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1Section on Medical Neuroendocrinology, Eunice Kennedy Shriver National Institute of Child Health and
Human Development, National Institutes of Health, Bethesda, Maryland 20892; 2Department of Medical
Sciences, Uppsala University, Akademiska Sjukhuset Ing. 78, 75185, Uppsala, Sweden; and 3Department of
Nuclear Medicine, La Timone University Hospital, European Center for Research in Medical Imaging, Aix
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ABSTRACT A molecular biology–based taxonomy has been proposed for pheochromocytoma and paraganglioma (PPGL). Data from the

Cancer Genome Atlas revealed clinically relevant prognostic and predictive biomarkers and stratified PPGLs into three main clusters. Each

subgroup has a distinct molecular–biochemical–imaging signature. Concurrently, newmethods for biochemical analysis, functional imaging,

and medical therapies have also become available. The research community now strives to match the cluster biomarkers with the best

intervention. The concept of precision medicine has been long awaited and holds great promise for improved care. Here, we review the

current and future PPGL classifications, with a focus on hereditary syndromes. We discuss the current strengths and shortcomings of

precision medicine and suggest a condensed manual for diagnosis and treatment of both adult and pediatric patients with PPGL. Finally, we

consider the future direction of this field, with a particular focus on how advanced molecular characterization of PPGL can improve

a patient’s outcome, including cures and, ultimately, disease prevention. (Endocrine Reviews 38: 489 – 515, 2017)

P heochromocytomas (PCCs) and paragangliomas
(PGLs), commonly denoted PPGLs, are known

to physicians as the “great mimickers” because of their
variable symptoms (). PPGLs are also recognized to
have the highest degree of heritability of any endocrine
tumor type (). An additional layer of complexity can
be attributed to the extensive genetic heterogeneity
found in between patients. There are at least 
different genetic syndromes,  well-characterized
PPGL driver genes, and an increasing number of
potential disease-modifying genes (–). Together
with reduced costs and increasing availability of DNA
sequencing, an increasing proportion of patients with
PPGL are now undergoing genetic screening and will
soon ask, “What do my genetic results mean for my
health?”

Meanwhile, new diagnostic techniques and ther-
apies have been introduced for PPGL: biochemical
workup with -methoxytyramine; Ga-DOTA so-
matostatin analogs used with positron emission to-
mography (PET)/computed tomography (CT) for
localization and staging; temozolomide, sunitinib,
high-potency I-metaiodobenzylguanidine (MIBG;
Ultratrace); and Y- or Lu-coupled somatostatin

analogs for treatment of nonresectable disease. At first
glance, this combined clinical and biological hetero-
geneity increases the complexity of PPGL management,
especially in patients with rare genetic syndromes.
Therefore, we have placed our emphasis on the cluster
approach, which divides PPGL into groups with alike
pathogenesis and biology. These clusters can act as
a guide for how to think about and approach PPGL
personalized care and treatment. The pan-molecular
characterization of the Cancer Genome Atlas (TCGA)
has provided us with the most sophisticated molecular
taxonomy to date () (Fig. , Table ):

1. Pseudohypoxia group can be divided into at
least two subgroups: tricarboxylic acid (TCA)
cycle–related, containing germline mutations in
succinate dehydrogenase subunits SDHA,
SDHB, SDHC, and SDHD as well as SDHAF2
(SDHx), assembly factor of the succinate de-
hydrogenase complex, and FH, a second enzyme
in the TCA cycle; and VHL/EPAS1-related, with
somatic and germline mutations.

2. Wnt signaling group includes newly recog-
nized somatic mutations in CSDE1 as well as
somatic gene fusions affecting MAML3.
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3. Kinase signaling group consists of germline
or somatic mutations in RET, NF1, TMEM127,
MAX, and HRAS.

After summarizing the recent updates in PPGL, we
provide a synthesis for molecular biology, clinical,
biochemical, and imaging classifications in .
Relevant examples of how these biomarkers can help
personalize the care of patients with PPGL are

provided. We are attempting to replace the vertical
thinking approach to these diagnoses with a horizontal
thinking approach, which looks at various analogies
and parallels among all hereditary types of PPGLs.
Such knowledge is then translated into personalized
care and treatment. Finally, we outline future di-
rections of the field, including how a precision
medicine mindset could provide prevention of PPGL.

Background

PPGL epidemiology and heritability
The overall yearly incidence of PCC is estimated to be
between  and  cases per million (, ). About % to %
occur in pediatric patients (, ), withmetastatic disease seen
in %–% of PCCs and in % to % of sympathetic
PGLs (–). According to these numbers, we have ap-
proximated the yearly incidence of PPGLs in the United
States to between  and  cases (), including  to
 pediatric patients and  to withmetastatic disease
(). However, these studies are outdated, and the numbers
presented here should be interpreted with caution.

Recently, the proportion of patients with hereditary
PPGLwas estimated to be as high as %, reflecting a steady
increase in the number of susceptibility loci. About % to
% of PPGLs are expected to have SDHx or FH muta-
tions, including mainly PGLs (% to %) (–). The
proportion of SDHxmutations amongmetastatic tumors is
the highest among all hereditary PPGLs, being estimated at
% to % in adults and % to % in pediatric patients
(, , ). Between % and % of PPGLs have germline
VHL mutations (, , –), whereas the cumulative
frequency of RET, NF, TMEM, andMAX is reported
to between % and % (, , , , ). Thus, in the
United States, about  to  PPGLs could occur yearly
in a heritable context (, , –). In total, the TCGA
project identified a drivermutation or gene fusion in %of
PPGLs: % as part of a genetic predisposition syndrome,
harboring a germline mutation, and % as a somatic
mutation in patients with sporadic disease ().

Outcome
Catecholamine excess, local growth, and metastatic disease
all contribute to increased morbidity and mortality in

patients with PPGL (–). Those with sympathetic
PPGLs have an almost  times higher incidence of car-
diovascular events before their diagnosis (). However,
mortality is caused mainly by metastatic disease, which is
associated with a -year survival rate of % to % in
adults (, , , ) and % [% confidence interval
(CI) % to %] in children (). For SDHB carriers in
a metastatic setting, the - and -year survival rates were
% to % and %, respectively (, , , ). For
pediatric SDHB carriers, the - and -year survival rates
were similarly estimated at % (). Although SDHD
carriers often suffer morbidity from growth and in-
tervention of head and neck (HN) PGLs (), mortality has
not been shown to be substantially increased (). In a study
of  SDHD carriers, only  out of  deaths were related
to PPGL, not statistically different from the control pop-
ulation (). Nevertheless, the majority of glomus jugulare
PGLs occur in SDHD carriers, and these tumors can be
particularly problematic, causing morbidity due to a mass
effect after enlarging only a few millimeters. From our
experience, those that do not respond to radiotherapy or
chemotherapy may cause severe morbidity or even death
(). Carriers of VHL mutations have a reduced life ex-
pectancy of  to  years. However, PPGLs were classified
as the cause of death in only % of patients with von
Hippel–Lindau (VHL) syndrome (/) (). This rate is
similar to that of patients withmultiple endocrine neoplasia
type  (MEN), where PPGLs were not associated with
decreased survival ().

A three-cluster molecular taxonomy of PPGL
Researchers have long attempted to group PPGLs
based on biology, and the results are uniform, with
a few exceptions. We considered the results presented
by TCGA as the most reliable analysis yet. But in a few

ESSENTIAL POINTS

· There are at least 12 genetic syndromes with predisposition of PPGL

· The Cancer Genome Atlas (TCGA) molecular taxonomy divides these patients into three main disease clusters: (1)
pseudohypoxic, (2) Wnt-signaling, and (3) kinase-signaling

· Each cluster has a unique molecular-clinical-biochemical-imaging phenotype, which can be used to personalize care;
precision medicine and targeted therapies

· Ongoing clinical trials investigate the hypothesized impact of PPGL biology in predicting treatment response

· Improved understanding of molecular biology provides several theoretical opportunities for primary prevention
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instances where there are minor discrepancies with
previous data, we tried to put TCGA into the context
of the established literature and evidence.

Pseudohypoxic PPGL
This group of PPGL has a pathological hypoxic re-
sponse due to stabilization of hypoxia-inducible fac-
tors (HIFs) under normal oxygen pressure. Two
principally different mechanisms subdivide pseudo-
hypoxic PPGLs into TCA cycle–related oncometa-
bolite accumulation and VHL/EPAS related direct
disturbance in HIF turnover.

Pseudohypoxic PPGL, TCA cycle–related. This
type involves genes in the TCA cycle; a majority of
patients have familial PGL associated with mutations in
SDHA (), SDHB (), SDHC (), SDHD (), and
SDHAF (), respectively. SDHA-D encodes subunits
of the succinate dehydrogenase complex that catalyzes
oxidation of succinate to fumarate and participates in
the respiratory electron transfer chain (complex II). A
small minority of pseudohypoxic PPGLs have the he-
reditary leiomyomatosis and renal cell cancer syndrome
caused by pathogenic mutations in FH, encoding fu-
marate hydratase (). This enzyme catalyzes the sub-
sequent reaction in the TCA cycle, conversion of
fumarate to malate. Constitutional mutations inMDH,

encoding malate dehydrogenase, were recently reported
in a single family with PGLs (). Malate dehydrogenase
catalyzes the conversion of malate to oxaloacetate in the
TCA cycle. Truncating mutations in genes encoding
these three enzymes cause an oncometabolite accu-
mulation of succinate (SDHx), fumarate (FH), and
malate (MDH). These metabolites have oncogenic
effects through inhibition of enzymes involved in cell
signaling and chromatin maintenance (, –).

