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Introduction

Paragangliomas (PGLs) are rare vascular, neuroendocrine tumors of paraganglia. They derive 
from either sympathetic chromaffin tissue in adrenal (also termed pheochromocytoma 
(PCC)) and extra-adrenal locations (also termed sympathetic PGL (sPGL)) or from 
parasympathetic tissue of the head and neck (HNPGL) (Figure 1).1 The overall estimated 
incidence of PGLs is 1/300.000.1-3 From all PGLs, PCCs have the highest relative incidence. 
In 340 unselected PGL patients, PCC was present in about 73% of the patients, sPGL in 9%, 
and HNPGL in 20% of the patients.4,5 PGLs may occur in all ages, with the highest incidence 
between 40 and 50 years and with no gender differences.5,6

!

Jugular vein

Jugular ganglion

Nodose ganglion

Glossopharyngeal nerve

Nervus vagus

Jugulotympanic ganglion

Carotid body

Superior laryngeal ganglion

Inferior laryngeal ganglion

Aorticopulmonary ganglion

Ganglia of the sympathetic trunk

Pre-aortical ganglia
(visceral autonomic)

Adrenal medulla

Figure 1. Anatomical distribution of paraganglia. Adapted from Lips et al.7 with permission.

Hereditary syndromes

PGLs can occur spontaneously or as a part of different hereditary tumor syndromes.8 Before 
the 21st century, it was thought that 10% of PGL/PCC were genetically determined, caused 
specifically by germline mutations in the RET, NF1 or VHL genes.3,9-11 After the identification 
of SDHD, SDHC and SDHB as additional susceptibility genes,12-14 it became clear that a 
least 25% of PGL/PCC was inherited.15 To date, 14 PGL/PCC susceptibility genes have been 
discovered (RET, NF1, VHL, SDHD/C/B/A/AF2, TMEM127, MAX, FH, HRAS, HIF2A/EPAS1 and 

KIF1Bβ), explaining around one half of cases.15-20 Mutations in other genes such as MEN1, 
EGLN1, EGLN2, MDH2 and IDH1 have been reported in single cases or families, suggesting 
that their contribution to the disease is modest.21-24 In addition, somatic mutations in ATRX, 
BRAF and TP53 have been described, but their role is yet to be established.25,26
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The SDHA, SDHB, SDHC and SDHD genes encode for the four subunits of SDH (mitochondrial 
complex II), a key respiratory enzyme which links the Krebs cycle and the electron transport 
chain.27 The SDHAF2 gene encodes SDH complex assembly factor 2 (SDHAF2), essential for 
flavination of the SDHA protein and SDH enzyme activity.28 Germline mutations in SDHA, 
SDHB, SDHC, SDHD, and SDHAF2 genes are responsible for the occurrence of syndromes 
named PGL5, PGL4, PGL3, PGL1, and PGL2, respectively. These various germline mutations 
have distinct phenotypic effects. SDHD-related PGL/PCCs are usually characterized by 
multiple PGLs, predominantly located in the head and neck region with a low frequency 
of malignancy. In contrast, SDHB-related disease is often diagnosed as a single tumor.15 
In addition, SDHB mutation carriers more frequently develop sPGLs, PCC’s and malignant 
disease than carriers with mutations in the other subunits of the SDH gene.29-31 All familial 
PGL syndromes have an autosomal dominant mode of inheritance. SDHD, SDHAF2 and MAX 
are characterized by paternal transmission of the disease.15,32-34 Besides the above mentioned 
hereditary syndromes, a small fraction is associated with other syndromes, including Carney 
triad, Carney-Stratakis syndrome and, very rarely, MEN1.22

Etiology

SDH is located on the inner mitochondrial membrane and is functionally integrated in the 
mitochondrial respiratory chain and the Krebs cycle. In the respiratory chain, SDH transports 
electrons to the ubiquinone pool, then to cytochrome c of complex III. In the Krebs cyclus, 
SDH catalyses the oxidation of succinate to fumarate. Thus, two consequences of SDH 
inactivation are succinate accumulation and increased production of reactive oxygen 
species.35 Succinate acts as an inhibitor of prolyl hydroxylase (PHD) enzymatic activity. PHDs 
are enzymes that are required for the degradation of hypoxia-induced factor (HIF). As a 
consequence, even in the presence of oxygen, HIF cannot be destroyed via proteasome 
mediated degradation driven by VHL protein and is stabilized to induce angiogenesis and 
tumorigenesis.36-38 The increased production of reactive oxygen species has also been 
suggested to contribute to cellular accumulation of hypoxia-inducible factors.35,38 Tumors 
associated with SDH deficiency display notable upregulation of hypoxia-responsive genes. 
For PGLs associated with mutations in VHL, the same signaling pathway is involved.39

