGLs, germline mutations are present in only one allele in non-tumoral cells and might
therefore not affect mitochondrial function. This might explain lack of BAT activation.
Another possibility is that
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F-FDG PET/CT only visualizes glucose uptake, and not free

fatty acids, which is a major substrate of BAT [36]. A third possible explanation is that UCP1
in BAT uncouples the normal respiratory chain, by utilizing the proton gradient across the
mitochondrial membrane to generate heat instead of ATP production. While we expect
that SDH functional loss may lead to induction of hypoxic pathways and increased glucose
consumption, it is also possible, that since UCP1 generates heat from the proton gradient,
SDHx mutations which lead to impairment of mitochondrial complex II, as evidenced by
lower complex II activity and lower ATP/ADP/AMP content [18], may reduce the proton
gradient generated and hence lead to lower BAT activity.
There are several limitations in this study. Being a retrospective study, we did not control for
confounders such as outdoor temperature or medication use. However, scanning condition
was standardized and we collected information with regards to these possible confounders.
Use of β-blockers may reduce BAT activation [37]. However, this should only lower the
prevalence or activity of BAT detected on PET, and lead to an underestimation, whereas
we found a high prevalence of BAT activation. Also, β-blocker use was equally distributed
among the genetic mutation groups. Using a single VOI to measure the SUVmean or SUVmax
of various sites of BAT activation may under-estimate the true volume of BAT tissue in that
particular site. However, there is currently no agreed universal method to quantify BAT
activity on PET [26]. Hence, we ensured that we consistently used the same standardized
method amongst all patients. We acknowledge that no control population was available, but
our main focus was to study paracrine and genetic effects.
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In conclusion, significant BAT activation can be detected in up to 30% of patients with
PPGLs. This is likely to be due to systemic effects of catecholamine excess. We could not
confirm a paracrine effect of catecholamine secretion by pheochromocytomas on perirenal
BAT activation. However, 18F-FDG PET/CT might not be the most sensitive tool to detect
such an effect, and paracrine effects may be superseded by systemic catecholamine effects.
Furthermore, germline SDHx mutations appear to play no role in systemic BAT activation,
although this awaits further investigations on a molecular level.
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Chapter 8
Summary and general discussion

KEY FINDINGS
·

For the initial localization of PPGL, the addition of 123I-MIBG scintigraphy to anatomical
imaging (CT/MRI) improves the diagnostic accuracy in rare cases only, at the cost of an
incorrect diagnosis in others.

·

Semi-quantitative 123I-MIBG uptake measurements facilitate the distinction between
pheochromocytoma and physiological adrenal uptake.

·

Genotype-specific differences in expression of NET and VMAT-1 do not translate into
differences in 123I-MIBG uptake.

·

Activation of aerobic glycolysis in SDHx-related PPGLs is associated with increased
18

F-FDG accumulation due to accelerated glucose phosphorylation by hexokinases

rather than increased expression of glucose transporters.
·

SDHx-related PPGLs can be reliably identified by a high 18F-FDG phosphorylation rate
by using dynamic 18F-FDG PET/CT.

·

Metabolic response monitoring by

18

F-FDG PET/CT adds essential information to

treatment response monitoring in patients with metastatic PPGL. Progressive disease
is often detected earlier with 18F-FDG PET/CT than with CT-based RECIST criteria, in
particular due to the early detection of new bone metastases.
·

Patients with PPGL exhibit a high prevalence of brown adipose tissue activation on
F-FDG PET/CT due to catecholamine excess, irrespective of germline mutation status.
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SUMMARY
Chapter 1 provides a general introduction on the diagnosis and treatment of pheochromocytoma
and paraganglioma (PPGL). Pathophysiology and alterations in tumor cell metabolism in relation
to genetic background as well as its impact on functional imaging are discussed in order to
introduce the studies that this thesis comprises. The aim of this thesis was to evaluate the utility
of different modalities of functional imaging in the diagnosis and treatment of PPGL. For this
purpose, various applications of functional imaging were investigated, including its added value
in comprehensive tumor localization, its ability to metabolically characterize tumors and its
utility in the monitoring of response to systemic treatment of metastatic PPGL.
In chapter 2, a retrospective international multicenter study that investigated the impact of
adding iodine-123 metaiodobenzylguanidine (123I-MIBG) scintigraphy to anatomical imaging
with computed tomography (CT) or magnetic resonance imaging (MRI) on diagnosis and
treatment of PPGL is described. Local imaging reports of 236 unilateral adrenal, 18 bilateral
adrenal, 48 unifocal extra-adrenal, 12 multifocal and 26 metastatic PPGLs were analyzed
centrally by two independent observers who were blinded to the diagnosis. The rates of
correct imaging-based diagnoses determined by CT/MRI only versus CT/MRI plus 123I-MIBG
scintigraphy were similar: 89.4 versus 88.8%, respectively. Adding 123I-MIBG scintigraphy to CT/
MRI resulted in a correct change in the imaging-based diagnosis and ensuing virtual treatment
in four cases (1.2%) at the cost of an incorrect change in seven cases (2.1%). In this study we
demonstrated that for the initial localization of PPGL, the addition of 123I-MIBG scintigraphy to
CT/MRI rarely improves the diagnostic accuracy and is at the cost of incorrect interpretation
in others. This suggest that the impact of 123I-MIBG scintigraphy on clinical decision-making
appears to be very limited, besides for 131I-MIBG treatment planning.
The study described in chapter 3 aimed to distinguish PPGLs and normal adrenal glands by
evaluating semi-quantitative 123I-MIBG uptake. Furthermore, genotype-specific differences in
I-MIBG uptake and the correlation with expression of catecholamine transporter systems were

123

examined. Sixty-two PPGLs collected from 24 patients with hereditary mutations in succinate
dehydrogenase (SDH) complex subunits (SDHA/B/D), rearranged during transfection (RET), von
Hippel-Lindau (VHL), neurofibromatosis type 1 (NF1), myc-associated factor X (MAX) and 33
sporadic patients were investigated. Pre-operative 123I-MIBG images were semi-quantitatively
analyzed using uptake measurements. Tumor-to-liver and normal-adrenal-to-liver ratios were
calculated and correlated with clinical characteristics including genotype. The expression
of norepinephrine transporter (NET) and vesicular monoamine transporter (VMAT-1) was
evaluated immunohistochemically in paraffin-embedded tumor tissues. Tumor-to-liver ratios of
PPGLs were significantly higher than normal adrenal–to–liver ratios. No statistically significant
differences in 123I-MIBG uptake were found across PPGLs of different genotypes. Mean NET
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expression in hereditary cluster 2 (RET, NF1, MAX) and sporadic tumors was significantly higher
than for hereditary cluster 1 (SDHx, VHL) PPGLs. Mean VMAT-1 expression in hereditary cluster
1 PPGLs was significantly higher than for hereditary cluster 2 tumors. 123I-MIBG uptake did
not correlate with either NET or VMAT-1 expression. In conclusion, we demonstrated that
liver normalized semi-quantitative

123

I-MIBG uptake facilitates the distinction between

pheochromocytoma and physiological adrenal uptake. We also found that genotype-specific
differences in expression of NET and VMAT-1 do not translate into differences in 123I-MIBG
uptake.
The study described in chapter 4, tested the hypothesis that increased uptake of
F-fluorodeoxyglucose (18F-FDG) in SDHx-related PPGLs is reflective of increased glycolytic

18

activity and is correlated with expression of different proteins involved in glucose uptake
and metabolism through the glycolytic pathway. Twenty-seven PPGLs collected from 12
patients with hereditary mutations in SDHB/D, RET, NF1, MAX and 15 sporadic patients were
investigated. Pre-operative 18F-FDG positron emission tomography (PET)/CT studies were
analyzed and standardized uptake values (SUVs) in manually drawn regions of interest were
calculated. Expression of proteins involved in glucose uptake (GLUT-1 and -3), phosphorylation
(HK-1, -2 and -3), glycolysis (MCT-4) and angiogenesis (VEGF, CD34) were examined in paraffinembedded tumor tissues using indirect immunohistochemical staining. The expression was
correlated with corresponding SUVs. We found that SUVs for SDHx-related tumors were
significantly higher than those for sporadic and other hereditary tumors. SDHx-related PPGLs
showed a significantly higher expression of HK-2 and HK-3 than sporadic PPGLs. The expression
of HK-2 and VEGF was significantly higher in SDHx-related PPGLs than in other hereditary
PPGLs. SUVs significantly correlated with the expression of HK-2, HK-3, VEGF and MCT-4. No
statistically significant differences in the expression were observed for GLUT-1, GLUT-3 and
MCT-4. We therefore conclude that the activation of aerobic glycolysis in SDHx-related PPGLs
is associated with increased 18F-FDG accumulation due to accelerated glucose phosphorylation
by hexokinases rather than increased expression of glucose transporters.
Chapter 5 describes a follow-up study to the previous chapter, investigating in detail the
exact determinants of 18F-FDG accumulation in PPGLs. The added value of dynamic PET/CT
scanning over static PET/CT to distinguish different genotypes was also evaluated. Dynamic
F-FDG PET/CT was performed in 13 PPGLs from 11 patients with hereditary mutations in