Pseudohypoxic PPGL, VHL and EPAS1-
related. Ninety-five to % of patients who have
VHL syndrome show pathogenic mutations in VHL
(, ). The key pathogenic mechanism of this genetic
syndrome is stabilization of HIF proteins, which re-
sults in a pseudohypoxic state (reviewed in ref ).
Activated HIF alters transcription of target genes,
which results in increased angiogenesis as well as
cellular proliferation and reduced apoptosis.

Patients with germline or mosaic gain-of-function
mutations in EPAS have PPGL–somatostatinoma–
polycythemia syndrome (Pacak–Zhuang syndrome)
(, ). Similar to VHL-mutated PPGLs, those with
EPAS mutational backgrounds have increased tran-
scription of HIF-a target genes (). However, it was
recently proposed that EPAS-related PPGLs have
a unique molecular signature (). There were

Figure 1. Different PPGLmolecular subgroupswith correspondingdrivermutations and aproportionof hereditary disease in the respective cluster.
TCA cycle–related mutations include SDHA, SDHB, SDHC, SDHD, SDHAF2, and FH genes. MYC, c-MYC induced pathways; MAPK, mitogen-activated
protein kinase cascade; mTOR, the mammalian target of rapamycin pathway. Anatomic figure was adopted and modified from Lips et al. (5).

Cluster 
Driver alteration
(degree hereditary)

Altered
pathways

Location

Risk of metastatic
disease

Paraganglial cell
differentiation

TCA cycle-related
(100%)

VHL/EPAS1-related
(25%)

CSDE1, MAML3-fusion
(0%)

NF1>HRAS>RET>TMEM127>MAX
(20%)

Pseudohypoxia

Pseudohypoxia

Mitochondrial
dysfunction

Wnt-signaling MYC MAPK mTOR

Wnt signaling Kinase signaling

EPAS1 CSDE1 MAML3 fusion

VHL

Mitochondrial
dysfunctionFH

SDHA SDHC
SDHB SDHD

SDHAF2

TMEM127HRASMAX

RET NF1
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Common

Location of metastasis

Not occurring
Uncommon
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different activations of genes associated with HIF
transcription, oxidative phosphorylation, and angio-
genesis compared with VHL- and SDHx-related
PPGLs (). Therefore, we propose that VHL and
EPAS may be subdivided as two special subgroups in
the future.

Constitutional mutations in EGLN () and
EGLN () occur in a small proportion of patients
and are also thought to predispose patients to PPGLs.
Rarely, patients with EGLN and EGLN mutations
may present with polycythemia, but they do not
display other characteristics of VHL syndrome. We
believe that the role of these genes in the development
of PPGL must be further clarified.

Wnt signaling PPGL
All patients who presented with Wnt signaling
PPGL had sporadic disease, with the mutation oc-
curring exclusively in tumor cells. It is associated
with mutually exclusive somatic mutations in CSDE
or somatic gene fusions UBTF-MAML that cause
activation of the Wnt and Hedgehog signaling

pathways (). It was proposed that this category results
in more aggressive PGGLs, because some of these
patients presented with recurrence and metastasis ().

Kinase signaling PPGL
The most common hereditary syndrome in this
subgroup is MEN, which occurs as a result of gain-of-
function mutations in RET (, ). A minority of
cases have neurofibromatosis type  (NF), related to
pathogenic mutations in NF (), as well as familial
PPGL related to TMEM () or MAX (), These
cases are linked to activation of kinase signaling
pathways; RAS-RAF-MEK (RET) (), NF (),
PIK-AKT-mTOR (RET) (), TMEM (, ),
and MYC-MAX (MAX) ().HRAS is now a validated
driver event in PPGL pathogenesis, but it occurs ex-
clusively as somatic gain-of-function mutations in
sporadic cases (, ). A small minority of PPGLs show
potential driver mutations in FGFR (somatic), KIFB
(germline + somatic), and MET (somatic) (, ,
–). We believe that the role of these genes in
development of PPGL must be further clarified.

Table 1. PPGL Clusters and Driver Genes

Molecular Clusters
Proportion
Hereditary

Official
Symbol Official Full Name Type Germline/Somatic

Pseudohypoxia TCA cycle–related
(10%–15% of PPGLs)

~100% SDHA Succinate dehydrogenase complex
flavoprotein subunit A

TS Germline

SDHB Succinate dehydrogenase complex
iron sulfur subunit B

TS Germline

SDHC Succinate dehydrogenase complex
subunit C

TS Germline (genetic/
epigenomic)

SDHD Succinate dehydrogenase complex
subunit D

TS Germline

SDHAF2 Succinate dehydrogenase complex
assembly factor 2

TS Germline

FH Fumarate hydratase TS Germline

Pseudohypoxia, VHL/EPAS1-related
(15%–20% of PPGLs)

25% VHL Von Hippel–Lindau tumor suppressor TS Germline/somatic

EPAS1 Endothelial PAS domain protein 1 OG Postzygotic/somatic

Wnt signaling (5%–10% of PPGLs)a 0% CSDE1 Cold shock domain containing E1 TS Somatic

MAML3 Mastermind like transcriptional
coactivator 3

OG, fusion Somatic

Kinase signaling (50%–60% of PPGLs) 20% RET Ret proto-oncogene OG Germline/somatic

NF1 Neurofibromin 1 TS Germline/somatic

MAX MYC-associated factor X TS Germline/somatic

TMEM127 Transmembrane protein 127 TS Germline

HRAS HRas proto-oncogene, GTPase OG Somatic

Abbreviations: OG, oncogene; TS, tumor suppressor.
a

Reported only in (3).
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The TCGA effort suggested that a minority of
PPGLs share a signature of cortical admixture ().
Currently, it is under debate whether this signature
represents a distinct biological entity or is an artifact
from impure tumor samples. Furthermore, Flynn et al.
identified a MAX-like cluster, in two separate cohorts,
that are not reported in the TCGA data (). Similar to
the MAX-like cluster, the Wnt signaling subgroup
also has intermediate PNMT expression. The over-
lap between these two clusters remains to be clarified
(R. Tothill, personal communication). In the TCGA
article, twoMAX-mutated tumors were assigned to the
cortical admixture subgroup. This assignment con-
tradicts previous findings, and we believe that it is
a likely result from the contamination of nontumoral
cells that became evident through histopathological
and genomic analyses ().

PPGL biology: a bird’s-eye view
Most PPGLs exhibit a low rate of point mutations,
with a mean of . mutations per megabase (). The
mutation signature is predominantly age related,
without traces of external mutagens (, , ). As
recently identified in the TCGA data, the burden of
somatic point mutations observed in PPGLs is be-
tween neuroblastoma (median . somatic mutations
per Mb) and adrenocortical carcinomas (median .
somatic mutations per Mb) (, ). However, cancers
that are exposed to external mutagens, such as mel-
anoma and lung adenocarcinoma, have a much higher
mutation rate (about -fold) (). A few outliers
among PPGLs had a hypermutator phenotype related
to defects in DNA repair (). TCGA revealed that
somatic mutation burden is associated with aggressive
PPGL (). Fifteen principal driver genes may cause
PPGL through germline, postzygotic, or somatic (re-
stricted to tumor cells) mutations. Somatic mutations
in another five genes—ATRX (), KMTD (),
SETD (), TERT (), and TP ()—have a pro-
posed synergistic impact on PPGL tumorigenesis,
some of which coexist with aggressive disease (, , ).
The TCGA data set was also able to confirm previously
described somatic copy number alterations, with
distinct patterns depending on gene mutations: p
deletion (pseudohypoxia TCA cycle–related and ki-
nase signaling), p and p deletions (pseudohypoxia
VHL-related), and q deletions (kinase signaling) (,
, ). A novel finding in TCGA was PPGL with
genome doubling that occurred preferentially in
pseudohypoxic VHL/EPAS-related PPGL ().

The degree of DNA methylation among PPGLs is
of great interest because it ranges from global hypo-
methylation to global hypermethylation and is
strongly associated with disease clusters (, , , ).
Pseudohypoxic TCA cycle–related PPGLs exhibit
DNA hypermethylation, and pseudohypoxic VHL-
and EPAS-related PPGLs show intermediate DNA
methylation (, , –). This finding is in contrast

to Wnt and kinase signaling clusters that show DNA
hypomethylation (, , , ). With varying results,
these data call into question the role of hyper-
methylation in PPGL local aggressiveness.