Clinical presentation

HNPGLs (parasympathetic PGLs) present commonly as a painless, slow growing cervical 
mass.1 Many patients are non-symptomatic. Depending on site, however, the tumors 
may cause symptoms such as pain, tinnitus, hearing disturbances, cranial nerve palsy, 
hoarseness, and dysphagia.22 HNPGLs are usually not clinically functional or only produce a 
low amount of catecholamines. Carotid body tumors (CBTs) are the most common HNPGL. 
They may, when large and compressive, result in vagal and hypoglossal nerve paralysis. 
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Vagal body tumors are occasionally accompanied by dysphagia and hoarseness. Tympanic 
and jugular foramen tumors most commonly present as a vascular middle ear mass, that 
often present with pulsatile tinnitus and hearing loss. Difficulties in speech, swallowing and 
airway function may be the result of dysfunction of cranial nerves traversing the jugular 
foramen.40

The clinical presentation of PCCs and sPGLs is highly variable. They generally produce 
catecholamines and usually cause hypertension, which may be either paroxysmal or 
sustained. Typical symptoms are recurring episodes of headache, sweating, and palpitations, 
however, up to 10% of the patients have only minor or no signs of clinical symptoms and 
an increasing number of tumors are incidentally found during imaging studies.41 Symptoms 
can occur spontaneously or be triggered by direct stimulation of the tumor, physical activity, 
diagnostic procedures or certain drugs (e.g. metoclopramide).42

Depending on the gene that is involved, the clinical characteristics of PCCs, sPGLs 
and HNPGLs differ (Table 1). Genotype-phenotype correlations can provide important 
information about the specific characteristics of a genetic syndrome like future tumor 
risk, anatomical localizations, different hormonal profiles and risks of metastatic disease. 
Knowing these characteristics might be important to enable optimal genotype-tailored 
treatment options, follow-up and preventive care.43 

Treatment

The treatment of choice for PCCs and sPGLs is surgical resection, preferably laparoscopically.44 
In case of a large tumor (in general > 6 cm), with a higher risk of malignancy, conventional 
laparotomy should be considered. Cortical sparing adrenal surgery should be considered 
in the management of patients with hereditary pheochromocytoma, especially in patients 
with VHL or MEN2 hereditary PCC, because of the higher risk of bilateral PCC in these 
patients.45 For catecholamine-secreting tumors, pre-operative treatment with an alfa-
blocker (phenoxybenzamine or doxazosin) is necessary. Pretreatment reduces perioperative 
mortality to below 1%.46

For HNPGL, a wait-and-scan policy is often advised, because most tumors grow slowly.47 
However, although HNPGLs are indolent tumors, tumor growth may lead to serious 
morbidity and cranial nerve impairment due to their location in close proximity to important 
neurovascular structures. Treatment options for HNPGLs include surgery, radiotherapy, 
radiosurgery, radiofrequency ablation or cryoablation.35 External beam radiotherapy and 
radiosurgery can result in local tumor control in 79-100%, and sometimes regression by 
producing fibrosis and vascular sclerosis.48 The optimal choice of treatment is not clear at 
the moment, due to the absence of trials, selection bias, and differently defined criteria for 
surgery vs. radiotherapy. 
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Table 1. Genotype-phenotype correlations due to mutations in 14 susceptibility genes

Gene Associated 
syndrome Yeara HNPGL sPGL Multiple 

PGL
Single 

PCC
Bilateral 

PCC
Malignancy 

risk

RET MEN2 1993 - - - ++ ++ -

NF1 NF1 1992 - - - + - +

VHL VHL 1995 ± + + ++ +++ +

SDHD PGL1 2000 +++ ++ +++ + + +

SDHC PGL3 2000 ++ + + ± - ±

SDHB PGL4 2001 ++ +++ ++ ++ + ++

SDHA PGL5 2010 + + - - - ?

SDHAF2 PGL2 2009 +++ - ++ - - ?

TMEM127 2010 ± ± ± +++ ++ ±

MAX 2011 - - - ++ ++ +

FH 2013 + ++ ++ ++ + ++?

HIF2A/EPAS1 2012 -? + +? + ? ?

KIF1Bβ 2008 -? -? -? ++ +? ?

HRAS 1992 ? -? -? ++ -? +?

Abbreviations: HNPGL head and neck paraganglioma; sPGL sympathetic paraganglioma; PCC pheochromocytoma; 
PGL paraganglioma; MEN2 multiple endocrine neoplasia type 2; NF1 neurofibromatosis type 1; VHL von Hippel 
Lindau disease; PGL1-5 familial paraganglioma syndrome type 1-5.
a year in which the gene was identified.
+ present; - absent; ? not known.