18

SDHA/B/D, VHL, RET and NF1 and 13 sporadic PPGLs. Pharmacokinetic analysis was performed
using a two-tissue compartment tracer kinetic model. The derived transfer rate-constants for
transmembranous glucose flux (K1 (in), k2 (out)) and intracellular phosphorylation (k3) along
with the fractional blood volume were analyzed using non-linear regression analysis. Glucose
metabolic rate (MRglc) was calculated using Patlak linear regression analysis. SUVs of the lesions
were determined on additional static PET/CT. We found that both MRglc and SUVs for hereditary
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cluster 1 (SDHx, VHL) tumors were significantly higher than for hereditary cluster 2 (RET, NF1)
and sporadic tumors. Median k3 in cluster 1 was significantly higher than for sporadic tumors.
No statistically significant differences in K1 and k2 were found between the groups. Cutoff values
for k3 to distinguish between cluster 1 and other tumors were established at 0.015 min-1 (100%
sensitivity, 15.8% specificity) and 0.636 min-1 (100% specificity, 85.7% sensitivity). We therefore
conclude that cluster 1 PPGLs can be reliably identified by a high 18F-FDG phosphorylation
rate. Furthermore, we demonstrated for the first time that in vivo metabolic tumor profiling
in patients with PPGL can be achieved by assessing 18F-FDG pharmacokinetics using dynamic
PET/CT scanning.
In chapter 6, we describe the first study to date that investigated the additional value of 18F-FDG
PET/CT compared to CT imaging for assessing treatment response in patients with metastatic
PPGL. We analyzed 264 18F-FDG PET/CT scans from 60 patients who were prospectively
included in the First International Study in Malignant Progressive Pheochromocytoma and
Paraganglioma (FIRSTMAPPP). This randomized double-blind placebo-controlled phase II
multicenter study investigates the efficacy of the receptor tyrosine kinase inhibitor sunitinib
in patients with progressive metastatic and non-resectable PPGL. Both diagnostic CT and
F-FDG PET/CT were performed at baseline and every three months until patients developed

18

progressive disease (PD), as established by CT according to Response Evaluation Criteria in Solid
Tumors (RECIST) 1.1. We performed response evaluation with 18F-FDG PET/CT according to
PET Response Criteria in Solid Tumors (PERCIST) 1.0 and European Organization for Research
and Treatment of Cancer (EORTC) criteria. Metabolic response was classified as: stable
metabolic disease (SMD) or progressive metabolic disease (PMD). The best overall metabolic
response (BOmR) was registered with both sets of criteria and compared. Agreement on BoMR
according to PERCIST and EORTC was observed in 83% of patients. We found that response
according to RECIST and PERCIST were concordant in 72% of patients. PMD coincided with
PD in 30% and PMD preceded PD/SD in 59%, respectively. In 11%, despite SMD, there was
PD. PMD was based on the development of new 18F-FDG-avid lesion(s) in 45 (90%) patients,
25 of which were located in the bone. In conclusion, we demonstrated that metabolic response
monitoring by 18F-FDG PET/CT adds essential information to treatment response monitoring
in patients with metastatic PPGL, applying either PERCIST or EORTC criteria. In the majority
of cases, progressive disease was detected earlier with 18F-FDG PET/CT than with CT-based
RECIST criteria, in particular due to the early detection of new bone metastases.
Chapter 7 describes the study that investigates the endocrine and paracrine effects of
catecholamine excess on brown adipose tissue (BAT) activation in patients with PPGLs as
detected by 18F-FDG PET/CT, taking into account genetic variation. BAT activation was evaluated
on pre-operative 18F-FDG PET/CT scans of 28 patients with hereditary mutations in SDHA/B/D,
VHL, RET, NF1, MAX and 45 sporadic patients. SUVs were assessed in predefined BAT locations
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including perirenal fat. We found BAT activation in 21 (29%) patients. BAT activation was absent
in all six patients with non-secreting PPGLs. No difference in 18F-FDG uptake by perirenal fat
between the side of the pheochromocytoma and the contralateral side was observed. The
prevalence of BAT activation did not differ between sporadic (29%), hereditary cluster 1 (40%)
and hereditary cluster 2 (15%) PPGLs. In summary, we found that patients with PPGLs exhibit
a high prevalence of BAT activation on 18F-FDG PET/CT. This finding is likely due to systemic
effects of catecholamine excess. We could not confirm a paracrine effect of catecholamine
secretion by pheochromocytomas on perirenal BAT activation. Finally, BAT activation is not
associated with specific germline mutations, although this awaits further investigations on a
molecular level.
Chapter 8 presents a general discussion of the results and observations presented throughout
the thesis. In addition, future perspectives on the utilization of the results of the studies
presented in the thesis to improve the diagnostic and therapeutic options available for PPGLs
are discussed.

166

Summary and general discussion

GENERAL DISCUSSION
Pheochromocytomas and paragangliomas (PPGLs) are neuroendocrine tumors that are highly
variable with respect to clinical presentation, endocrine phenotype, growth rate and metastatic
potential. This relates to a large genetic diversity and related pathways of tumorigenesis.
In recent years, advancement in the field of genomics has profoundly helped to obtain a
more comprehensive molecular, pathogenic and prognostic picture of PPGLs. For example,
abnormalities in tumor cell metabolism related to mitochondrial defects in a subset of PPGLs
have been identified [1, 2]. In this era of ex vivo multiomics, tumor characteristics at the (epi)
genetic and metabolite level can be analyzed in detail, but not until after invasive surgical tumor
resection or biopsy has been performed. There is a strong need to determine specific features
of PPGL at an earlier stage and in a non-invasive way, so that tailor-made and personalized
treatment can be planned. With the introduction of and increasing experience with various new
radiopharmaceuticals and imaging techniques, a new stage of in vivo tumor characterization has
arisen. The studies described in this thesis support the notion that besides tumor localization,
functional imaging is useful for the characterization of PPGLs and can be regarded as tool for
non-invasive and immediate in vivo metabolomics.

8

Localization of PPGL by functional imaging
In patients with a biochemically established diagnosis of PPGL, imaging studies are critical for
primary tumor localization and detection of multiple primary tumors and metastases, guiding the
optimal choice between curative surgery and palliative treatment options. Anatomical imaging
offers suboptimal specificity which can be clearly improved by using complementary functional
imaging. Various functional imaging modalities are available for the diagnosis, staging and followup of PPGLs.
Iodine-123 metaiodobenzylguanidine (123I-MIBG) scintigraphy is the most widely available and
used functional imaging tool for PPGLs. Although sensitivity of 123I-MIBG scintigraphy is lower
(between 84% and 100%) than that of computed tomography (CT), particularly for metastases, it
is considered helpful for confirming or excluding multifocal or metastatic disease. The Endocrine
Society guideline suggests to limit the use of

123

I-MIBG scintigraphy to patients at risk for

metastatic disease in the event of a large tumor, extra-adrenal location, recurrent disease or
an underlying hereditary syndrome [3]. Despite its extensive use, a solid scientific basis for this
recommendation is lacking and the actual clinical benefits of 123I-MIBG scintigraphy in all patients
with a PPGL besides for 131I-MIBG treatment planning are a matter of debate [4]. The findings
described in chapter 2 do not support the indiscriminate routine use of 123I-MIBG scintigraphy
in addition to anatomical imaging (CT/MRI) in the routine work-up of all patients with PPGL, as it
rarely improves the diagnostic accuracy. The addition of 123I-MIBG scintigraphy did not decrease
the number of potential incorrect therapeutic decisions. Even in patients at risk for metastatic
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disease there appeared to be no benefit of adding 123I-MIBG scintigraphy to CT/MRI. Our
findings therefore challenge some of the recommendations of the Endocrine Society guideline.
Based on our findings, the role of 123I-MIBG scintigraphy could be mainly limited to patients
with metastatic PPGL who might benefit from 131I-MIBG radiotherapy. However, 123I-MIBG
scintigraphy may remain useful in selected cases given its high specificity. Such cases include
those in which it is necessary to distinguish a local recurrence from postsurgical anatomical
changes/surgical clips, patients with contraindications for CT/MRI (e.g. allergy to intravenous
contrast, metallic devices/pacemaker, claustrophobia), and in patients with equivocal findings
on anatomical imaging such as apparently compound adrenal tumors or asymmetrical bilateral
adrenal tumors. Overall, specificities of 123I-MIBG scintigraphy range between 70-100% for
adrenal and 84-100% for extra-adrenal PPGLs, while sensitivities range between 85-88% and
56-76% respectively [5-8]. The results presented in chapter 3 show that semi-quantitative
analysis of 123I-MIBG images further facilitate the discrimination between adrenal PPGL and
physiological adrenal uptake.
The diagnostic performance of other functional imaging modalities used to localize PPGL,
such as positron emission tomography (PET)/CT with
18