However, it was the distinct gene expression
profiles that first led researchers to the discovery that
PPGLs separate into groups with varying biology (,
). The transcriptome of the pseudohypoxic cluster
reflects increased activity of HIF transcription factors,
with differential expression of target genes involved in
glycolytic metabolism and angiogenesis (, , ). The
somatostatin receptor (SSTR) A is also expressed
heterogeneously in PPGLs, especially in those of the
TCA cycle–related pseudohypoxic subtype, which
have ubiquitously high expression (–). Similar to
gastroenteropancreatic and bronchial neuroendocrine
tumors, somatostatin receptor imaging first proved
itself on scintigraphy that was gradually replaced by
the superior Ga–tetraazacyclododecane tetraacetic
acid–octreotate (DOTATATE) PET/CT scan (–).
Furthermore, pseudohypoxic TCA cycle–related
PPGLs show a low cell differentiation, often with
a decrease or absence of key enzyme in catecholamine
metabolism (). This finding translates into purely
noradrenergic or dopaminergic phenotypes together
with a lower overall content of catecholamines
(–). Unlike the other clusters, a portion of
pseudohypoxic TCA cycle–related PPGLs belongs to
the parasympathetic cell linage (). Pseudohypoxic
VHL-related PPGLs also have an intermediate cate-
cholamine synthesis phenotype and are strictly nor-
adrenergic (, ). Wnt and kinase signaling PPGLs
both show increased neuronal differentiation and
represent a more ultimate cell differentiation (, ).
Their most prominent characteristic is expression of
PNMT, which facilitates synthesis of epinephrine from
norepinephrine (). A subgroup of kinase-signaling
PPGLs are linked to MAX mutations and exhibit
a lower concentration of epinephrine because of the
depressed expression of the PNMT enzyme ().
Similarly, PPGLs of the Wnt signaling cluster iden-
tified in the TCGA project were also characterized by
depressed PNMT expression (). Whether these dif-
ferences in methylomics and transcriptomics between
clusters reflect distinct disease-causing mechanisms or
mirrors separate cells of origin is not understood.

Altered metabolism is a key feature of pseudo-
hypoxic PPGLs (). In these tumors, inhibition of
the TCA cycle results in rewired glucose and amino
acid metabolism and has yet to be exploited thera-
peutically (). However, the pseudohypoxic phe-
notype (seen in both TCA cycle and VHL/EPAS
subtypes) has been linked to the Warburg effect, with
downregulation of respiration and the preferential use
of glycolysis, despite normal supply in oxygen (aerobic
glycolysis), to generate energy (). This results in
increased glucose consumption that can be exploited
for diagnostic purposes (, ).

”It was the distinct gene
expression profiles that first led
researchers to the discovery
that PPGLs separate into
groups with varying biology.“
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In the last  years, it has become evident that to
fully understand PPGL, physicians and scientists need
to analyze them using the cluster hypothesis (, ).
These molecular clusters provide an essential frame-
work for improved understanding of the different
clinical characteristics of the  PPGL syndromes. The
aim of the research community has been clear: to
move beyond the restricted use of PPGL biology in
genetic counseling to improve diagnosis, treatment,
follow-up, and prevention.

Clinical introduction
PPGLs are clinically heterogeneous in four major at-
tributes. The first, anatomic location, classifies cases as
PCCs, originating from the adrenal medulla, or PGLs
originating from extra-adrenal chromaffin cells or
paraganglia (). The symptoms caused by local
growth vary widely; the most prominent are pain and
nerve paralysis from HN PGLs. The second attribute
comes from catecholamine synthesis and release, which
are inherently linked to cell differentiation (, , ).
Catecholamine release causes clinical hallmarks such as
hypertension and tachycardia, as well as more diffuse
symptoms that are indistinguishable from those of
common stress disorders, such as headache, palpita-
tions, and sweating (). Location and catecholamine
spectrum are used to classify PPGLs accordingly to
developmental origin, into parasympathetic and sym-
pathetic tumors (). Sympathetic PPGLs have
ubiquitous distribution from the skull base to the pelvic
floor, whereas parasympathetic PGLs commonly occur
in the HN region, and rarely in the thorax. There is no
well-accepted grading system, andmetastatic tumors are
recognized by the presence of PPGL cells in non-
chromaffin organs. The fourth and most constantly
updated attribute is the genetic context, which shows
a steadily increasing influence on both diagnostic and
therapeutic algorithms (). In the context of genetic
susceptibility, PPGLs are diagnosed at an earlier age and
have a higher degree of multifocal disease. The different
genetic syndromes display various profiles of PPGL
localization and paraganglial cell differentiation (Fig. ,
Table ). PPGLs are associated with symptoms that
occur as a direct or indirect effect of an increased
synthesis and release of catecholamines (). However,
as previously discussed, among hereditary PPGLs from
the pseudohypoxic cluster, the catecholamine-related
symptoms are less pronounced (, ).

A 2017 Classification of PPGL

New systems for PPGL classification and staging were
recently presented by the World Health Organiza-
tion (WHO) and the American Joint Committee on
Cancer (AJCC). We present these current classifications
and propose additional disease hallmarks that greatly
contribute to a precision medicine decision-making

process in the diagnosis and treatment of patients with
PPGL (Table , Fig. ).

Current
The  WHO of adrenal tumors classification recog-
nize anatomic criteria for PPGL classification (, ):

• PCCs originate from the adrenal medulla.
• PGLs originate from extra-adrenal para-

ganglia. PGLs are further divided accordingly
to clinical and biological behavior into:

• HN PGLs that originate from parasympathetic
paraganglia and therefore lack catecholamine
secretion (111). All parasympathetic PGLs are
denoted HN to reflect the localization of
a majority of cases. Still, HN PGL can arise
from the parasympathetic ganglia in the an-
terior and middle mediastinum along the
course of the vagus nerve.

• Sympathetic PGLs that originate from sym-
pathetic paraganglia, have ubiquitous distri-
bution from the skull base to the pelvic floor,
and are biochemically positive (111). Ap-
proximately 85% arise below the diaphragm.

• Metastatic disease is classified by the presence
of PPGLs in nonchromaffin organs, a distinc-
tion that can sometimes be difficult to make
especially for tumors along the aorta. The term
benign PPGL was abolished to highlight the
fact that all PPGLs should be considered to
have metastatic potential.

In , AJCC published the first staging system
for PPGL that takes into account tumor location, size
of primary tumor, and hormone secretion (, ).

• TNMsystem, T, primary tumor size and location;
N, lymph node metastases; and M, presence and
location of distant metastases. Readers should be
cautioned because this staging system does not
define metastasis, and it excludes HN PGL.

• Stage grouping into stage I to IV.

Proposed
In addition to the current WHO and AJCC classification
systems, we suggest the following clinical attributes to
contribute to a precision medicine decision-making pro-
cess in the diagnosis and treatment of patients with PPGL
(Table , Fig. ).

Biochemistry
Elevated metanephrine, normetanephrine, and -
methoxytyramine contribute to the diagnosis of PPGL.
In addition, the spectrum of catecholamines are in-
herently linked to paraganglial cell differentiation and
metastatic potential and may be used as prognostic
markers (, , , ).

Genetic syndromes
Guidelines from the US Endocrine Society and the
European Society of Endocrinology recommend that
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“all patients should be engaged in shared decision
making for genetic testing” and “considered for genetic
testing,” respectively (, ). Because of the high
degree of heritability and the ever-increasing influence
on both diagnostic and therapeutic algorithms, we
propose that now is the time for a universal recom-
mendation of genetic in patients with PPGL (, ).
Diagnosis of genetic syndromes can be made based on
clinical criteria (that may be confirmed by genetic
testing) or by genetic data alone:

• Clinical or genetic criteria: VHL syndrome,
MEN2, NF1, FH

• Genetic criteria: SDHx, EPAS1, TMEM127,
MAX

In a strive for clarity, we recognize the possibility of
using a gene-based classification to better recognize
the genetic syndromes that were characterized in this
millennium: SDHx, TMEM, andMAX. For genetic
diagnostic procedures, we refer to this recent con-
sensus statement ().

Radiopharmaceutical
Functional imaging may aid in the diagnosis and
staging of PPGL. A wide range of functional imaging
approaches may be used for localization and staging.
Somatostatin analog and MIBG uptake are also pre-
dictive factors for targeted internal radiation therapy
that can be relevant in the case of progressive meta-
static or unresectable disease.

Pathology
Generally, there is no established grading system in
PPGL. We argue that the best future approach may
be a combined clinical–biochemical–pathological
approach.

Follow-up
Follow-up is needed to detect new events, (meta-
chronous or recurrent PPGLs). All patients should be
offered surveillance after PPGL resection. Follow-up
for new events is recommended in carriers of germline
mutations in PPGL susceptibility genes.

Figure 2. Approximate
frequency of PPGL in
different heritable
contexts, according to
localization and hormone
profile. Upper left shows
different differentiation
stages indicated by color of
sympathetic PPGL,
including expressed
enzymes and hormone
production. Bar diagrams
indicate frequency of
parasympathetic and
sympathetic PGLs at
different anatomic
locations as well as PCC
and metastatic disease in
different mutational
contexts. +, enzyme
expression, 2, no enzyme
expression; CgA,
chromogranin A; DBH,
dopamine b hydroxylase;
EPI, epinephrine; NE,
norepinephrine; PNMT,
phenylethanolamine N-
methyltransferase; TH,
tyrosine hydroxylase.
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Targeted Diagnostics and Therapy in
Hereditary PPGL

Precision medicine strives to improve patient care by
using the unique clinical and molecular genetic profile of
each patient and his or her disease (). Here, we provide
a current update on precision medicine in hereditary
PPGL, structured according to interpretation of bio-
chemical results; genetic syndromes, focusing on char-
acteristics and classification; selection of the optimal
imaging technique; histopathological classification; and
choice of the ideal treatment option.