Malignant paragangliomas

Although the majority of PGLs are benign, there is a risk of malignant transformation of 10% 
for PCC and 10-20% for sPGL.49 Malignant disease is defined as the presence of metastatic 
lesions at sites where neuroendocrine tissue is normally absent.50-52 The prognosis in 
malignant PGL/PCC is known to be poor and treatment remains basically palliative. The 
overall 5-year survival in patients with malignant PGL/PCC is less than 50%.49,53,54 Patients with 
metastatic tumors also have high morbidity rates from excessive catecholamine secretion, 
hypertension and cardiovascular complications. The primary management of patients with 
malignant HNPGL should be surgical debulking of tumor tissue and regional lymph nodes. 
Postoperative radiation may be considered. For patients with malignant PCC/PGL, surgical 
debulking may also be considered, but the usefulness has not been established.55 External 
beam irradiation can be useful in the treatment of local tumor complications. Systemic 
treatment options include radionuclide therapy with 131I-MIBG or radiolabelled somatostatin 
analogues,56 however 131I-MIBG has proved to be the most efficient non-surgical therapeutic 
modality. Response rates of 131I-MIBG therapy vary considerably, with a great variability in 
the type and the design of the studies, the administered activity, the schemes of treatment 
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and the criteria for response assessment. Objective response rates (i.e. stable disease, partial 
response and complete response) vary from 30-67%.57-63 A meta-analysis in 1997 performed 
by Loh et al. reported response rates of symptomatic improvement in 76%, anti-tumor 
response in 30% and hormonal response in 45%.64

In MIBG-negative patients, combination chemotherapy of cyclophosphamide, vincristine 
and dacarbazine (CVD) can be used. This regimen for the treatment of malignant PGL/PCC 
was introduced in 1985 by Keiser et al.65 Partial remissions and in single cases complete 
remissions have been reported with this regimen, however, with no significant effect on 
survival.65,66

In the last few years, an increasing number of metastatic NETs have been treated with 
peptide receptor radionuclide therapy (PRRT) using radiolabelled somatostatin analogues 
like 177Lutetium (Lu)-DOTA-octreotide and 90Yttrium (Y)-DOTA-lanreotide.67 Differentiated 
neuroendocrine cancers frequently express several subtypes of the somatostatin 
receptor;67,68 PGL/PCC were found to express predominantly subtypes 2A and 3, and 
therefore, patients with PGL/PCC are suitable candidates for PRRT.69 Van Essen et al.70 treated 
nine PGL/PCC patients with 177Lu-octreotate. None of the patients achieved a complete 
response on tumour volume; however, a partial response or stable disease was achieved 
in, respectively, two and four patients. In a study by Imhof et al.,71 11 patients with PCC and 
28 patients with PGL were treated with 90Y-DOTATOC therapy. Seven patients had a partial 
response after therapy. 
Not all patients with malignant PGL/PCC are eligible for MIBG therapy, as it depends 
on whether the tumours exhibit adequate take up of the radiopharmaceutical after 
intravenous administration.72,73 To establish whether a patient is a good candidate for 
treatment with either 131I-MIBG therapy or PRRT, a diagnostic 123I-/131I- MIBG scintigraphy 
or 111In-pentetreotide scintigraphy (SRS), respectively, has to be performed in advance. In 
patients with malignant PGL/PCC with poor 123I-MIBG uptake, but good uptake with SRS, 
PRRT might be a good alternative treatment for 131I-MIBG therapy.
More recently, studies assessing targeted therapies, such as Sunitinib, have shown promising 
results in the treatment of malignant PGL.74 Sunitinib is an oral tyrosine kinase inhibitor with 
antiangiogenic and antitumor activity. Currently, the published data are limited to only a 
few case reports and retrospective reports.74-76 
The prognosis in malignant PGL/PCC is known to be poor and treatment remains basically 
palliative. The overall 5-year survival in patients with malignant PGL/PCC is less than 
50%.49,53,54,77

Associated tumors

SDHA, SDHB, SDHC and SDHD mutations have also been linked to gastrointestinal stromal 
tumors 27,78 and renal-cell carcinoma.79-84 SDH-deficient renal carcinoma has been accepted 
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as a provisional entity in the 2013 International Society of Urological Pathology Vancouver 
Classification. Gill et al. studied 36 SDH-deficient renal carcinomas and showed that these 
carcinomas had a strong relationship with SDH germline mutation.85 In addition, pituitary 
adenomas have been reported to be associated with SDHA, SDHB, SDHC and SDHD 
mutations.81,86-89 However, other nonparaganglionic tumors may belong to the SDH tumor 
spectrum, like thyroid tumors.30,90

Scope of the present thesis

The aim of the present thesis is to evaluate the clinical characteristics of SDHx mutation carriers, 
to describe the genotype-phenotype correlations, to assess which (nonparaganglionic) 
tumors can also be linked to SDHx mutations and to review various treatment options for 
malignant PGL/PCC.