18

F-fluorodopamine (18F-FDA),

F-fluorodeoxyglucose ( F-FDG), F-fluoro-dihydroxyphenylalanine (18F-DOPA) and 68Ga18

18

DOTA-labelled somatostatin analogues (SSA), was beyond the scope of this thesis. Based on the
excellent results obtained with 68Ga-DOTA-SSA PET/CT in recent years, it is expected that for
the diagnosis and staging of PPGLs, 68Ga-DOTA-SSA PET/CT will become more important [9-14].
Furthermore, 68Ga-DOTA-SSA PET/CT can be used for selecting patients with metastatic PPGL
who qualify for peptide receptor radionuclide therapy (PRRT) as an alternative or complement
to more traditional 131I-MIBG therapy. The recent published European Association of Nuclear
Medicine Practice Guideline/Society of Nuclear Medicine and Molecular Imaging guideline [14]
suggests that precize identification of clinical context and genetic status of patients enable a
personalized use of functional imaging modalities in patients with PPGL. They suggest as
first-line functional imaging modality the use of 18F-DOPA PET/CT in patients with sporadic
pheochromocytoma and 68Ga-DOTA-SSA PET/CT in patients with extra-adrenal, multifocal,
metastatic and/or SDHx-related PPGLs. However, these recommendations are based on expert
opinions and still require further clinical evaluation.
Characterization of PPGL by functional imaging
Beyond their ability to specifically detect and localize PPGLs, functional imaging modalities can
characterize these tumors at cellular and molecular levels. Different genotypes are associated
with differences in PPGL features such as catecholamine profile, tumor location, and malignant
potential [15]. Similarly, the diagnostic accuracy of different functional imaging modalities in
PPGLs appears to be largely determined by the underlying mutations and related tumor cell
biology. Various PET radiotracers have been shown to exhibit distinct patterns of radiotracer
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uptake and accumulation among different genotypes. Therefore, a tailored approach regarding
the choice of the most appropriate radiopharmaceutical tracer for individual patients is
advocated [14]. The studies in this thesis describe various aspects of 123I-MIBG scintigraphy and
F-FDG PET/CT across sporadic and hereditary PPGLs. Although genotype-specific differences

18

in expression of norepinephrine transporters and vesicular monoamine transporters were
observed (chapter 3), this did not translate into differences in 123I-MIBG uptake. Therefore,
there seems to be no role for genetically characterizing PPGLs by semi-quantitative 123I-MIBG
uptake measurements. On the other hand, we demonstrated that 18F-FDG PET/CT can be useful
to predict the underlying genotype and can also detect other important aspects of tumor cell
metabolism. This was achieved by quantitation of 18F-FDG uptake and kinetics, identifying
succinate dehydrogenase (SDH) deficient PPGLs that are prone to malignant tumor behavior.
Thereby, we demonstrated that in vivo metabolomics can be achieved by functional imaging,
yielding biomarkers of malignancy, growth rate, prognosis and therapeutic targets. Precize
identification of the clinical context and genetic status of patients enable a personalized use
of functional imaging modalities and therapeutic strategies. In addition, if germline variants in
SDHB or other PPGL susceptibility genes are encountered that are of unknown significance,
functional imaging can be useful to assess the pathogenicity of such mutations, providing
information that is very valuable to determine the risk of malignancy in the individual patient.
Profound differences in PPGLs have been observed with
established that F-FDG PET is superior to
18

123

18

F-FDG PET. It has been well

I-MIBG SPECT, 18F-FDA PET and 18F-FDOPA

PET for localizing metastatic PPGL, particularly in patients with an underlying SDHB mutation
[5, 16, 17]. Regarding non-metastatic PPGLs, 18F-FDG uptake varies considerably among PPGLs
of different genotypes, with the highest standardized uptake values (SUVs) being observed in
cluster 1 (SDHx, VHL) tumors [16]. This is in line with our findings as described in chapter 4. These
observations suggest that 18F-FDG PET can be used along with clinical features, family history,
age, tumor location and catecholamine phenotype [18] to guide the genetic testing strategy in
individual patients, prioritizing SDHx and VHL testing in those with prominent 18F-FDG uptake.
High uptake of 18F-FDG by cluster 1 (SDHx, VHL) tumors has been suggested to be a reflection
of altered glucose metabolism related to genotype-specific tumor cell metabolism, also known
as the Warburg effect [19]. Various mechanisms for accelerated glucose use by tumor cells have
been described. Enhanced influx of glucose via glucose transporters (GLUTs) is considered to
be the most important. Overexpression of GLUT isoforms GLUT-1 and 3 is closely related to
18

F-FDG uptake in tumor cells [20]. In addition, accelerated glucose phosphorylation by the

hexokinase (HK) enzymes results in enhanced 18F-FDG accumulation. HK-2 is predominantly
expressed in tumor cells that exhibit the Warburg effect [21] and is associated with elevated
18

F-FDG uptake in malignant conditions [22, 23]. Upregulation of both GLUTs and HK is

frequently associated with malignant transformation of cells. Furthermore, activity of HK-3
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and monocarboxylate transporter type 4 (MCT-4), which facilitates the cellular lactate transport,
possibly is regulated by hypoxia [19, 24]. In addition, hypoxia also promotes anaerobic glycolysis
and several studies have demonstrated that 18F-FDG uptake is an indirect reflection of tumor
hypoxia [25, 26]. The relationship between markers of the hypoxia-angiogenesis pathway and
18

F-FDG uptake in PPGL was described in chapter 4 by comparing pre-operative 18F-FDG

PET scans with the immunohistochemical expression of relevant markers in the same tumors.
Our observations suggest that activation of aerobic glycolysis in SDHx-related PPGLs is
associated with increased 18F-FDG accumulation due to accelerated glucose phosphorylation
by hexokinases rather than increased expression of glucose transporters. Differences in tumor
vasculature and the activity of transporter systems may also contribute to genotype-related
SUVs. Therefore, in vivo functional imaging of PPGLs together with ex vivo metabolomics of
PPGL tumor tissues can improve our understanding of the metabolic changes in these tumors.
Routinely, 18F-FDG avidity is calculated as SUVs from static PET images acquired at least 60
minutes after tracer injection. However, using 18F-FDG SUV as a measure of glucose uptake
and metabolism is hampered by several assumptions and simplifications. For example, it is
assumed that the unmetabolized component of a radiopharmaceutical (e.g., in blood within a
tumor, in intercellular spaces, and within tumor cells itself) is negligible relatively soon after its
administration. Theoretically, however, high SUVs in SDHx-related PPGLs may reflect a high
proportion of unmetabolized (unphosphorylated)

18

F-FDG located in the extracellular and

intracellular spaces rather than a high actual glycolytic rate of the tumor. To overcome this,
specific determinants of 18F-FDG avidity can be identified by dynamic 18F-FDG-PET acquisition
and pharmacokinetic analysis of tracer distribution within the first hour after injection [27].
Glucose metabolic rate (Marl) can be calculated using Patlak pharmacokinetic linear regression
analysis [28] and can be displayed quantitatively in a metabolic rate map. The results presented
in chapter 5 suggest that dynamic 18F-FDG-PET/CT, rather than calculating SUVs from static
PET, further facilitates the in vivo identification of SDH-deficient tumors.
Theranostics and response monitoring
In other cancers, functional imaging has been applied successfully to assess angiogenesis [29],
hypoxia [30], apoptosis [31], and other mechanisms that are relevant for selection of individual
treatment in individual patients, so called ‘theranostics’. This warrants further investigation
in PPGL. Obviously, the results of diagnostic 123I-MIBG and somatostatin receptor scanning
can lead the way to 131I-MIBG treatment and PPRT with 177-Lutetium-octreotate, respectively.
However, in the near future, stratification of PPGLs by functional imaging is expected to further
facilitate optimal and personalized management of these tumors and serve to choose the
appropriate drug regimen or therapy, depending on which targetable pathway is affected. In
addition, as described in chapter 6, our study demonstrates that functional imaging can also
be useful for treatment response monitoring. Earlier detection of progression could prevent
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unnecessary further exposure to systemic drugs with potential adverse effects. Our study
population consisted of participants in a large randomized placebo controlled multicenter trial
on the effectiveness of treatment with sunitinib. We used both PET Response Criteria in Solid
Tumors (PERCIST) [32] and European Organization for Research and Treatment of Cancer
(EORTC) [33] criteria to assess metabolic response on