We must caution clinicians and patients of the
current limitations of this concept for PPGL treatment
selection. This initiative is still in its early phases and is
supported only by limited evidence.

Interpreting biochemical results: novel
applications for old biomarkers in hereditary PPGL

Contemporary data conclude that the spectrum of
catecholamine secretion reflects paraganglial cell dif-
ferentiation and can be used as a prognostic bio-
marker. There are at least four principal secretory
profiles: adrenergic, noradrenergic, dopaminergic, and
silent (Fig. , Tables  and ). Chromogranin A is also
a useful biomarker, especially in silent PPGLs (,
). Therefore, optimal screening and follow-up
should include a quartet of biomarkers consisting of
metanephrine, normetanephrine, -methoxytyramine,
and chromogranin A, as discussed below.

Quantifying excess secretion of metanephrine, nor-
metanephrine, and -methoxytyramine in either plasma

Table 2. PPGL Driver Genes and Genetic Syndromes

Gene Proposed Syndrome Title
Current Syndrome
Title Transmission

Penetrance HN
PGL

Penetrance
Sympathetic PGL

Penetrance
PCC

Mutation
Variable
Penetrance Diagnosis Other Manifestations

SDHA Familial PPGL SDHA-related Familial PGL type 5 AD Very low Very low Very low No Genetic GIST, pituitary tumors, pulmonary

chondroma, and RCC.
SDHB Familial PPGL SDHB-related Familial PGL type 4 AD Intermediate Intermediate Low No Genetic

SDHCa Familial PPGL SDHC-related Familial PGL type 3 AD Low Low Low No Genetic

SDHD Familial PPGL SDHD-related Familial PGL type 1 AD, paternal High (multifocal) Low Low No Genetic

SDHAF2 Familial PPGL SDHAF2-related Familial PGL type 2 AD High (multifocal) Very low Very low No Genetic

FH Hereditary leiomyomatosis

and renal cell cancerb
AD Unknown Unknown Unknown No Clinical or

genetic

Leiomyomatosis, RCC

VHL von Hippel–Lindau syndrome AD Very low Low High (bilateral)c Yes Clinical or

genetic

Hemangioblastoma, RCC, epididymal

cystadenoma, pancreatic

neuroendocrine tumors, retinal

abnormalities

EPAS1 PPGL–somatostatinoma–
polycythemia syndrome

(Pacak-Zhuang syndrome)

Unknown

(postzygotic)

Very low High (multifocal) High Yes Clinical or

genetic

Polycythemia, somatostatinoma, retinal

abnormalities, organ cysts

CSDE1 No predisposition to PPGL (only

somatic mutations reported)

MAML3 No predisposition to PPGL (only

somatic mutations reported)

RET Multiple endocrine neoplasia

type 2

AD Very low Very low High (bilateral)d Yes Clinical or

genetic

MEN2A: Medullary thyroid carcinoma,

parathyroid adenoma. MEN2B;

medullary thyroid carcinoma,

mucosal neuromas, dysmorphic

features.

NF1 Neurofibromatosis type 1 AD Very low Very low Low (bilateral) No Clinical or

genetic

Café-au-lait spots, Lisch nodules

in the eye, neurofibromas,

intellectual disability, dysmorphic

features, skeletal abnormalities

MAX Familial PPGL, MAX-related Familial PCC AD Unknown Unknown Unknown No Genetic Renal oncocytoma

TMEM127 Familial PPGL, TMEM127-related Familial PCC AD Very low Low Intermediate No Genetic

HRASe No predisposition to PPGL (only

somatic mutations reported)

Patients with familial PPGL related to SDHA-SDHD may present with Carney Stratakis syndrome (PGL and GIST) or Carney triad (PGL, GIST and pulmonary chondroma).
Abbreviations: AD, autosomal dominant; GIST, gastrointestinal stromal tumor; MEN2, multiple endocrine neoplasia type 2; RCC, renal cell carcinoma.
a

Occurs both as genomic and epigenomic mutations.
b

PPGL not included in clinical criteria.
c

High in VHL type 2, low in VHL type 1.
d

Genotype dependent, 50% in cysteine mutations, low in noncysteine sites.
e

Constitutional mutations in HRAS codons 12, and rarely 13, cause Costello syndrome. To our knowledge no cases of PPGL and germline HRAS mutation have been described in the
literature. It should be noted that somatic HRAS mutations in PPGL are restricted to codon 61 and rarely codon 13.
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or urine, is the diagnostic gold standard and should always
be the starting point in screening or follow-up of patients
with PPGL (–). Metanephrine or normetanephr-
ine values three to four times above the upper reference

limit are typically pathognomonic for PPGL, and a lon-
gitudinal comparison can be used to reflect relative tumor
volumes. Tumor biochemistry mirrors PPGL biology and
could be important for PPGL classification ().

Table 3. Current, Proposed, and Future PPGL Classification Systems

Classification System Criteria Information

WHO, current (2017) Location, hormone production PCC, adrenal Diagnostic, prognostic,
predictive

PGL, sympathetic

PGL, HN

Metastatic, PPGL in nonparaganglial tissue

AJCC staging, current (2017) Primary tumor size, primary tumor
location, regional lymph node, or
distant metastases

T1, PCC ,5 cm; T2, PCC $5 cm or sympathetic
PGL; T3, invasion into surrounding tissues

Prognostic

N0/N1, absence or presence of regional lymph
node metastasis

M0/M1, absence or presence of distant metastasis;
further subgrouped based on location

Biochemistry, proposed Hormone production Sympathetic Diagnostic, prognostic

Silent

3MT, pos/neg

NMN, pos/neg

MN, pos/neg

Parasympathetic

3MT, pos/neg

NMN, pos/neg

Silent

3MT, pos/neg

NMN, pos/neg

Genetic syndromes, proposed Genetics, germline DNA SDHx, FH, VHL, EPAS1, RET, NF1, TMEM127, MAX Diagnostic, prognostic,
predictive

Radiopharmaceutical, proposed Quantitative imaging parameters 68Ga-DOTATATE PET/CT, 123I-MIBG scintigraphy Diagnostic, predictive

Pathology, future potential, Transcriptome, methylome,
miRNAome, driver mutation

Pseudohypoxia, TCA cycle–related Prognostic, predictive

Pseudohypoxia, VHL/EPAS1-related

Wnt signaling

Kinase signaling

Pathology, future potential Germline + somatic mutations
in driver genes

SDHx, FH, MDH2, VHL, EPAS1, EGLN1-2, CSDE1, MAML3,
RET, NF1, TMEM127, MAX, HRAS, KIF1B, MET, FGFR1

Prognostic, predictive

Somatic mutations in modifier
genes

ATRX, SETD2, TP53, TERT, MKT2D

Histopathology and molecular
pathology

Morphology, histology, cell proliferation, MGMT
methylation, somatic mutation load

For each factor, we described the criteria and how the information may be used to determine the clinical scenario. Diagnostic, detects or confirms presence of disease; prognostic,
indicates the likely outcome from disease; predictive, indicates the likely outcome from interventions. TCA cycle–related include SDHx (SDHA-SDHD, SDHAF2), FH and MDH2.
Abbreviations: 3MT, 3-methoxytyramine; MN, metanephrine; NMN, normetanephrine; pos/neg, above reference limit.
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Through the pioneering work of G. Eisenhofer and
others, we currently view the PPGL catecholaminergic
spectrum as an indirect measurement of paraganglial
cell differentiation regulated by HIF and MYC/MAX-
related signaling (, , –). Under normal
conditions in the adrenal medulla, epinephrine is
converted from norepinephrine in the final stage of
catecholamine biosynthesis (, ). However,
pseudohypoxic PPGLs always lack the necessary en-
zyme PNMT. Thus, these tumors are strictly norad-
renergic and can be diagnosed preferentially by
normetanephrine levels (, ). Furthermore,
pseudohypoxic TCA cycle–related PPGLs have re-
duced synthesis or secretion of normetanephrine.
Therefore, before a patient presents with signs and
symptoms of catecholamine excess, most TCA
cycle–related PPGLs have generally reached a larger
size. Tumors . cm in diameter (smaller size applies
to TCA cycle–related PPGLs) possess an independent
risk for metastasis (). Thus, silent growth may cause
delayed diagnosis, which could be one reason why
pseudohypoxic TCA cycle–related PPGLs more often
present with metastasis (, ). However, the low
catecholamine content results in lower plasma con-
centrations, with mild or no peripheral adrenoceptor
stimulation. This leaves the patient relatively “un-
harmed” from hormone-related morbidities, especially
concerning the cardiovascular system, as described
earlier ().