In the Netherlands, the majority of hereditary PGLs are caused by SDHD and SDHB mutations. 
Founder mutations in SDHD are particularly prevalent, but several SDHB founder mutations 
have also been described. The reported penetrance of SDHB mutations is 26–75%. In 
chapter 2 we describe an extended PGL family with a Dutch founder mutation in SDHB, 
c.201-4429_287-933del, and calculated the penetrance in this kindred.

The prevalence of SDHB founder mutations is relatively high in the Netherlands. This gave 
us the opportunity to perform a nationwide study with 196 SDHB germline mutation 
carriers identified in the Netherlands. In chapter 3 we describe the genotype-phenotype 
characteristics of this large Dutch cohort of SDHB mutation carriers and assess potential 
differences in clinical phenotypes related to specific SDHB mutations. 

SDH mutations have also been linked to nonparaganglionic tumors like gastrointestinal 
stromal tumors (GIST), renal-cell carcinoma and pituitary adenomas. To explore which 
nonparaganglionic tumors may belong to the SDH tumor spectrum, we investigated all 
nonparaganglionic tumors affecting patients included in the Leiden SDH Mutation Carrier 
Registry. In chapter 4 we describe which tumors expand the SDH-related tumor spectrum.

PGLs in the head and neck region can arise from the carotid body, vagal body or 
jugulotympanic tissue (i.e. paraganglioma of the temporal bone). Their location is in close 
proximity to important neurovascular structures. Therefore, tumor growth may lead to 
serious morbidity and cranial nerve impairment. Removal of these tumors may lead to 
carotid sinus nerve impairment. The baroreflex arc has arterial baroreceptors mainly located 
in the carotid sinuses and aortic arch. Bilateral carotid body tumor resection (bCBR) may thus 
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result in arterial baroreflex dysfunction. Patients with bCBR are known to have significant 
lower baroreflex sensitivity compared with controls, i.e. a less marked heart rate response to 
a given rise or fall in blood pressure.  In chapter 5 we investigated the role of the baroreflex 
during sleep.

Although the majority of PGLs are benign, there is a risk of malignant transformation of 10% 
for PCC and 10-20% for sPGL. The prognosis in malignant PGL/PCC is known to be poor and 
treatment remains basically palliative. There are only a few systemic treatment modalities. 
Radionuclide therapy is one of these. In chapter 6 we performed a systematic review and 
meta-analysis on the effects of radionuclide therapy on malignant PGL. Another treatment 
option is combination chemotherapy of cyclophosphamide, vincristine and dacarbazine 
(CVD). The precise effect of CVD chemotherapy for the treatment of malignant PGL/PCC is 
unclear. In chapter 7 we performed a systematic review and meta-analysis on the effects 
of CVD chemotherapy on tumor volume, biochemical response and survival on malignant 
PGL. 



18

Chapter 1

References

1.	 Nathanson K, Baysal BE, Drovdlic C, et al. Familial paraganglioma-pheochromocytoma syndromes 
caused by SDHB, SDHC and SDHD mutations. In: De Lellis RA, Lloyd RV, Heitz PU, Eng C, eds. 
World Health Organization classification of tumours. Vol 8. Pathology and genetics of tumours of 
endocrine organs. Lyon, France: IARC Press, 2004: 238-242.

2.	 Erickson D, Kudva YC, Ebersold MJ, et al. Benign paragangliomas: clinical presentation and 
treatment outcomes in 236 patients. J Clin Endocrinol Metab 2001;86:5210-5216.

3.	 Neumann HP, Berger DP, Sigmund G, et al. Pheochromocytomas, multiple endocrine neoplasia 
type 2, and von Hippel-Lindau disease. N Engl J Med 1993;329:1531-8.

4.	 Pacak K, Keiser H, Eisenhofer G. Pheochromocytoma. Textbook of Endocrinology. Philadelphia: 
Elsevier Saunders Inc 2005;2501-2534.

5.	 Mannelli M, Castellano M, Schiavi F, et al. Clinically guided genetic screening in a large cohort of 
italian patients with pheochromocytomas and/or functional or nonfunctional paragangliomas. J 
Clin Endocrinol Metab 2009;94:1541-1547.

6.	 Cascon A, Pita G, Burnichon N, et al. Genetics of pheochromocytoma and paraganglioma in 
Spanish patients. J Clin Endocrinol Metab 2009;94:1701-1705.

7.	 Lips C, Lentjes E, Hoppener J, Luijt R, Moll F. Familial paragangliomas. Hered Cancer Clin Pract 
2006;4:169-176.

8.	 Pacak K, Eisenhofer G, Ahlman H, et al. Pheochromocytoma: recommendations for clinical 
practice from the First International Symposium. October 2005. Nat Clin Pract Endocrinol Metab 
2007;3:92-102.