18

F-FDG PET/CT scans and results

were compared with response according to CT-based Response Evaluation Criteria in Solid
Tumors (RECIST) criteria. We observed that in the majority of cases with progressive disease,
progression was significantly earlier observed with 18F-FDG PET/CT than with CT-based RECIST
criteria. Progressive metabolic disease was most often based on the appearance of new 18F-FDG
avid lesions and half of these cases had new lesions involving the bone. Nevertheless, in order
to comprehensively establish the clinical relevance of early detection of tumor progression by
functional imaging, data on survival, toxicity, quality of life and biochemical parameters need to
be taken into account.
Future perspectives
In order to further investigate the mechanisms of tumorigenesis in PPGLs and their impact on
functional imaging, a joint effort of clinical and non-clinical researchers is needed to combine
clinical, biochemical, genetic and imaging data. Ultimately, large prospective studies are
needed to adequately investigate the benefit of functional imaging techniques for diagnosis
and treatment of PPGLs in various subtypes of patients. For this purpose, standardization of
quantification methods and scanner protocols in clinical studies is essential in order to obtain
reliable study results. Furthermore, other new imaging techniques should be further explored
in PPGLs. For example, proton magnetic resonance spectroscopy (1H-MRS), which is a nonradionuclide imaging technique by which several aspects of the metabolic composition of tissues
can be studied in humans. 1H-MRS was shown to discriminate between SDHx and non-SDHx
tumors by determining the presence or absence of a succinate peak, respectively [34, 35]. In
parallel to functional imaging, this imaging technique holds great promise for further in vivo
metabolic characterization of PPGLs. Recently, hybrid PET/MRI has become available and this
modality has shown promise for the same clinical applications as PET/CT [36]. MRI has the
advantage of increased soft tissue contrast, improved motion correction and lack of ionizing
radiation exposure. Furthermore, tissue function can be evaluated in a non-invasive way with
diffusion-weighted and perfusion-weighted MRI. So far, PET/MRI has not been evaluated in
PPGLs and requires further evaluation.
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Hoofdstuk 1 betreft een overzicht van klinische en pathofysiologische aspecten van
feochromocytoom en paraganglioom (PPGL). De kenmerken van het metabolisme van deze
tumoren worden besproken. Dit in relatie tot klinische fenotypen, specifieke genetische
mutaties, kenmerken bij diagnostisch onderzoek en potentiële behandelopties. Het doel van
dit promotieonderzoek was om de bruikbaarheid van verschillende functionele beeldvormende
technieken te evalueren voor de diagnostiek en behandeling van PPGL. Hiervoor zijn diverse
toepassingen onderzocht en is er gekeken naar de meerwaarde van functionele beeldvorming
bij het lokaliseren en metabool karakteriseren van deze tumoren en de toepasbaarheid voor het
monitoren van respons op systeemtherapie in patiënten met gemetastaseerde ziekte.
In hoofdstuk 2 wordt een retrospectieve internationale multicenter studie beschreven die
de additionele waarde van

123

I-meta-jood-benzylguanidine (123I-MIBG) scintigrafie naast

anatomische beeldvormende technieken (CT of MRI) onderzocht voor de diagnostiek en
behandeling van PPGL. De lokale verslagen van het beeldvormend onderzoek van 236
unilaterale adrenale, 18 bilaterale adrenale, 48 unifocale extra-adrenale, 12 multifocale en 26
gemetastaseerde PPGLs werden centraal beoordeeld door twee onafhankelijke onderzoekers
die geblindeerd waren voor de daadwerkelijke diagnose van de patiënt. De correctheid van de
diagnose die gesteld werd op basis van enkel CT of MRI was vergelijkbaar met wanneer ook
de uitslag van de

I-MIBG scan mee werd genomen (respectievelijk 89.4 versus 88.8%). Het

123

additioneel uitvoeren van 123I-MIBG-scintigrafie resulteerde in een correcte verandering in
diagnose en daarmee virtueel andere behandeling in vier gevallen (1.2%), echter ging dit ten
koste van een incorrecte diagnose in zeven andere gevallen (2.1%). In deze studie laten we
zien dat voor de initiële lokalisatie van een PPGL middels CT of MRI, het extra maken van een
123

I-MIBG scan zelden de diagnostische accuraatheid verbetert en soms zelfs kan leiden tot

incorrecte diagnoses. Deze resultaten suggereren dat de waarde van 123I-MIBG scintigrafie
beperkt is.
I-MIBG is een analoog van noradrenaline en wordt als zodanig opgenomen in chromaffiene

123

tumorcellen van PPGLs. Het onderzoek dat beschreven wordt in hoofdstuk 3 had als doel
om te kijken of met behulp van het semi-kwantitatief meten van de opname van 123I-MIBG op
I-MIBG scans onderscheid gemaakt kan worden tussen een feochromocytoom en normaal

123

bijnierweefsel. Bovendien werd onderzocht of er genotype-specifieke verschillen bestaan in
123

I-MIBG opname en of dit verband houdt met de expressie van eiwitten die betrokken zijn

bij de opname van

123

I-MIBG in de tumorcel. Daartoe werden 62 PPGLs van 24 patiënten

met mutaties in SDHA/B/D, VHL, RET, NF1, MAX en 33 patiënten met sporadische tumoren
onderzocht. De opname van
123

123

I-MIBG werd semi-kwantitatief gemeten op preoperatieve

I-MIBG scans. Tumor-tot-lever en bijnier-tot-lever ratio’s werden berekend en correlaties
177
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met klinische kenmerken en het genotype werden onderzocht. De eiwitexpressie van de
noradrenaline transporter (NET) en vesiculaire monoamine transporter (VMAT-1) in de
tumoren werd bepaald middels immunohistochemische kleuring van paraffiene weefselcoupes.
I-MIBG opname was significant hoger in PPGLs dan in normaal bijnierweefsel. Er werden geen

123

genetische verschillen in 123I-MIBG opname gevonden. De expressie van NET was significant
hoger in hereditaire cluster 2 (RET, NF1, MAX) en sporadische tumoren dan in hereditaire cluster
1 (SDHx, VHL) tumoren. De expressie van VMAT-1 was significant hoger in cluster 1 dan in
cluster 2 tumoren. De opname van 123I-MIBG correleerde niet met de expressie van NET of
VMAT-1. Concluderend toont deze studie dat met behulp van semi-kwantitatieve 123I-MIBG
opname er onderscheid gemaakt kan worden tussen een feochromocytoom en opname in
normaal bijnierweefsel. Alhoewel er genetische verschillen werden gevonden in de expressie
van transporteiwitten betrokken bij opname van

123

I-MIBG, werden er geen verschillen in

I-MIBG opname gevonden tussen verschillende genotypen.

123

18

F-fluorodeoxyglucose (18F-FDG) is een glucose-analoog die accumuleert in alle cellen

die glucose als primaire energiebron gebruiken. Hoofdstuk 4 betreft de hypothese dat de
toegenomen opname van 18F-FDG in SDH-gerelateerde PPGLs een teken is van verhoogde
glycolytische activiteit en correleert met de expressie van eiwitten betrokken bij de opname
van glucose en glycolyse. Er werden 27 PPGLs onderzocht van 12 patiënten met mutaties in
SDHB/D, RET, NF1, MAX en 15 patiënten met sporadische tumoren. 18F-FDG PET/CT scans
waren preoperatief verricht en de gestandaardiseerde opname waarden (SUVs) werden bepaald
in de tumoren. De expressie van eiwitten betrokken bij de glucose opname (GLUT-1 en -3),
fosforylering (HK-1, -2 en -3), glycolyse (MCT-4) en angiogenese (VEGF, CD34) in de PPGLs
werd bepaald middels immunohistochemische kleuring van paraffiene weefselcoupes. Deze
expressie werd gecorreleerd aan de SUVs. In het onderzoek laten we zien dat SUVs in SDHgerelateerde PPGLs significant hoger zijn dan in de overige tumoren. De expressie van HK-2 en
HK-3 was significant hoger in SDH-gerelateerde PPGLs dan sporadische PPGLs. De expressie
van HK-2 en VEGF was significant hoger in SDH-gerelateerde PPGLs dan in tumoren met een
ander genotype. Er waren geen verschillen in de expressie van GLUT-1, GLUT-3 en MCT-4. SUVs
correleerden significant met de expressie van HK-2, HK-3, VEGF en MCT-4. Op basis van deze
resultaten concluderen we dat de activatie van aërobe glycolyse in SDH-gerelateerde PPGLs
blijkbaar tot een hogere 18F-FDG stapeling leidt via een toename in fosforylering in plaats van
een toename in de expressie van glucose transporters.
In hoofdstuk 5 worden de determinanten van stapeling van 18F-FDG in PPGLs in meer detail
beschreven. Tevens werd de toegevoegde waarde van dynamische