The penultimate step in the catecholamine syn-
thesis is the conversion of dopamine to norepineph-
rine (). Up to % of SDHx carriers show reduced
activity of the necessary catalytic enzyme dopamine-
b-hydroxylase. They present with elevated dopamine
(or its metabolite -methoxytyramine), most often in
conjunction with elevated normetanephrine (, ,
). Although dopamine results in negligible clinical
symptoms, it represents another step down the para-
ganglial differentiation ladder and is associated with
a negative outcome (). Up to % of PGLs with
elevated metoxytyramine have metastatic disease (,
).

Finally, and in contrast to most PPGLs, a small
portion of those with TCA cycle–related sympathetic
PPGLs also lack the starting and rate-limiting enzyme
in catecholamine synthesis (tyrosine hydroxylase) and
are therefore biochemically silent (, ). Unless
tumor growth causes a mass effect, early detection of
these cases remains a challenge. A potential solution
could come from chromogranin A, which was shown to
have a % increase in diagnostic yield compared with
normetanephrine alone (). Ultimately, the relative
benefit of chromogranin A andmetanephrines as well as
anatomic imaging must be clarified in future studies.

In conclusion, pseudohypoxic TCA cycle–related
PPGLs cause fewer catecholamine-related symptoms
than other subgroups of PPGL, grow larger, reach more
advanced stages, and metastasize more frequently, often

before patients and their physicians are aware and able
to perform the necessary investigations ().

Genetic syndromes, focusing on characteristics
and classification

Pseudohypoxia, TCA cycle–related
Mutations in SDHx cause autosomal dominantly
inherited cancer syndromes with indistinct clinical
presentations in between patients: HN PGL, sympa-
thetic PGL, PCC, gastrointestinal stromal tumor
(GIST), pituitary adenomas, and renal cell carcinoma,
all with variable penetrance across the different syn-
dromes (Table ). The current Online Mendelian
Inheritance in Man (OMIM) classification recognizes
familial PGL types  to , which were consecutively
assigned to SDHA-D and SDHAF, following their
chronological order of discovery. These syndromes
lack clinical criteria and are diagnosed based on the
genetic findings. In an attempt to clarify the no-
menclature, we propose using a gene-related de-
scription (Table ). In addition, Carney triad (GIST,
extra-adrenal PGL, and pulmonary chondroma) and
Carney–Stratakis syndrome (GIST and PGL) are two
clinical syndromes in which a proportion of patients
are related to mutations in SDHx (–). Recently,
postzygotic epigenetic SDHC mutations were identi-
fied in patients with Carney triad; the significance of
this finding for clinical practice remains to be estab-
lished (, ).

Familial PPGL, SDHA-related (OMIM nomen-
clature familial PGL type ), is thought to be an
autosomal-dominant syndrome associated with PCC
and sympathetic and parasympathetic PGLs. Among
 patients having PPGL in the context of SDHA
mutation there were  cases (%) with metastatic
disease (, ). At the National Institutes of Health
(NIH), five out of seven SDHA-mutated PPGLs had
metastatic disease (K. Pacak, unpublished observa-
tions). However, PPGL penetrance of SDHAmutation
is estimated to be low; there is not a single known
family with more than one individual affected by
disease, and index patients rarely develop multiple
tumors (, –).

Familial PPGL, SDHB-related (OMIM nomen-
clature familial PGL type ), is an autosomal-
dominant syndrome () that was initially thought
to have almost complete penetrance but has now been
adjusted to about % to % (, –). A meta-
analysis found that metastatic disease occurs in % of
patients (% CI, % to %) (). The mean age of
diagnosis of the first PPGL is typically in the third or
fourth decade (). Penetrance in pediatric patients
is low, but the precise risk is disputed, and disease
may occur as early as  years of age (, –).
Among the patients who had PPGL manifestation
before  years of age, % and % developed
a second and third PPGL, respectively (mean follow-up
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of  years) (). Presentation of metastatic disease
occurs both at diagnosis and at metachronous time
points, with the mean time to metastasis being  years
(range  to ) ().

Familial PPGL, SDHC-related (OMIM nomen-
clature familial PGL type ), is a rare autosomal-
dominant syndrome that manifests mainly with
parasympathetic PGLs. Development of metastatic
disease is uncommon, and only % of patients have
multiple tumors (–).

Familial PPGL, SDHD-related (OMIM nomencla-
ture familial PGL type ), is an autosomal-dominant
syndrome with paternal transmission (). The most
prominent feature in SDHD carriers is the HN PGL,
which has an almost complete penetrance and nor-
mally presents after the patient is  years old (, ,
). The penetrance of PCC and sympathetic PGLs is
~% and ~%, respectively (, , ). A meta-
analysis found that the risk of metastatic disease in
SDHD-related PPGLs was ~% (% CI, % to %)
(). Only considering the pediatric population, the
mean age of diagnosis is ~ years; however, PPGLs
may occur as early as  years of age (). Sixty percent
of pediatric patients with SDHD with disease mani-
festations developed a second PPGL, and % of
patients developed a third (mean follow-up  years)
().

Familial PPGL, SDHAF-related (OMIM no-
menclature familial PGL type ), is an autosomal-
dominant syndrome that has been detected only in
a few European families and shows almost complete
penetrance for parasympathetic PGLs (, –).
Most patients have multifocal HN PGLs, and there are
no reported cases of metastatic disease.

Germline FH mutations were previously known
to occur in the context of hereditary leiomyoma-
tosis and renal cell cancer (). Recent reports
have shown germline FH mutations in a few pa-
tients with PPGLs (, , ). Occurrence of PPGL
was later assessed in  carriers with FH muta-
tions, identifying  cases (%) of PCC (). The
phenotype of the affected patients was characterized
by multifocal PPGLs and a high frequency of
metastatic disease (, , ).

Pseudohypoxia, VHL/EPAS1-related
The VHL syndrome is inherited in an autosomal-
dominant fashion and can be diagnosed with clinical

or genetic criteria. The overall penetrance of PPGLs in
VHL syndrome has been estimated at ~% ().
However, clear genotype–phenotype correlations exist,
and alleles with a high risk of PPGL are well docu-
mented and subgrouped into VHL type  (reviewed in
ref. ).

PPGL–somatostatinoma–polycythemia syndrome
(Pacak–Zhuang syndrome) almost exclusively oc-
curs in carriers with somatic mosaicism; only one
carrier with a germline mutation (presenting without
somatostatinoma) has been described in the literature
(, ). The mosaic status of the mutation can be
confirmed through analysis of leukocytes or buccal
swab by using special genomic analyses, capable of
detecting low allele frequencies (). The largest
report describes seven patients, and the remaining
manuscripts are confined to case presentations (,
). Patients harboring the pathogenic allele without
disease manifestations have not been identified. In-
terestingly, all PGLs in these patients are multiple and
recurrent, and about % present with metastatic
disease ().

Kinase signaling
MEN is inherited in an autosomal-dominant fashion
and diagnosed with clinical or genetic criteria. Pene-
trance of PCC in MEN is dependent on genotype;
variants in the RET cysteine-rich extracellular domains
(exons  to ) or in codon  constitute a majority
of MEN cases and have a penetrance of ~%,
whereas only a few percent of the noncysteine carriers
develop PCC (, ).

Familial PPGL, TMEM-related, is caused by
germline mutations in TMEM, which has an
autosomal-dominant inheritance of PCC. Penetrance
was estimated at % from a six-generation family tree
with  individuals (). PCCs are bilateral in one-
third of patients with disease manifestation (, ).

Familial PPGL, MAX-related, is caused by MAX
mutations and has an autosomal-dominant PPGL
inheritance that has a particular predisposition for
PCC, and ~% of patients present with bilateral
tumors (, ).

Up-to-date imaging approach imaging approach
to localization and staging of hereditary PPGLs
It is known that PPGL mutation status may guide the
selection of the most appropriate tracer in functional

Figure 3. Current synthesis
of the important clinical
facts that contribute to the
decision-making process in
diagnosis, follow-up, and
treatment of PPGL.
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imaging (reviewed in ref. ). In the last year, the role
of SSTR imaging for improved localization and staging
was confirmed in metastatic TCA cycle–related PPGLs
and in HN PGLs, regardless of their genetic back-
ground. In three prospective trials, we were able to
demonstrate the superior lesion detection rates of
Ga-DOTATATE PET/CT when compared with
other radiopharmaceuticals (–). For pseudohy-
poxic EPAS-related PPGLs, we have recently showed
the superior performance of F-FDOPA PET/CT
(, ).

In the localization of PPGLs, anatomic imaging has
almost % sensitivity for adrenal chromaffin tumors
(, ). However, it has less accuracy in more
complex disease scenarios, including small or multiple
PCC, PGLs, recurrent, and metastatic disease (, ).
As researchers investigated more accurate techniques,
they unconsciously exploited the inherently high
glucose turnover in pseudohypoxic PPGLs (, ).
A proof of principle of F-FDG PET/CT in PPGL was
published in , followed by independent confir-
matory results (, ). Nearly  years later,
Timmers et al. presented a comparative study of 
PPGLs that “dethroned” traditional imaging by
demonstrating superior detection of metastatic lesions
by F-FDG PET/CT compared with both CT/
magnetic resonance imaging (MRI) and I-MIBG
single-photon emission computed tomography (SPECT)
(). For SDHx-mutated PPGLs, the performance of
F-FDG PET/CT turned out to be a game changer, with
% and % (% CI, % to %) detection rates for
primary and metastatic tumors, respectively (). This

led to the  recommendation by the US Endocrine
Society Task Force for Pheochromocytoma, which stated
that F-FDG PET/CT should be used for assessment of
metastatic PPGLs ().