9.	 Eng C. Seminars in medicine of the Beth Israel Hospital, Boston. The RET proto-oncogene in 
multiple endocrine neoplasia type 2 and Hirschsprung’s disease. N Engl J Med 1996;335:943-951.

10.	 White R, Viskochil D, O’Connell P. Identification and characterization of the gene for 
neurofibromatosis type 1. Curr Opin Neurobiol 1991;1:462-467.

11.	 Latif F, Tory K, Gnarra J, et al. Identification of the von Hippel-Lindau disease tumor suppressor 
gene. Science 1993;260:1317-1320.

12.	 Baysal BE, Ferrell RE, Willett-Brozick JE, et al. Mutations in SDHD, a mitochondrial complex II gene, 
in hereditary paraganglioma. Science 2000;287:848-851.

13.	 Niemann S, Muller U. Mutations in SDHC cause autosomal dominant paraganglioma, type 3. Nat 
Genet 2000;26:268-270.

14.	 Astuti D, Latif F, Dallol A, et al. Gene mutations in the succinate dehydrogenase subunit SDHB 
cause susceptibility to familial pheochromocytoma and to familial paraganglioma. Am J Hum 
Genet 2001;69:49-54.

15.	 Gimenez-Roqueplo AP, Dahia PL, Robledo M. An update on the genetics of paraganglioma, 
pheochromocytoma, and associated hereditary syndromes. Horm Metab Res 2012;44:328-333.

16.	 Neumann HP, Bausch B, McWhinney SR, et al. Germ-line mutations in nonsyndromic 
pheochromocytoma. N Engl J Med 2002;346:1459-1466.

17.	 Clark GR, Sciacovelli M, Gaude E, et al. Germline FH mutations presenting with pheochromocytoma. 
J Clin Endocrinol Metab 2014;99:E2046-2050.



1

19

General introduction

18.	 Castro-Vega LJ, Buffet A, De Cubas AA, et al. Germline mutations in FH confer predisposition to 
malignant pheochromocytomas and paragangliomas. Hum Mol Genet 2014;23:2440-2446.

19.	 Pillai S, Gopalan V, Smith RA, Lam AK. Updates on the genetics and the clinical impacts on 
phaeochromocytoma and paraganglioma in the new era. Crit Rev Oncol Hematol 2016;100:190-
208.

20.	 Oudijk L, de Krijger RR, Rapa I, et al. H-RAS mutations are restricted to sporadic pheochromocytomas 
lacking specific clinical or pathological features: data from a multi-institutional series. J Clin 
Endocrinol Metab 2014;99:E1376-1380.

21.	 Dahia PL. Pheochromocytoma and paraganglioma pathogenesis: learning from genetic 
heterogeneity. Nat Rev Cancer 2014;14:108-119.

22.	 Welander J, Soderkvist P, Gimm O. Genetics and clinical characteristics of hereditary 
pheochromocytomas and paragangliomas. Endocr Relat Cancer 2011;18:R253-276.

23.	 Yang C, Zhuang Z, Fliedner SM, et al. Germ-line PHD1 and PHD2 mutations detected in patients 
with pheochromocytoma/paraganglioma-polycythemia. J Mol Med 2015;93:93-104.

24.	 Cascon A, Comino-Mendez I, Curras-Freixes M, et al. Whole-exome sequencing identifies MDH2 
as a new familial paraganglioma gene. J Natl Cancer Inst 2015;107.

25.	 Fishbein L, Khare S, Wubbenhorst B, et al. Whole-exome sequencing identifies somatic ATRX 
mutations in pheochromocytomas and paragangliomas. Nat Commun 2015;6:6140.

26.	 Luchetti A, Walsh D, Rodger F, et al. Profiling of somatic mutations in phaeochromocytoma 
and paraganglioma by targeted next generation sequencing analysis. Int J Endocrinol 
2015;2015:138573.

27.	 Gill AJ. Succinate dehydrogenase (SDH) and mitochondrial driven neoplasia. Pathology 
2012;44:285-292.

28.	 Fishbein L, Nathanson KL. Pheochromocytoma and paraganglioma: understanding the 
complexities of the genetic background. Cancer Genet 2012;205:1-11.

29.	 Benn DE, Gimenez-Roqueplo AP, Reilly JR, et al. Clinical presentation and penetrance of 
pheochromocytoma/paraganglioma syndromes. J Clin Endocrinol Metab 2006;91:827-836.

30.	 Neumann HP, Pawlu C, Peczkowska M, et al. Distinct clinical features of paraganglioma syndromes 
associated with SDHB and SDHD gene mutations. JAMA 2004;292:943-951.

31.	 Timmers HJ, Kozupa A, Eisenhofer G, et al. Clinical presentations, biochemical phenotypes, 
and genotype-phenotype correlations in patients with succinate dehydrogenase subunit 
B-associated pheochromocytomas and paragangliomas. J Clin Endocrinol Metab 2007;92:779-
786.