18

F-FDG PET/CT scans

boven standaard statische F-FDG PET/CT scans voor het onderscheiden van verschillende
18

genotypen onderzocht. Dynamische 18F-FDG PET/CT scans werden gemaakt in 13 PPGLs van
11 patiënten met genetische mutaties in SDHA/B/D, VHL, RET en NF1 en 13 sporadische PPGLs.
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Farmacokinetische analyse vond plaats met behulp van een twee-compartiment kinetisch model
van de tracer 18F-FDG. De snelheidsconstante voor het glucose transport over de celmembraan
(K1 (in), k2 (uit)) en intracellulaire fosforylatie (k3) alsmede het fractionele bloedvolume werden
berekend met behulp van niet-lineaire regressie-analyse. Het in vivo glucose metabolisme (MRglc)
werd berekend met behulp van Patlak lineaire regressie-analyse. SUVs werden gemeten op
additionele statische PET/CT scans. We vonden dat zowel MRglc als SUVs voor hereditaire cluster
1 (SDHx, VHL) tumoren significant hoger waren dan voor hereditaire cluster 2 (RET, NF1) en
sporadische tumoren. Mediane k3 in cluster 1 was significant hoger dan in sporadische tumoren.
Er werden geen significante verschillen in K1 en k2 gevonden tussen de verschillende groepen.
De afkapwaarden voor k3 om cluster 1 van overige PPGLs te onderscheiden werden vastgesteld
op 0.015/min (100% sensitiviteit, 15.8% specificiteit) en 0.636/min (100% specificiteit, 85.7%
sensitiviteit). Wij concludeerden dat hereditaire cluster 1 PPGLs gekenmerkt worden door een
hoge snelheid van 18F-FDG fosforylering. In ons onderzoek laten wij voor het eerst zien dat met
behulp van dynamische 18F-FDG PET/CT het in vivo tumor metabolisme in patiënten met PPGLs
bepaald kan worden.
In hoofdstuk 6 beschrijven we een onderzoek waarin voor het eerst de waarde van 18F-FDG
PET/CT naast anatomische beeldvorming middels CT werd onderzocht om progressie van ziekte
vast te stellen in patiënten met gemetastaseerde PPGLs. Hiervoor werden 264 18F-FDG PET/CT
scans geanalyseerd van 60 patiënten die prospectief geïncludeerd waren in de First International
Study in Maligant Progressive Pheochromocytoma and Paraganglioma (FIRSTMAPPP) studie.
In deze gerandomiseerde, dubbelblinde, placebo-gecontroleerde fase 2 multicenter studie
wordt momenteel de klinische werkzaamheid van het medicijn sunitinib (een angiogenese
remmer) onderzocht in PPGL patiënten met progressieve en inoperabel gemetastaseerd
ziekte. Zowel diagnostische CT als 18F-FDG PET/CT scans werden gemaakt op baseline en elke
3 maanden gedurende de behandeling tot het moment waarop progressieve ziekte (PD) werd
vastgesteld op de CT scan volgens Response Evaluation Criteria in Solid Tumors (RECIST) 1.1
criteria. In ons onderzoek hebben we de metabole respons bepaald met behulp van de PET
Response Criteria in Solid Tumors (PERCIST) 1.0 en de critera van de European Organization
for Research and Treatment of Cancer (EORTC). Metabole response werd geclassificieerd als
stabiele metabole ziekte (SMD) of progressieve metabole ziekte (PMD). Onze resultaten laten
zien dat PERCIST en EORTC criteria grotendeels overeenkomstig waren in het bepalen van
de metabole respons. Verder hebben we aangetoond dat het vaststellen van respons volgens
RECIST en PERCIST overeenkomstig was in 72% van de patiënten. In 30% van de gevallen werd
PMD op hetzelfde moment vastgesteld als PD. In 59% werd PMD eerder vastgesteld dan PD
of stabiele ziekte. In 11% was er ondanks SMD al PD opgetreden. PMD was gebaseerd op het
ontwikkelen van nieuwe 18F-FDG PET-avide laesie(s) in 45 (90%) van de patiënten, waarvan
25 nieuwe botmetastasen hadden. Concluderend toont het onderzoek dat metabole response
monitoring met behulp van 18F-FDG PET/CT van aanvullende waarde is voor het monitoren van
179
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respons op therapie in patiënten met gemetastaseerd PPGL. In het merendeel van de patiënten
werd progressie van ziekte eerder vastgesteld met behulp van 18F-FDG PET/CT dan met op CT
gebaseerde RECIST criteria, met name door het eerder detecteren van nieuwe botmetastasen.
Hoofdstuk 7 beschrijft een onderzoek waarin de endocriene en paracriene effecten van de
overmaat aan catecholaminen op de activatie van bruin vetweefsel is onderzocht in patiënten
met PPGL met behulp van 18F-FDG PET/CT. Er werd ook gekeken naar onderlinge genetische
verschillen in bruin vet activatie. Preoperatieve 18F-FDG PET/CT scans van 73 patiënten met 28
mutaties in SDHA/B/D, VHL, RET, NF1, MAX en 45 sporadische patiënten werden geanalyseerd.
SUVs werden gemeten op typische lokalisaties van bruin vetweefsel inclusief perirenaal
vetweefsel. Activatie van bruin vet werd gezien in 21 patiënten (29%). In alle zes patiënten met
een niet-secernerende tumor werd geen activatie van bruin vet gezien. We vonden geen verschil
in opname van 18F-FDG in het perirenale vetweefsel tussen de kant van het feochromocytoom
en de contralaterale zijde. De prevalentie van bruin vet activatie verschilde niet tussen
sporadische (29%), hereditaire cluster 1 (40%) en cluster 2 (15%) tumoren. Samenvattend, toont
dit onderzoek dat patiënten met PPGL een hoge prevalentie van bruin vet activatie hebben op
F-FDG PET/CT. Dit resultaat is meest waarschijnlijk gerelateerd aan de systemische effecten

18

van de overmaat van catecholaminen in deze patiënten. We konden geen paracrien effect van de
catecholaminen op het perirenale bruinvetweefsel vaststellen. Ten slotte was activatie van bruin
vetweefsel niet geassocieerd met specifieke genetische mutaties, echter zou dit nog verder
onderzocht moeten worden op moleculair niveau.
Hoofdstuk 8 bevat de discussie, waarbij de resultaten van dit promotieonderzoek in een breder
perspectief worden geplaatst. Ook wordt de relevantie van de resultaten voor de (toekomstige)
diagnostiek en behandeling van PPGL toegelicht.
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2013

0.2

-

Biometrics Statistics (Radboudumc, Nijmegen)

2013

2.0

-

BROK course (Radboudumc, Nijmegen)

2013

1.5

-

Scientific Writing (Radboud University, Nijmegen)

2013

0.2

(Inter)national Symposia & Congresses
Oral and poster presentations are indicated with a * and # after the name of the activity, respectively.
-

Dutch Endocrine Meeting (Noordwijkerhout) *

2020

0.75

-

6th Young Dutch Society for Endocrinology Meeting (Nijmegen)

2019

0.25

-

Dutch Endocrine Meeting (Noordwijkerhout)

2019

0.5

-

Dutch Internal Medicine Days (Maastricht)

2019

0.5

-

5 Young Dutch Society for Endocrinology Meeting (Leiden)

2018

0.5

-

Dutch Internal Medicine Days (Maastricht)

2018

0.5

th

-

16 ENS@T Scientific Meeting (Paris) *

2017

1.0

-

4th Young Dutch Society for Endocrinology Meeting (Leiden) *

2017

0.75

-

International Symposium Pheochromocytoma & Paraganglioma

2017

1.25

th

(Sydney) *#
-

Dutch Internal Medicine Days (Maastricht)

2017

0.5

-

Dutch Endocrine Meeting (Noordwijkerhout) *

2017

0.75

-

3 Young Dutch Society for Endocrinology Meeting (Leiden) *

2016

0.75

-

Dutch Endocrine Meeting (Noordwijkerhout) *

2016

0.75

-

14 ENS@T Scientific Meeting (München) *

2015

1.0

-

2nd Young Dutch Society for Endocrinology Meeting (Amsterdam)

2015

0.5

-

13 ENS@T Scientific Meeting (Nice) #

2014

1.0
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PhD Portfolio

Year(s)

ECTS

-

European Association Nuclear Medicine Congress (Göteborg) *

2014

1.0

-

International Symposium Pheochromocytoma & Paraganglioma

2014

1.25

(Kyoto) *
-

ICE/ENDO 2014 (Endocrine Society, Chicago) #

2014

1.25

-

Dutch Endocrine Meeting (Noordwijkerhout) *

2014

0.75

-

PhD Retreat Radboudumc (Wageningen) #

2014

0.75

-

Science Day Radboudumc (Berg en Dal) *

2013

0.5

-

12 ENS@T Scientific Meeting (Budapest) *

2013

1.0

th

Other activities
-

Chair committee Young Dutch Society of Endocrinology (JNVE)

2018-2020

1.0

-

Treasurer committee Young Dutch Society of Endocrinology (JNVE)

2014-2018

2.5

-

Co-organising JNVE meetings

2014-2020

6.0

-

Participation Medical Ethical Committee meetings

2017-2018

0.6

-

Participation Radboud Adrenal Center meetings

2013-2015

1.0

-

Participation Vascular Damage Research meetings

2014-2015

0.1

-

Reviewing scientific publications for journals

TEACHING ACTIVITIES

0.4
Year(s)

ECTS

Lecturing
-

Residents Nuclear Medicine (UMC Utrecht, Utrecht)

2019

0.1

-

Graduation Internal Medicine residents (Radboudumc, Nijmegen)

2015

0.1

-

Residents Nuclear Medicine (UMC Utrecht, Utrecht)