Compared with other neuroendocrine tumors,
imaging that targeted SSTRs was initially deemed
inferior in PPGLs (). Once more, pseudohypoxic
TCA cycle–related PPGLs were shown to be unique,
having a high expression of SSTR type  (SSTR) that
was translated into optimistic results on somatostatin
receptor functional imaging (, , ). When
evaluated at the NIH, the first study showed that Ga-
DOTATATE PET/CT had an almost perfect lesion
detection rate, .% (% CI, .% to .%), which
was superior to F-FDG PET/CT (). The second
NIH study with HN PGLs revealed a % detection
rate of Ga-DOTATATE PET/CT compared with
% of F-FDG PET/CT (). Our experience is that
Ga-DOTATATE PET/CT provides excellent and
precise diagnostic localization, especially for metastatic
SDHB-related PPGL.

Based on these experiences, we recommend Ga-
DOTATATE PET/CT for localization and staging of
PPGL in patients with SDHx mutations. Ga-
DOTATATE PET/CT is now approved by the US
Food and Drug Administration for localization of
neuroendocrine tumors expressing SSTRs. At the
NIH, we have extended the use of Ga-DOTATATE
PET/CT to pediatric patients with PPGL. Our pre-
liminary results show that Ga-DOTATATE have
a lower sensitivity for abdominal PGLs in this setting
(K.P., unpublished observations).

Table 4. Biochemical and Imaging Approach to PPGL

Cluster Gene Biochemistry Functional Imaging Near Future Developments

Pseudohypoxic, TCA
cycle–related

SDHA
SDHB
SDHC
SDHD
SDHAF2

Norepinephrine/normetanephrine,
3-methoxytyramine chromogranin A

68Ga-DOTATATE PET/CT Metabolite profiling, MR
spectroscopy

FH

Pseudohypoxic
VHL/EPAS1-related

VHL-related Norepinephrine/normetanephrine VHL-related should have similar
imaging as EPAS 1 related 5 18F-DOPA
PET/CT

Hypoxia imaging

EPAS1-related 18F-DOPA PET/CT (EPAS1)

Wnt signaling CSDE1 Norepinephrine/normetanephrine,
epinephrine/metanephrine

Optimal tracer unknown

MAML3

Kinase signaling RET
NF1
MAX

Norepinephrine/normetanephrine,
epinephrine/metanephrine

18F-DOPA PET/CT

TMEM127

HRAS

Abbreviations: DOPA, dihydroxyphenylalanine; FDG, fluorodeoxyglucose.
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Another decisive advantage of Ga-DOTATATE
PET/CT is its predictive power for efficacy of pep-
tide receptor radionuclide therapy (PRRT) with 

Lu-DOTATATE, which could expand the scope
of theranostics based on Ga/ Lu-labeled
DOTATATE for patients with PPGL (–). In
the NETTER- trial, Lu-DOTATATE was the first
therapeutic intervention to demonstrate improved
survival with high evidence in small intestinal neu-
roendocrine tumors (). Results on long-term safety
of Lu-labeled DOTATATE were recently published
for gastroenteropancreatic and bronchial neuroen-
docrine tumors; among  patients, acute leukemia
occurred in  (.%) and myelodysplastic syndrome in
 patients (.%), similar to previous studies (, ).
Grade  to  nephrologic and hematologic toxicity
occurred in  out of  (.%) and  out of  (%)
(, ). As the data from the NETTER- ()
mature, we will have a better idea of the summarized
benefit from this therapy in neuroendocrine tumors.

Molecular pathology: closing in on
a grading system?
The inability of pathology grading to identify meta-
static PPGLs and a lack of prognostic factors that can
exclude recurrence are two major problems in the care
of patients with PPGLs. At present, each clinician must
summarize information from tumor location, bio-
chemistry, and size as well as patient age and genetic
syndrome to make his or her own risk prediction. A
meta-analysis showed that PGLs have a strong ten-
dency for recurrence compared with PCCs (hazard
ratios of . and ) (–). Syndromic disease was
the second strongest factor for recurrence compared
with sporadic tumors (hazard ratios of . and )
(–). Larger tumor size (hazard ratio . for each
additional centimeter in tumor diameter) was also
a risk factor (, ). However, the studies un-
derlying this meta-analysis were performed at a time
when the knowledge of the genetic background was
limited. Indeed, SDHBmutation status is the strongest
risk factor for metastatic disease (, , ).

Several pathology-based classification systems have
been proposed. Thompson et al. described the first
pathology scoring system, PCC of Adrenal Gland
Scaled Score (PASS), to identify metastatic PPGL
(). However, because validation of PASS showed
inconsistent results, Kimura et al. proposed the
grading system for adrenal PCC and PGL (GAPP).
GAPP is a clinical–biochemical–pathological grading
system that separates PPGL into well-differentiated
(WD), moderately differentiated (MD), and poorly
differentiated (PD) () cases. These categories show
different frequencies of metastatic disease; % (WD),
% (MD), and % (PD), as well as different fre-
quencies of -year survival % (WD), %
(MD), and % (PD) (). One potential refine-
ment of GAPP could be to include measurements of

O-methylated metabolites (). As previously men-
tioned, data from the TCGA and other studies also
suggested that tumor mutation status could be used to
identify aggressive disease (, ). We acknowledge the
potential of biochemistry and digital–molecular pa-
thology to further refine GAPP, which could help
stratify patients into groups that may benefit from
different follow-up approaches.

Treatment of hereditary and sporadic PPGL
An overview with recommendations for treatment of
patients with PPGL is provided in Table . For all
patients with elevated norepinephrine or meta-
nephrine the present-day recommendation is to offer
preoperative pharmaceutical “blockade” regardless of
symptoms (–). There has been no randomized
trial for pharmaceutical blockade in the palliative
situation. However, because of the limited toxicity of
these agents and the potentially disastrous conse-
quences of catecholamine secretion (, , ), it is
our strong recommendation that patients in this
scenario should be offered such pharmaceutical
treatment (). In the palliative scenario, such treatment
has to be balanced with side effects to avoid worsening
quality of life ().

The most common regimen is alpha-adrenoceptor
blockade with appropriate titrations that allow for safe
surgical and medical interventions. Preoperative
blockade can also be different in various hereditary
tumors, and those with pseudohypoxic PPGL often
need alpha-adrenoceptor blockade and less commonly
addition of beta-adrenoceptor blockade. For those in
the kinase signaling cluster, beta-adrenoceptor
blockade are often used because of high epineph-
rine levels that stimulate cardiac beta-adrenoceptors,
resulting in tachyarrhythmia.

Surgery has always been, and will continue to be,
the preferred therapy for localized, sympathetic PPGLs
(, ). Deciding on treatment of parasympathetic
PPGLs is more delicate. There is less benefit from
a curative surgical approach, which must be balanced
against potentially adverse treatment-related mor-
bidities, especially of the cranial nerves in vagal and
jugular PGLs (). However, particularly SDHB-
related HN PGLs are associated with a higher risk of
metastatic disease, and it can be discussed whether
they should be offered more aggressive surgical ap-
proach. In cases where surgery is considered a high
risk, therapeutic radiation (radiotherapy, radiosurgery)
can be a less invasive venue that still offer curative-like
outcomes (, ).

Palliative treatment should be offered to alleviate
hormonal symptoms or delay tumor progression, but it
must take into account the intrapatient and interpatient
heterogeneity in tumor behavior. The median time to
progression in therapy-naive patients with PPGL, re-
gardless of mutation, was reported by Hescot et al. at
.months, and almost % had ongoing stable disease

“All patients with PPGL are at
risk for tumor recurrence even
after complete resection
without residual disease.”
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at  years (). Based on our own experience and recent
data from Hamidi et al., a subset of patients with rapidly
growing PPGLs experience a very short median time to
progression (); additional longitudinal observation
studies are needed to facilitate a new grading system to
distinguish indolent tumors from those in need of early
therapy, because of their aggressive behavior. It has not
been defined at what time point patients with metastatic
PPGL benefit most from systemic therapy. In such
a scenario without proper evidence, we believe that
a multidisciplinary discussion may facilitate a better
balancing act between treatment efficacy and side effects.

Surgery can be used in selected patients to reduce
tumor volume and catecholamine burden, with sub-
sequent improvements in blood pressure control
().