32.	 Baysal BE, Farr JE, Rubinstein WS, et al. Fine mapping of an imprinted gene for familial 
nonchromaffin paragangliomas, on chromosome 11q23. Am J Hum Genet 1997;60:121-132.

33.	 Heutink P, van der Mey AG, Sandkuijl LA, et al. A gene subject to genomic imprinting and 
responsible for hereditary paragangliomas maps to chromosome 11q23-qter. Hum Mol Genet 
1992;1:7-10.

34.	 van der Mey AG, Maaswinkel-Mooy PD, Cornelisse CJ, Schmidt PH, van de Kamp JJ. Genomic 
imprinting in hereditary glomus tumours: evidence for new genetic theory. Lancet 1989;2:1291-
1294.



20

Chapter 1

35.	 Benn DE, Robinson BG, Clifton-Bligh RJ. 15 YEARS OF PARAGANGLIOMA: Clinical manifestations of 
paraganglioma syndromes types 1-5. Endocr Relat Cancer 2015;22:T91-103.

36.	 Favier J, Gimenez-Roqueplo AP. Pheochromocytomas: the (pseudo)-hypoxia hypothesis. Best 
Pract Res Clin Endocrinol Metab 2010;24:957-968.

37.	 Qin Y, Buddavarapu K, Dahia PL. Pheochromocytomas: from genetic diversity to new paradigms. 
Horm Metab Res 2009;41:664-671.

38.	 Selak MA, Armour SM, MacKenzie ED, et al. Succinate links TCA cycle dysfunction to oncogenesis 
by inhibiting HIF-alpha prolyl hydroxylase. Cancer Cell 2005;7:77-85.

39.	 Dahia PL, Ross KN, Wright ME, et al. A HIF1alpha regulatory loop links hypoxia and mitochondrial 
signals in pheochromocytomas. PLoS Genet 2005;1:72-80.

40.	 Jackson CG. Glomus tympanicum and glomus jugulare tumors. Otolaryngol Clin North Am 
2001;34:941-970.

41.	 Kopetschke R, Slisko M, Kilisli A, et al. Frequent incidental discovery of phaeochromocytoma: data 
from a German cohort of 201 phaeochromocytoma. Eur J Endocrinol 2009;161:355-361.

42.	 Lenders JW, Eisenhofer G, Mannelli M, Pacak K. Phaeochromocytoma. Lancet 2005;366:665-675.

43.	 Bjorklund P, Pacak K, Crona J. Precision medicine in pheochromocytoma and paraganglioma: 
current and future concepts. J Intern Med 2016 published online May 10.DOI 10.1111/joim.12507.

44.	 Janetschek G, Finkenstedt G, Gasser R, et al. Laparoscopic surgery for pheochromocytoma: 
adrenalectomy, partial resection, excision of paragangliomas. J Urol 1998;160:330-334.

45.	 Castinetti F, Taieb D, Henry JF, et al. MANAGEMENT OF ENDOCRINE DISEASE: Outcome of adrenal 
sparing surgery in heritable pheochromocytoma. Eur J Endocrinol 2016;174:R9-18.

46.	 Niemann U, Hiller W, Behrend M. 25 years experience of the surgical treatment of 
phaeochromocytoma. Eur J Surg 2002;168:716-719.

47.	 Jansen JC, van den Berg R, Kuiper A, van der Mey AG, Zwinderman AH, Cornelisse CJ. Estimation of 
growth rate in patients with head and neck paragangliomas influences the treatment proposal. 
Cancer 2000;88:2811-2816.

48.	 van Hulsteijn LT, Corssmit EP, Coremans IE, Smit JW, Jansen JC, Dekkers OM. Regression and local 
control rates after radiotherapy for jugulotympanic paragangliomas: systematic review and 
meta-analysis. Radiother Oncol 2013;106:161-168.

49.	 Chrisoulidou A, Kaltsas G, Ilias I, Grossman AB. The diagnosis and management of malignant 
phaeochromocytoma and paraganglioma. Endocr Relat Cancer 2007;14:569-585.

50.	 Granger JK, Houn HY. Head and neck paragangliomas: a clinicopathologic study with DNA flow 
cytometric analysis. South Med J 1990;83:1407-1412.

51.	 Scholz T, Schulz C, Klose S, Lehnert H. Diagnostic management of benign and malignant 
pheochromocytoma. Exp Clin Endocrinol Diabetes 2007;115:155-159.

52.	 Linnoila RI, Keiser HR, Steinberg SM, Lack EE. Histopathology of benign versus malignant 
sympathoadrenal paragangliomas: clinicopathologic study of 120 cases including unusual 
histologic features. Hum Pathol 1990;21:1168-1180.