2014

0.1

A

Supervision of internships
-

Student internship coaching: Elle Haisma (master student Medicine)

2019

1.0

-

Student internship coaching: Ianthe Piscaer (bachelor student

2014

1.0

Medicine)
TOTAL

39.0
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Research data management

RESEARCH DATA MANAGEMENT
The data obtained in this thesis are archived according to the Findable, Accessible, Interoperable
and Reusable (FAIR) principles [1]. All human studies described in this thesis were conducted
according to the principles of the declaration of Helsinki. The medical and ethical review board
Committee on Research Involving Human Subjects Region Arnhem Nijmegen, Nijmegen, the
Netherlands has given approval to conduct these studies.
The raw and processed study data were stored digitally on a local server of the Radboudumc,
department server: (H):AIGdata$(\\UMCfs073) under Research. Financial support for the study
in chapter 2, 3, 4, 5, 6 and 7 was provided by the European Union Seventh Framework Program
(FP7/2007-2013) under grant agreement no. 259 (ENSAT Cancer).
For the study in chapter 6 we collected hard copy CD-roms. In chapter 6 hard copy case
record forms were used. All CD-roms and paper data were stored in the department archive
(Radboudumc, room M379.03.125). The privacy of the participants in our studies was warranted
by use of encrypt data and unique individual subject codes. This code correspondents with the
code on the patient forms. The code was stored separately from the study data.
The data will be saved for 15 years after termination of the study. Using these patient data
in future research is only possible after a renewed permission by the patient as recorded in
the informed consent. Data generated in this thesis are part of published articles and files are
available upon reasonable request.
1.

Wilkinson, M.D., et al., The FAIR Guiding Principles for scientific data management and
stewardship. Sci Data, 2016. 3: p. 160018.
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ACKNOWLEDGMENTS (DANKWOORD)
Na een aantal jaren aan dit proefschrift gewerkt te hebben, mag ik nu eindelijk het laatste stukje
schrijven! Dit proefschrift was er niet geweest zonder de betrokkenheid en hulp van velen.
Allereerst wil ik alle patiënten heel hartelijk bedanken voor hun belangeloze deelname aan de
studies die in dit proefschrift zijn opgenomen.
Promotor prof. dr. Timmers, beste Henri, uiteraard wil ik jou als eerste bedanken. Als net
afgestudeerde jonge basisarts solliciteerde ik bij jou voor een promotietraject. Al direct deelden
we onze gezamenlijke passie voor het doen van onderzoek en het internationale karakter
hiervan. Ik ben je zeer erkentelijk voor alle kansen die je me geboden hebt gedurende het hele
traject. Op de juiste momenten wist je me in contact te brengen met andere onderzoekers, zowel
binnen het RadboudUMC als daarbuiten. Dit resulteerde in mooie samenwerkingen, waarvan
de studies in dit proefschrift getuigen. Het stelde mij in staat om kennis uit te wisselen, te leren
van de ervaring van anderen en mezelf verder te ontwikkelen als onderzoeker. Daarnaast heb
je me alle kansen geboden om op internationaal gebied mezelf te profileren door me mee te
nemen naar de ENS@T en PRESSOR congressen. Het was een voorrecht om onder andere
mee te mogen reizen naar het prachtige Kyoto en Sydney. Ik zal nooit meer vergeten dat ik ’s
ochtends voor het congres een rondje ging hardlopen over de Sydney Harbour Bridge. Welke
PhD student kan dat nou vertellen?! Door de jaren heen bood je me veel vrijheid en was je altijd
bereid om kritisch mee te denken en te sturen waar nodig. Ik ken niemand anders die zo snel is
in het beantwoorden van zijn mail, wat super handig is als je met een brandende vraag zit. Het
afgelopen jaar ben ik binnen de sectie Endocriene Ziekten begonnen aan mijn differentiatie tot
internist-endocrinoloog. Hierbij werken we momenteel ook samen in de patiëntenzorg en als
supervisor heb ik al veel van je kunnen leren. Daarnaast ben ik erg blij dat je me de gelegenheid
hebt gegeven om tijd vrij te maken om dit proefschrift af te ronden. Jouw recente benoeming
tot hoogleraar is welverdiend! Ik hoop dat je nog vele andere promovendi mag gaan begeleiden
in de toekomst, waarbij zij ongetwijfeld net als ik een fijne tijd tegemoet gaan met veel inspiratie
en mooie onderzoeksresultaten.
Promotor prof. dr. Gotthardt, beste Martin, ik ben jou dankbaar voor jouw bijdrage aan dit
proefschrift. Al in een vroeg stadium liet Henri mij met jou kennis maken en raakte je betrokken
bij mijn onderzoeksprojecten. Jouw expertise op het gebied van nucleaire geneeskunde, de ‘corner
stone’ van de onderzoeken in dit proefschrift, was cruciaal om de projecten tot een succes te
laten leiden. Alhoewel ik zelf soms grijze haren leek te krijgen van de FIRSTMAPPP studie en
bijbehorende readings, zag jij nooit de obstakels en dacht je actief mee over hoe de enorme
hoeveelheid aan PET/CT scans het beste beoordeeld konden worden. Ondanks dat je structureel
te laat was bij elke reading, wist je dat goed te maken met lekkere koffie en vooral ook veel (Duitse?)
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humor. Deze readings waren in ieder geval nooit saai! Bovendien bracht je me in contact met de
juiste personen om te overleggen over opslag van beeldmateriaal of uitwerking van de analyses. Ik
ben je daarom erg dankbaar voor de mogelijkheden die je me geboden hebt om binnen de afdeling
Nucleaire Geneeskunde mijn promotietraject uit te kunnen voeren. Ik heb het werken op jullie
afdeling als zeer prettig ervaren, waarbij de afdeling soms wel één grote warme familie leek waar
je als buitenstaander zonder moeite in werd opgenomen. Ik hoop dat we in de toekomst nog vaker
samen mogen werken, want het zou een gemis zijn als dit niet zo zou zijn!
Promotor Prof. dr. Hermus, beste Ad, ik wil je allereerst bedanken voor de kansen die je
mij geboden hebt om mijn ambities waar te kunnen maken. Je was altijd op de achtergrond
betrokken en ik heb door jou de mogelijkheid gekregen om onder directe supervisie van Henri te
mogen werken aan zijn onderzoekslijn binnen de sectie Endocriene Ziekten. Jij was daarbij een
zeer betrouwbare en betrokken begeleider op afstand en wist daarmee mijn promotieproject in
goede banen te leiden. Dat ik momenteel mijn passie voor de endocrinologie mag voortzetten in
de opleiding tot internist-endocrinoloog heb ik tevens aan jou te danken en daarvoor ben ik je
zeer erkentelijk. Ik hoop dat ik in de toekomst ook nog veel van je jarenlange kennis en ervaring
mag leren over de endocrinologische patiëntenproblematiek.
Beste leden van de manuscriptcommissie, beste Prof. dr. Van Herpen, Prof. dr. Nagarajah en
Prof. dr. Valk, hartelijk dank voor het kritisch doornemen en beoordelen van mijn proefschrift.
Beste Prof. Lenders, beste Jacques, ook al behoor je niet tot het promotieteam, aan veel van de
studies in dit proefschrift heb jij een grote bijdrage geleverd en hiervoor wil ik je graag bedanken.
Voor mij ben je echt de ‘godfather’ op het gebied van feochromocytoom. Door aan het begin van
mijn promotietraject mijn eerste reviews over de (biochemische) diagnostiek met jou te schrijven,
kon ik direct veel van jou leren over deze zeldzame aandoening. Bovendien was je altijd bereid om
kritisch mee te denken over mijn onderzoeksprojecten en was jij ook min of meer de grondlegger
van de MIBG Impact studie. Je bent altijd zeer betrokken geweest bij mijn voortgang. Tevens was je
altijd oprecht geïnteresseerd in mij als persoon en mijn ambities. Op de internationale congressen
was jij ook altijd aanwezig en bracht je me in contact met andere onderzoekers. Tevens was je,
samen met Jaap Deinum, een goed gezelschap tijdens de diners van deze congressen. Lenders is
niet voor niets een begrip en ik hoop dat je in de toekomst nog vele andere jonge onderzoekers,
net als ik, mag inspireren met jouw filosofie over het doen van onderzoek.
Beste Prof. Geus-Oei, beste Lioe-Fee, ik leerde je al gaandeweg mijn promotietraject kennen
toen ik in aanraking kwam met de dynamische PET/CT scan techniek. Binnen no-time hadden
we samen met Dennis de GLUMEPP studie opgezet, welke een belangrijk onderdeel vormt van
dit proefschrift. Het was mooi om te zien hoe een idee zo snel uitgewerkt werd tot een nieuwe
studie, waarbij jouw enthousiasme een belangrijke drijfveer was. Ook heb je in het begin energie
196