Currently, I-MIBG is the most studied treat-
ment in metastatic PPGL and has been investigated in
small prospective trials (–). We recommend
that it be used as a first-line treatment in patients who
are positive on I-MIBG scintigraphy and have
slowly growing metastatic lesions. A new preparation
of I-MIBG, produced on the Ultratrace® platform,

may increase tumor uptake and treatment efficacy
(). It is being evaluated in a phase II trial
(NCT) that reported a preliminary radio-
logical partial response rate of % (n = ), com-
parable with standard I-MIBG treatment ().
High-dose I-MIBG is associated with hematologic
side effects. The spectrum of side effects on the
Ultratrace® platform has yet to be presented. The ef-
fects of radiolabeled somatostatin analogs have also
been demonstrated in small retrospective studies
(–). Chemotherapy with cyclophosphamide,
vincristine, and dacarbazine (CVD) remains the sec-
ond most studied palliative approach and is especially
used in patients who present with rapidly progressing
metastatic disease (, ). CVD is effective in
metastatic SDHB-related PPGL, a finding that was
confirmed by our own retrospective data (). An-
ecdotal reports have suggested several other treatment
approaches, a few of which deserve further evaluation.
First, monotherapy with the alkylating agent temo-
zolomide showed a % partial response rate in SDHB
carriers (n = ) in a retrospective series (). A
second, retrospective study of the tyrosine kinase

Table 5. Treatment Manual for PPGL

Scenario Intervention Ref #

Staging and blockade Elevated plasma or urine normetanephrine
and/or metanephrine

a. alpha-adrenoceptor blocker, eg, doxazosin 1–2 mg, increase
2–4 mg weekly to maximum tolerated dosage for #30 mg/d.

(1) 1.1

b. Localization studies CT, MRI, or PET/CT. (168) 1.2

Localized stage Thoracic or abdominal/pelvic Curative resection, if safe. (1) 2.1

HN Surgery, external beam radiation, locoregional therapy, or watchful
waiting. If not possible, follow algorithm for malignant disease 5.3.1.

(41) 2.2

Metastatic stage Elevated plasma or urine normetanephrine
and/or metanephrine

a. Palliative doxazosin 1–2 mg, increase 2–4 mg weekly. Balance
maximum tolerated dosage to quality of life.

(191) 3.1.1

b. Before start of any treatment, doxazosin according to 1.1. 3.1.2

Confined disease Surgery, external radiation, or locoregional therapy if safe and with
acceptable morbidity. If not, proceed to 3.3.1.

3.2

Disseminated disease Medical treatment to alleviate hormone or mass effect alternatively
at disease progression. Perform 123I-MIBG scintigraphy and
68Ga-DOTATATE PET/CT.

3.3

First-line 131I-MIBG or 68Ga-DOTATATE
positivea

123I-MIBG = 68Ga-DOTATATE, choose 131I-MIBG. 3.4.1

123I-MIBG . 68Ga-DOTATATE, choose 131I-MIBG. 3.4.2

123I-MIGB , 68Ga-DOTATATE, choose 177Lu-DOTATATE. 3.4.3

Second-line or first-line 123I-MIBG/68Ga-
DOTATATE negative

Priority I. Rechallenge 123I-MIBG or 68Ga-DOTATATE. 3.5.1

Priority II. CVD,a if WHO performance status .1 or wish for
nonhospitalization, proceed to 3.5.3.

3.5.2

Priority III. Temozolomide, Tyrosine kinase inhibitor or
experimental therapy.

(213, 214) 3.5.3

a

CVD chemotherapy may be considered as first-line therapy in patients where the investigator considers the disease as rapidly progressing; recommendations are based on own
experience with PPGL.
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inhibitor sunitinib also showed three partial responses
and five stable diseases (total n = ) (). In six
hereditary PPGLs belonging to the pseudohypoxic
cluster, there were one partial response, four stable,
and one progressive disease (). Sunitinib is being
investigated in the first prospective, randomized,
placebo-controlled trial in PPGL (FIRSTMAPPP,
NCT). This study demonstrated to the sci-
entific community that large, international trials are
feasible in this patient population. A second tyrosine
kinase inhibitor, pazopanib, was prospectively in-
vestigated in six patients; one of the six had a partial
response (). Tyrosine kinase inhibitors axitinib
(NCT) and cabozantinib (NCT)
are also being evaluated in single-arm phase II studies.

Follow-up
All patients with PPGL are at risk for tumor recurrence
even after complete resection without residual disease,
and the current WHO classification stresses that all
PPGLs have a metastatic potential (, ). Those
with a genetic predisposition are also at risk for de-
veloping new PPGLs (). Surveillance is used with the
intention to improve survival and reduce suffering by
early identification of new PPGL events. It is thought
that reduced time to diagnosis could result in an
increased chance of curative therapy and reduced
exposure to pathological levels of catecholamines.
These notions are supported by limited scientific
evidence. Clinical execution is made even more dif-
ficult by the pronounced interpatient heterogeneity,
providing a strong rationale to offer personalized
surveillance programs (). To determine the risk of
a new PPGL event, we propose using genetic mutation
together with disease characteristics (Fig. ). Charac-
teristics of the individual patient and within families
also have to be considered. Patients with presentation
of disease at a young age have a high risk of new PPGL
events, especially in carriers of mutations belonging
to the pseudohypoxic subgroup (). Taking these
complexities together, it is inevitable that the cultural
context will influence the surveillance practice.
Management by multidisciplinary teams with expe-
rience from PPGL is highly encouraged ().

Current recommendations are that all patients with
PPGL should be offered postoperative surveillance (,
). The precision medicine approach suggests that
sporadic PCCs without risk factors have a low risk of
recurrence, and patients could be offered a less
comprehensive follow-up program (). Patients with
sporadic PCC and available risk factors as well as all
PGL should be offered lifelong surveillance (, ). At
a minimum, such follow-up should include clinical
examination and metanephrine measurements. The
role of anatomical imaging remains to be defined, and
we suggest that such practice is warranted only in
patients considered to have a very high risk of
recurrence.

Endocrine Society guidelines recommend that
patients with hereditary PPGL should be offered
a mutation-tailored surveillance program (). Such
recommendations for screening and follow-up have
been published for VHL, MEN, and NF (Table )
(, , , , ). More recently, consensus
statements on SDHx, TMEM, and MAX syn-
dromes became available (, ). As a general rule,
all patients should have clinical examination, bio-
chemistry testing, and anatomical imaging at screen-
ing. Those considered to have a low risk of new PPGL
events may be offered a follow-up consisting of clinical
examination or measurement of metanephrines as
well as -methoxytyramine in relevant cases. Those
with a higher risk should also be offered periodical
anatomic imaging, especially TCA cycle–related
PPGLs, which often have less biochemically active
PPGLs (). MRI is preferred to minimize radiation
exposure. Whole-body examination with a diffusion-
weighted imaging protocol is proposed as a cost-
effective method with high sensitivity to detect both
PPGL and other tumors related to relevant genetic
syndromes (). If PCC is suspected from patient
symptoms or biochemistry, CT scans have the best
performance for localization (). Contrast-enhanced
ultrasound has attracted interest, but there are in-
sufficient data to recommend it for PPGL screening
(). The need to perform complementary radio-
nuclide imaging and the choice of optimal radio-
pharmaceuticals should be tailored to individualized
situations and decided by an experienced multidis-
ciplinary team. Ultimately, large prospective studies
are needed to adequately estimate the benefit from
surveillance for new PPGL events in the various
subtypes of patients.

Future Classifications and Tailored Therapies

The unique biology related to different PPGL muta-
tions can thus be translated into improved diagnos-
tic, imaging, and prognostic biomarkers. Although
progress in treatment of PPGL has developed more
slowly, the imminent pharmacological pipeline is in-
deed promising. Several drugs targeting a broad range
of features unique to PPGL are in different de-
velopmental stages.

Genetic instability is the force driving a majority
of cancers, and DNA is the ultimate target for
chemotherapy and radiotherapy. An improved un-
derstanding of how cancer cells maintain their ge-
nome has enabled researchers to target features
unique to cancer cells, using both established and
novel drugs. These include chemotherapy, beta-
emitting radiotherapy, ataxia telangiectasia and
PARP inhibitors, which are all context specific
(–). Genes involved in chromatin mainte-
nance include ATRX, TP, and SETD, all of
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which have been identified with recurrent muta-
tions in PPGL (, , ). The prognostic and
predictive impact of these genes is currently
being investigated.

Pseudohypoxic TCA cycle–related tumors harbor
a unique methylome that is characterized by global
hypermethylation, a discovery initially described by
Letouzé et al. (, ). The demethylating agents
azacytidine and decitabine are undergoing evaluation
in SDHx-mutated gastrointestinal stromal tumors, and
we expect that the NIH will open a trial investigating
SGI- in SDHx-related tumors including PPGLs in
.

Another promising vulnerability in pseudohypoxic
TCA cycle–related PPGL is its unique metabolome.
Because succinate dehydrogenase–deficient cells rely
on hijacking alternative metabolomics pathways to

support their survival, they will become vulnerable
to a pharmaceutical blockade, which in theory
should leave healthy cells untouched (). With the
invention of MRI spectroscopy, metabolic effects of
such interventions could possibly be followed in vivo
and in real time (, ). A potential metabolic
drug target includes glutamine synthesis. The glu-
taminase inhibitor CB- is undergoing phase I
evaluation (NCT) and will include succi-
nate dehydrogenase–deficient tumors. This research
exemplifies how basket trials, collecting rare tumors
with shared molecular alterations, may facilitate more
comprehensive trials.