53.	 Fitzgerald PA, Goldsby RE, Huberty JP, et al. Malignant pheochromocytomas and paragangliomas: 
a phase II study of therapy with high-dose 131I-metaiodobenzylguanidine (131I-MIBG). Ann N Y 
Acad Sci 2006;1073:465-490.



1

21

General introduction

54.	 Goldstein RE, O’Neill JA, Jr., Holcomb GW, 3rd, et al. Clinical experience over 48 years with 
pheochromocytoma. Ann Surg 1999;229:755-764; discussion 64-6.

55.	 Timmers HJ, Gimenez-Roqueplo AP, Mannelli M, Pacak K. Clinical aspects of SDHx-related 
pheochromocytoma and paraganglioma. Endocr Relat Cancer 2009;16:391-400.

56.	 Forrer F, Riedweg I, Maecke HR, Mueller-Brand J. Radiolabeled DOTATOC in patients with advanced 
paraganglioma and pheochromocytoma. Q J Nucl Med Mol Imaging 2008;52:334-340.

57.	 Mukherjee JJ, Kaltsas GA, Islam N, et al. Treatment of metastatic carcinoid tumours, 
phaeochromocytoma, paraganglioma and medullary carcinoma of the thyroid with (131)I-meta-
iodobenzylguanidine [(131)I-mIBG]. Clin Endocrinol 2001;55:47-60.

58.	 Safford SD, Coleman RE, Gockerman JP, et al. Iodine -131 metaiodobenzylguanidine is an effective 
treatment for malignant pheochromocytoma and paraganglioma. Surgery 2003;134:956-62; 
discussion 62-63.

59.	 Sisson JC, Shulkin BL, Esfandiari NH. Courses of malignant pheochromocytoma: implications for 
therapy. Ann N Y Acad Sci 2006;1073:505-511.

60.	 Gedik GK, Hoefnagel CA, Bais E, Olmos RA. 131I-MIBG therapy in metastatic phaeochromocytoma 
and paraganglioma. Eur J Nucl Med Mol Imaging 2008;35:725-733.

61.	 Shilkrut M, Bar-Deroma R, Bar-Sela G, Berniger A, Kuten A. Low-dose iodine-131 
metaiodobenzylguanidine therapy for patients with malignant pheochromocytoma and 
paraganglioma: single center experience. Am J Clin Oncol 2010;33:79-82.

62.	 Gonias S, Goldsby R, Matthay KK, et al. Phase II study of high-dose [131I]metaiodobenzylguanidine 
therapy for patients with metastatic pheochromocytoma and paraganglioma. J Clin Oncol 
2009;27:4162-4168.

63.	 Castellani MR, Seghezzi S, Chiesa C, et al. (131)I-MIBG treatment of pheochromocytoma: low 
versus intermediate activity regimens of therapy. Q J Nucl Med Mol Imaging 2010;54:100-113.

64.	 Loh KC, Fitzgerald PA, Matthay KK, Yeo PP, Price DC. The treatment of malignant pheochromocytoma 
with iodine-131 metaiodobenzylguanidine (131I-MIBG): a comprehensive review of 116 reported 
patients. J Endocrinol Invest 1997;20:648-658.

65.	 Keiser HR, Goldstein DS, Wade JL, Douglas FL, Averbuch SD. Treatment of malignant 
pheochromocytoma with combination chemotherapy. Hypertension 1985;7:I18-24.

66.	 Huang H, Abraham J, Hung E, et al. Treatment of malignant pheochromocytoma/paraganglioma 
with cyclophosphamide, vincristine, and dacarbazine: recommendation from a 22-year follow-up 
of 18 patients. Cancer 2008;113:2020-2028.

67.	 Adjalle R, Plouin PF, Pacak K, Lehnert H. Treatment of malignant pheochromocytoma. Horm 
Metab Res 2009;41:687-696.

68.	 Reubi JC. Peptide receptors as molecular targets for cancer diagnosis and therapy. Endocr Rev 
2003;24:389-427.

69.	 Mundschenk J, Unger N, Schulz S, et al. Somatostatin receptor subtypes in human 
pheochromocytoma: subcellular expression pattern and functional relevance for octreotide 
scintigraphy. J Clin Endocrinol Metab 2003;88:5150-5157.

70.	 van Essen M, Krenning EP, Kooij PP, et al. Effects of therapy with [177Lu-DOTA0, Tyr3]octreotate 
in patients with paraganglioma, meningioma, small cell lung carcinoma, and melanoma. J Nucl 
Med 2006;47:1599-1606.



22

Chapter 1

71.	 Imhof A, Brunner P, Marincek N, et al. Response, survival, and long-term toxicity after therapy 
with the radiolabeled somatostatin analogue [90Y-DOTA]-TOC in metastasized neuroendocrine 
cancers. J Clin Oncol 2011;29:2416-2423.