Acknowledgments (Dankwoord)

gestoken in de readings van de FIRSTMAPPP studie, waarvoor ik je tevens dankbaar ben. Ik heb
je leren kennen als een zeer betrokken begeleider, ondanks dat ik geen promovenda van jou was.
Je was altijd geïnteresseerd in mij en mijn projecten, ook nu je in in het LUMC Leiden werkzaam
bent. Ik ben dan ook erg blij te mogen participeren in de Radiomics studie, waarbij ik hoop dat
we de prettige samenwerking nog langere tijd kunnen en mogen voortzetten.
Beste dr. Vriens, beste Dennis, voor mijn gevoel had ik dit proefschrift zonder jouw bijdrage niet
kunnen schrijven. Het begon met wat korte vragen over de analyses in IRW, maar uiteindelijk
was je betrokken bij meerdere van mijn onderzoeksprojecten. Jouw zorgvuldige reviews van
mijn stukken en input over de technische aspecten en statistiek, hebben de artikelen voor
mijn gevoel tot een hoger niveau gebracht. Daarmee heb je een enorme bijdrage geleverd aan
de publicaties in dit proefschrift en hiervoor ben ik je zeer dankbaar. Bovendien heb je een
enorme energie en is je bevlogenheid voor het onderzoek en het werken in teamverband zeer
enthousiasmerend en inspirerend. Ik wens iedere student dezelfde begeleiding toe die jij mij
hebt gegeven, want dan is succes gegarandeerd!
Beste dr. Janssen, beste Marcel, als nucleair geneeskundige was jij betrokken bij meerdere
studies van dit proefschrift. Ik wil je graag hier bedanken voor jouw bijdrage, met name voor de
readings van de FIRSTMAPPP studie. Tevens vond ik het leuk dat je me de kans bood om mezelf
te profileren door me uit te nodigen om onderwijs te geven over feochromocytomen aan de
arts-assistenten radiologie. Ik hoop dat ik in de komende jaren nog veel van jou mag leren over
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de nucleaire technieken en toepassingen hiervan binnen de endocrinologie.
Beste dr. Kusters, beste Benno, als patholoog heb jij een belangrijke bijdrage geleverd aan
de correlatiestudies in dit proefschrift. Jij gaf mij toegang tot het verzamelen van weefsel en
materialen op de afdeling Pathologie en hielp bij de interpretatie van de immunohistochemische
kleuringen. Ook bracht je mij in contact met Prof. dr. Pellegata, waardoor ik in staat was zelf de
kleuringen te doen van de MIBG transporters. Dit is echt een verdieping en verbreding van
mijn promotietraject geweest, omdat ik naast het analyseren van veel scans, tevens een tijd op
het laboratorium heb gestaan om coupes te snijden en te kleuren. Dat ik trots ben op het feit
dat ik de MIBG correlatie studie van voor tot achter heb opgezet en uitgevoerd, heb ik mede
aan jou te danken.
Dear Jyotsna Rao, immediately after I started my PhD trajectory, I got the opportunity to
collaborate with you on the 18F-FDG PET/CT correlation studies. This allowed me to grasp a lot
of your knowledge about tumor biology. I always found it very instructive to brainstorm together
about hypotheses and mechanisms. Our joint efforts resulted in a beautiful publication, and I
wish to thank you for that! I also found it very special to be your paranymph. I wish you good
luck with your family and your further career.
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Dear Troy Puar, as a guest researcher/endocrinologist, I was allowed to introduce you to the
F-FDG PET/CT analyses. This led to our collaboration in the brown fat study, described in this
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thesis. As a person I got to know you as a very sincere and nice colleague with a good sense of
humor. I hope to be able to travel to your great hometown Singapore again in the future, and
meet you there again.
Dear Letizia Canu, I was also allowed to show you the secrets of the 18F-FDG PET/CT analyses.
You helped me a lot with the FIRSTMAPPP study, especially by approaching your Italian
colleagues to send the scans to Nijmegen. I experienced our cooperation as very pleasant, where
it was great to see how happy you could get from eating poffertjes at the restaurant Duivelsberg.
I hope to visit Florence again and then eat the ultimate pizza together!
Beste Dipti Rao, ik wil jou bedanken voor alle energie die je in de MIBG Impact studie hebt
gestoken. Dankzij jouw inspanningen kon deze studie voltooid worden en hebben we een mooie
publicatie kunnen schrijven. Ik hoop dat we in de toekomst nog vaak samen mogen werken als
collega aios en ik wens je veel succes toe bij nefrologie.
Beste dr. Aarntzen, beste Erik, ik wil je graag bedanken voor jouw indirecte bijdrage aan dit
proefschrift. Ik weet nog goed dat je me hielp de bijnieren te lokaliseren op de PET/CT scans
toen ik net startte met mijn promotietraject en jij nog aios was. Je stond altijd open voor al mijn
‘ad hoc’ vragen op de werkvloer over de analyses. Inmiddels ben je als staflid werkzaam op de
afdeling Radiologie en het is leuk om te zien dat er steeds meer samenwerking tussen onze
afdelingen is ontstaan.
Beste Sandra Heskamp, Tessa van der Geest en Willem Grootjans, dankzij jullie heb ik me
nooit eenzaam gevoeld als gast-promovenda op jullie afdeling. Als mede-PhD studenten zaten
jullie min of meer in hetzelfde schuitje. Ik kon altijd het ‘aquarium’ binnen lopen om een antwoord
te krijgen op mijn brandende vragen over de analyses op de IRW. Bovendien waren alle uren die
ik doorgebracht heb achter de IRW een stuk aangenamer in het bijzijn van jullie. Sandra en Tessa
wil ik ook graag bedanken voor de ontspannende rondjes racefietsen en hardlopen na het werk
in de eerste twee jaren van mijn promotietraject. Willem wil ik in het bijzonder bedanken voor
het feit dat je altijd uitgebreid de tijd nam om me te helpen bij de meer technische problemen en
het schrijven van het Matlab script, wat van cruciaal belang was voor de berekeningen. Ik wens
jullie allen een mooie verdere carrière toe.
Er zijn nog heel wat andere collega’s van de Nucleaire Geneeskunde die een plek in dit
dankwoord verdienen. Allereerst wil ik Eric Visser en Antoi Theunissen bedanken voor hun
technische hulp bij het uploaden en analyseren van alle scans. Daarnaast wil ik de laboranten
Peter Kok, Jurrian Butter en Diana Valks bedanken voor hun hulp bij de begeleiding van de
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patiënten en uitvoering van de dynamische PET/CT scans. Zonder jullie had ik de GLUMEPP
studie nooit kunnen doen. Ik vond het bovendien altijd leuk om bij het scannen aanwezig te zijn,
mede door de gezellige sfeer in de PET/CT ruimte. Ik wil graag Michel de Groot bedanken voor
het meedenken over de opslag van alle data.
Tevens wil ik de geneeskunde studenten bedanken die ik tijdens mijn promotietraject heb
mogen begeleiden bij hun wetenschappelijke stage. Ianthe Piscaer, ik wil jou bedanken voor
al je inspanningen voor de patiëntendatabase en het ENSAT register. Elle Haisma, je was een
geweldige hulp voor mij bij de FIRSTMAPPP studie. Ik weet als geen ander hoeveel werk in het
uploaden van de scans is gaan zitten en vond het erg knap hoe snel je in staat was zelfstandig de
scans te analyseren. Ik hoop dat jullie beiden een mooie toekomst tegemoet gaan waarin jullie
de kans krijgen om je te blijven ontwikkelen.
Graag wil ik hier ook alle andere co-auteurs bedanken voor hun bijdrage aan de in dit proefschrift
beschreven artikelen.
Beste Esther Korpershoek, ook al is er geen directe samenwerking tussen ons geweest, toch wil
ik jou graag bedanken voor de gezelligheid op de buitenlandse congressen. Ik heb je tijdens onze
rondreis door Japan leren kennen als een gezellige en recht-door-zee Rotterdamse collega. Ik zal
onze nacht in de Japanse ryokan niet snel vergeten alsmede de prachtige wandeling die we maakten
door de Japanse Alpen. Ik zou het leuk vinden in de toekomst nog eens samen sushi te gaan eten.
Beste Sean Roerink en Theo Plantinga, jullie waren vanaf moment één mijn kamergenoten in
het barak de Buitenhoek. Alhoewel het even wennen was om met twee heren zoals jullie op nog
geen tien vierkante meter te werken, ben ik zeer blij jullie te hebben mogen leren kennen als
twee lieve en betrokken collega’s. Alhoewel ieder van ons inmiddels zijn eigen pad is ingeslagen,
hoop ik dat onze endo borrels nog lang voortgezet zullen worden omdat ik deze gezelligheid
zeker niet wil missen.
Beste Thalijn Wolters, jij was mijn kamergenoot in de laatste fase van mijn promotietraject.
We promoveerden samen van de Buitenhoek naar een kamer op de 3e verdieping. Daar heb
ik je in een korte tijd beter mogen leren kennen, met name ook tijdens de lunch wandelingen.
Het tegelijkertijd in hetzelfde schuitje zitten en onze gemeenschappelijke passie voor fietsen
heeft de basis gevormd voor een hele mooie vriendschap. Ik ben erg trots op hoe jij je eigen
promotietraject hebt vorm gegeven en hoop je in de toekomst nog vaak te blijven zien.
Ook binnen de sectie Endocriene Ziekten van de afdeling Interne Geneeskunde zijn er een
aantal mensen die ik graag wil bedanken. Allereerst de andere aios/fellows endocrinologie die
het mogelijk hebben gemaakt om flexibel te zijn in het rooster en daardoor mij ruimte hebben
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gegeven om mijn promotieonderzoek af te kunnen ronden. Ook alle stafleden endocrinologie wil
ik bedanken voor enerzijds het werven van patiënten voor de GLUMEPP studie en anderzijds
de interesse in mijn onderzoek. Als laatste gaat heel veel dank uit naar de secretaresses Maria,
Masja, Mieke en Helen, die mij altijd ondersteund hebben met allerlei kleine zaken en waar ik
altijd binnen mag lopen voor een gezellig gesprekje.
Prof. Jacqueline de Graaf, Prof. Jan Smit, dr. Gerald Vervoort, dr. Nike Stikkelbroeck, dr.
Louis Reichert en dr. Arianne Bon, wil ik allen bedanken voor de mogelijkheden die jullie mij als
opleiders interne geneeskunde hebben geboden voor het combineren van mijn promotietraject
en de opleiding tot internist.
Mijn mede (oud) JNVE-bestuursgenoten wil ik hier graag bedanken voor onze gezamenlijke
inspanningen op landelijk niveau tot het organiseren van het jaarlijkse JNVE congres. Ik heb
de afgelopen jaren met veel plezier met jullie samen gewerkt. Ik hoop dat vele andere jonge
onderzoekers worden aangestoken door jullie enthousiasme, want dat is heel veel waard!
Lieve Yvette, lieve maat, jouw onvoorwaardelijke steun als vriendin is erg bijzonder. Samen
hebben we al heel wat hoogtepunten meegemaakt. Je was mijn ceremoniemeester op mijn
bruiloft, en als je niet naar Aruba was verhuisd, was je nu wellicht ook mijn paranimf geweest.
Alhoewel je nu wat verder weg woont, voel ik deze afstand nooit en hoop ik dat als je weer in
Nederland bent we nog veel mooie dingen samen mogen meemaken. Lieve Anne, Myrte, Roos
en Sarah, als vriendinnen van de studie geneeskunde en als haio/mede-aios weten jullie als
geen ander hoe het voor mij was om hard te werken gedurende de afgelopen jaren. Ik hoop dat
we nog lang onze ervaringen mogen blijven delen en leuke dingen samen mogen doen zonder
en met en onze leuke mannen. Lieve Evelijn, Evelien en Maud, wat ben ik blij dat ik jullie als
jeugdhockeyvriendinnen nog steeds aan mijn zijde heb nu we samen de nieuwe fases van onze
levens ingaan. Lieve Charlotte, als mijn sportmaatje heb je een groot deel van het reilen en zeilen
rondom mijn promotietraject mee gekregen. Wat was het fijn al die keren met jou tijdens onze
sportuurtjes op het USC te kunnen sparren, en uiteraard ook veel te kunnen lachen!
Lieve schoonfamilie, lieve Zwaaltjes, ook jullie verdienen een plek in dit dankwoord. Het is erg
bijzonder hoe jullie, als niet-medici, altijd zo oprecht geïnteresseerd zijn in mijn werk als arts en
in mijn promotieonderzoek. Ook hadden jullie altijd begrip voor de momenten dat ik er niet bij
kon zijn. Ik hoop dat er nog veel gezellige familie-etentjes mogen volgen.
Lieve oma Lenie Zwaal, u wil ik in het bijzonder bedanken. Ik vind het ongelofelijk hoe u alles
op uw leeftijd van 90++ kunt onthouden over de bijnieren en bijbehorende details! Ik hoop dat
u nog lang in goede gezondheid mag verkeren en blijf van harte uw vragen over de medicijnen
beantwoorden.
200

Acknowledgments (Dankwoord)

Liefste zus, lieve Saskia, aan jou heb ik te danken dat ik hier nu sta. Jij bent altijd mijn grotere
voorbeeld geweest en mede dankzij jou ben ik ook geneeskunde gaan studeren. Je weet als geen
ander welke obstakels er bij zo’n promotietraject horen en ik ben je meer dan dankbaar voor het
feit dat je altijd voor mij klaar hebt gestaan. Ik kan mij geen betere zus wensen. Ik wil ook jouw
lieve man Tom en lieve nichtje Bo bedanken voor alle gezelligheid gedurende de afgelopen jaren.
Ik hoop dat we de komende jaren nog veel samen van onze kleintjes mogen genieten.
Lieve papa en mama, mijn dank aan jullie is eigenlijk niet in woorden uit te drukken. Jullie hebben
Sas en mij een onbezorgde jeugd gegeven en alle mogelijkheden om onze dromen waar te maken.
Jullie hebben mij altijd enorm gestimuleerd en gesteund mezelf verder te ontwikkelen. Ik denk
dat mijn passie voor onderzoek mede ontstaan is door jullie ervaring op het laboratorium. Papa,
ik ben heel trots op jouw hoogleraarschap en hoe jij je studenten begeleidt. Je bent een groot
voorbeeld voor mij geweest gedurende dit promotietraject en ik ben je erg dankbaar voor al die
keren dat je onafhankelijk mijn stukken wilde reviewen. Mama, ik vind het enorm bijzonder dat
je nog altijd dag en nacht voor mij klaar staat en me altijd probeert te helpen bij alles, of dit nu
praktisch is of met een goed gesprek of gezellig samen iets doen. Ik hou van jullie.
Lieve Arnaud, mijn laatste woord is voor jou. Ik leerde je kennen net nadat ik begonnen was aan
dit promotietraject. In die zin heb je dus alle ups en downs hiervan wel meegekregen. Ik voel me
tot op de dag van vandaag zéér bevoorrecht dat jij in mijn leven verschenen bent. Jij hebt als geen
ander altijd begrip voor de momenten waarop ik nog iets voor werk moet doen en stimuleert
mij altijd om door te zetten en mijn ambities waar te maken. Ik heb enorm genoten de afgelopen
jaren van al onze gezamenlijke fietstochtjes, wandelingen, verre reizen en skitrips. Je hebt mij
altijd alle ruimte gegeven die ik nodig had. Nu het project proefschrift en project huis bijna zijn
afgerond, hoop ik dat we de komende jaren volop kunnen blijven genieten van onze gezamenlijke
passies en natuurlijk van het allerbelangrijkste in ons leven, ons lieve kleine meisje Noa.
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CURRICULUM VITAE
Anouk van Berkel was born in the Radboudumc on the 16th of
July 1988 in Nijmegen, the Netherlands. She graduated cum
laude from the Maaswaal College (Gymnasium) in Wijchen. The
same year, Anouk started her medical training at the Radboud
University in Nijmegen. During medical school, she developed
interest in research, and participated as student-researcher in
the department of Pediatrics (division of Endocrinology) under
supervision of Prof. C. Noordam and dr. J. van Alfen-van der
Velden, and later in the department of Intensive Care under
supervision of Prof. R.P. Pickkers. Her final research internship
was performed at the University of California San Diego (UCSD) in La Jolla, The United States,
under supervision of prof. K.E. Barrett. She investigated the effects of pro-inflammatory
cytokines and role of the PTPN2 gene on the intestinal barrier function. For this work, she
was awarded in 2011 with the best master’s thesis in medicine and the Professor Chris Gips
Students prize.
After graduating from medical school in 2012, Anouk started her PhD trajectory in 2013,
resulting in this thesis, at the department of Internal Medicine (division of Endocrinology)
under supervision of Prof. H.J.L.M. Timmers, Prof. A.R.M.M. Hermus and Prof. M. Gotthardt.
For her work on determinants of
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I-metaiodobenzylguanidine uptake and quantitative

F-fluorodeoxyglucose uptake in pheochromocytoma and paraganglioma (chapter 3 and 5

in this thesis) she received the Alavi-Mandell Award from the Journal of Nuclear Medicine in
2016 and 2020, respectively. In 2014, Anouk was co-founder of the Young Dutch Society of
Endocrinology, aiming to improve collaboration and interaction between young professionals
within the field of Endocrinology. From 2018-2020 she was chair of the Young Dutch Society
of Endocrinology.
Since 2015, Anouk started her training in Internal Medicine. The first three years of her
residency were performed in the Radboudumc (Prof. J. de Graaf, Prof. J.W.A. Smit) and the fourth
year in the Rijnstate Hospital in Arnhem (dr. L. Reichert). Since October 2019, Anouk performs
her fellowship in endocrinology at the Radboudumc (dr. N. Stikkelbroeck, dr. G.M.M. Vervoort).
Anouk is married to Arnaud Zwaal. Together they have one daughter, Noa (2020).
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PHEOCHROMOCYTOMA AND PARAGANGLIOMA
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