72.	 Ilias I, Chen CC, Carrasquillo JA, et al. Comparison of 6-18F-fluorodopamine PET with 
123I-metaiodobenzylguanidine and 111in-pentetreotide scintigraphy in localization of 
nonmetastatic and metastatic pheochromocytoma. J Nucl Med 2008;49:1613-1619.

73.	 van der Harst E, de Herder WW, Bruining HA, et al. [(123)I]metaiodobenzylguanidine and [(111)
In]octreotide uptake in begnign and malignant pheochromocytomas. J Clin Endocrinol Metab 
2001;86:685-693.

74.	 Joshua AM, Ezzat S, Asa SL, et al. Rationale and evidence for sunitinib in the treatment of malignant 
paraganglioma/pheochromocytoma. J Clin Endocrinol Metab 2009;94:5-9.

75.	 Jimenez C, Cabanillas ME, Santarpia L, et al. Use of the tyrosine kinase inhibitor sunitinib in a 
patient with von Hippel-Lindau disease: targeting angiogenic factors in pheochromocytoma and 
other von Hippel-Lindau disease-related tumors. J Clin Endocrinol Metab 2009;94:386-391.

76.	 Ayala-Ramirez M, Chougnet CN, Habra MA, et al. Treatment with sunitinib for patients with 
progressive metastatic pheochromocytomas and sympathetic paragangliomas. J Clin Endocrinol 
Metab 2012;97:4040-4050.

77.	 Eisenhofer G, Bornstein SR, Brouwers FM, et al. Malignant pheochromocytoma: current status and 
initiatives for future progress. Endocr Relat Cancer 2004;11:423-436.

78.	 Gill AJ, Chou A, Vilain R, et al. Immunohistochemistry for SDHB divides gastrointestinal stromal 
tumors (GISTs) into 2 distinct types. Am J Surg Pathol 2010;34:636-644.

79.	 Gill AJ, Pachter NS, Clarkson A, et al. Renal tumors and hereditary pheochromocytoma-
paraganglioma syndrome type 4. N Engl J Med 2011;364:885-886.

80.	 Ricketts CJ, Shuch B, Vocke CD, et al. Succinate dehydrogenase kidney cancer: an aggressive 
example of the Warburg effect in cancer. J Urol 2012;188:2063-2071.

81.	 Papathomas TG, Gaal J, Corssmit EP, et al. Non-pheochromocytoma (PCC)/paraganglioma 
(PGL) tumors in patients with succinate dehydrogenase-related PCC-PGL syndromes: a 
clinicopathological and molecular analysis. Eur J Endocrinol 2014;170:1-12.

82.	 Malinoc A, Sullivan M, Wiech T, et al. Biallelic inactivation of the SDHC gene in renal carcinoma 
associated with paraganglioma syndrome type 3. Endocr Relat Cancer 2012;19:283-290.

83.	 Yakirevich E, Ali SM, Mega A, et al. A Novel SDHA-deficient Renal Cell Carcinoma Revealed by 
Comprehensive Genomic Profiling. Am J Surg Pathol 2015;39:858-863.

84.	 Gill AJ, Lipton L, Taylor J, et al. Germline SDHC mutation presenting as recurrent SDH deficient 
GIST and renal carcinoma. Pathology 2013;45:689-691.

85.	 Gill AJ, Hes O, Papathomas T, et al. Succinate dehydrogenase (SDH)-deficient renal carcinoma: a 
morphologically distinct entity: a clinicopathologic series of 36 tumors from 27 patients. Am J 
Surg Pathol 2014;38:1588-1602.

86.	 Xekouki P, Pacak K, Almeida M, et al. Succinate dehydrogenase (SDH) D subunit (SDHD) inactivation 
in a growth-hormone-producing pituitary tumor: a new association for SDH? J Clin Endocrinol 
Metab 2012;97:E357-366.

87.	 Lopez-Jimenez E, de Campos JM, Kusak EM, et al. SDHC mutation in an elderly patient without 
familial antecedents. Clin Endocrinol 2008;69:906-910.



1

23

General introduction

88.	 Dwight T, Mann K, Benn DE, et al. Familial SDHA mutation associated with pituitary adenoma and 
pheochromocytoma/paraganglioma. J Clin Endocrinol Metab 2013;98:E1103-1108.

89.	 Denes J, Swords F, Rattenberry E, et al. Heterogeneous genetic background of the association of 
pheochromocytoma/paraganglioma and pituitary adenoma: results from a large patient cohort. 
J Clin Endocrinol Metab 2015;100:E531-541.

90.	 Ricketts CJ, Forman JR, Rattenberry E, et al. Tumor risks and genotype-phenotype-proteotype 
analysis in 358 patients with germline mutations in SDHB and SDHD. Hum Mutat 2010;31:41-51.