Mechanisms underlying tumorigenesis in pseu-
dohypoxic PPGLs converge on the HIF-signaling
pathway, and several investigators are looking into
how this hypoxiomemay be exploited for therapeutics.

Figure 4. Algorithm for personalized follow-up of pheochromocytoma and paraganglioma patients where risk from genetic subtype is
added to disease characteristics (healthy carriers assigned zero risk) to estimate a PPGL risk score that incorporates risk of new
PPGL events and frequency of metastatic disease. In addition, family history of metastatic PPGL and presentation at a young age may
warrant increased surveillance of other members of that particular family, especially in patients with SDHx. Proposed definition of high-
risk PCC: diameter .5 cm, 3–3.5 cm for SDHB carriers, young age at diagnosis, or moderately to poorly differentiated PPGL
accordingly to GAPP classification system. Detailed description of surveillance, clinical; patient history and clinical investigation to cover
symptoms of catecholamine secretion in addition to relevant information for the particular genetic syndrome. Metanephrines: selection of
biochemical tests can be guided by mutation subtype as well as PPGL secretory profile of that particular patient. 3-methoxytyramine
is recommended for SDHx patients only. Chromogranin A is optional. Imaging should include MRI or ultrasound of relevant anatomical
sites; CT scan can be used too, based on MRI results, a radiologist’s advice, or a physician’s recommendation after detailed patient
evaluation. R0, absence of residual PPGL after treatment. *, indicates high uncertainties in assumption of PPGL risk score.

PPGL surveillance algorithm

Genetic
context

Disease
characteristics

(Surveillance intensity modified
by cultural context)=+ PPGL risk

score

Maximum

Minimum

RO, metastatic PPGL

RO, Sympathetic PGL

SDHD
SDHB

EPAS1*
SDHAF2*

VHL type 2

TMEM127
MAX*, FH*, SDHA*, SDHC*

RET, high-risk allele

VHL type 1, NF1, 
RET low-risk allele

© 2017 Endocrine Reviews ENDOCRINE SOCIETY

Clinical: 6-12 months
Metanephrines: 6-12 months
Imaging: 12-24 months

Comprehensive surveillance:

Clinical: 12 months
Metanephrines: 12 months
Imaging: 24-36 months

Increased surveillance:

Clinical: 12-24 months
Metanephrines: 12-24 months
Imaging: optional at screening

Standard surveillance:

Comprehensive

Increased

RO, HN-PGL
RO, High-risk PCC

RO, Low-risk PCC

Healthy carrier

Standard
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Chemotherapy () and inhibition of vascular en-
dothelial growth factor signaling, HIF-a (), or the
succinate receptor () all represent possible future
avenues for a drugging the hypoxia signaling path-
ways. In addition to the ongoing prospective, ran-
domized, placebo-controlled phase II trial of sunitinib
(NCT), a novel HIF-a inhibitor, PT,
is being evaluated in an ongoing phase I trial
(NCT) in metastatic renal cell carcinoma.
The relationship between inactivation of VHL, in both
sporadic and syndromic cases, and outcome of
treatment with tyrosine kinase inhibitors has shown
contradictory findings; clarifying results from pro-
spective phase II studies are awaited shortly (, ).

As already mentioned, PRRT with either Y- or
Lu-coupled somatostatin analogs can be guided to
PPGL cells through their increased expression of
SSTRs (). We expect that a prospective phase II
trial of Lu-DOTATATE in PPGL will open at the
NIH in . Further developments of this concept are
also being investigated; SSTR antagonists may in-
crease tumor uptake compared with normal tissues,
and Bi-DOTATOC, an alpha particle emitter, has
a stronger source of radioactive energy and therefore
has greater cytotoxic effect (, ). In addition to
these receptor-targeted agents, other radiopharma-
ceuticals based on affinity for bone matrix can be used
in patients who develop bone metastases. Ra-
dichloride has demonstrated effect in prostate carci-
noma (). Given the high incidence of metastatic
bone disease that accumulates bone-seeking radio-
pharmaceuticals in PPGLs, this effect would allow the
use of Ra- dichloride (an alpha particle emitter) in
a subset of patients with a positive bone scans.

SSTRs can also be targeted by long-acting so-
matostatin analogs that have shown long-term disease
stabilization in closely related gastroenteropancreatic
neuroendocrine tumors (). Somatostatin analogs
have few side effects (). Recent data from animal
models indicate that long-term treatment can stabilize
endocrine neoplasms and increase survival in the
related hereditary syndrome multiple endocrine
neoplasia type  (). Thus, a prospective phase II
trial using the somatostatin analog lanreotide should
be launched for metastatic PPGL. Deregulated cell
signaling as a consequence of mutations in RET and

NFmay render these cases sensitive to tyrosine kinase
inhibitors (RET) or MEK inhibitors (NF) and has
shown promising results in other tumors, but it is still
unknown whether these results may be extrapolated to
PPGL (, ).

The publisher of Science magazine declared
cancer immunotherapy the breakthrough of the year
in . This treatment modality has resulted in
improved treatment of multiple cancers, including
melanoma and lung cancer, that demonstrated
unprecedented, durable responses (, ). It
appears that cancers with high mutation loads are
particularly susceptible to the immune system. One
likely explanation is that more nonsynonymous and
insertion deletion mutations will generate neo-
antigens that will make cancer cells different
compared with normal cells and therefore visible to
the immune system (, ). Although the ge-
nomes of PPGLs are relatively intact, the para-
ganglial cell is a specialized entity with a unique set
of transcripts. This finding could have a potential
use for increasing immune cell recognition, either
through already-registered immune checkpoint
inhibitors (CTLA and PD- antibodies) or newer
approaches, such as vaccines, immune cells, or
microbe-based therapies (, ). Intriguingly,
there is a case report of a PPGL that responded to
treatment with interferon ().

Future role of precision medicine and targeted
therapies in hereditary PPGL
The future pipeline for treatments of PPGLs looks
promising. However, until appropriate data are avail-
able, it is recommended that experimental molecular
profiling be used to guide clinical decision making
within research protocols (). Although it may be
tempting to extrapolate experiences from other diseases,
predictive factors and drug targets are strictly dependent
on tissue context, well exemplified by the variable ex-
periences from targeting BRAF V mutations in
different tumors (). Second, as a consequence of
tumor evolution, biomarkers may not always occur in
a ubiquitous manner (, , ). Thus, although
rare cancers can benefit from learned experiences in
other diseases, they should be used only to generate
research hypotheses and not affect clinical care.

Table 6. Consensus Statements on Surveillance for PPGL

Author On Behalf Of Scenario Reference

Lenders et al. Endocrine Society R0 PPGL (1)

Plouin et al. European Society of Endocrinology R0 PPGL (115)

Brandi et al. International Consensus Group RET (217)

Rednam et al. North American Consensus Group VHL, SDHx, TMEM127, MAX (200)

Nielsen et al. International Consensus Group VHL (160)

Recommended in-depth
reading for follow-up of
patients with PPGL.
Abbreviations: R0, absence of
residual PPGL after treatment.
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Despite ongoing celebrations and hope with regard to
precision medicine–related therapies, clinicians must
be cautious about rushing into experimental or off-
label treatments, which could result in harming
rather than healing the patient.

Propositions to maximize tumor response while
minimizing toxicity must recognize the infinite
possibilities of empirical tests. Future directions
must focus on building mathematical models de-
scribing tumor growth during therapies and
implementing modeling tools for the personaliza-
tion of treatment schedules and sequencing. Pre-
dictive biomarkers of treatment responses, such
and molecular imaging and circulating DNA (),
can also help physicians determine which patients
will benefit the most from treatment (). The re-
sponse evaluation based on response evaluation
criteria in solid tumors has many limitations, espe-
cially for monitoring response to targeted therapies
and PRRT. PET imaging, as well as high-field and

ultra-high-field MRI with the use of multiparametric
image postprocessing and analysis, can provide re-
liable biomarkers of response to therapies. These
imaging techniques must be evaluated in the set-
ting of clinical trials in comparison with classic
follow-up ().

As we start to generate “big data” for each indi-
vidual patient, transforming information in a resource-
effective manner to deliver evidence-based recom-
mendations will be a major challenge. Here, artificial
intelligence or machine learning has been recog-
nized as a potential solution (, ) and may
ultimately disrupt the way traditional health care is
performed, by democratizing information and in-
terpretations, shifting power from providers to the
patients.

Over time, when more data and experience are
available, we are optimistic that precision therapy may
provide a path toward increased therapeutic efficacy in
PPGL. Each patient could have his or her own

Figure 5. Schematic of
a future precision medicine
workflow. Top: Relevant
factors for disease
assessment. Middle:
Recommendations
presented on a precision
medicine card based on
whether the patient is
disease free. Bottom:
Future potential
treatments for systemic
disease. PARP, poly [ADP-
ribose] polymerase; TKI;
tyrosine kinase inhibitor.
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precision medicine card (physical or cloud based),
which carries the information that is necessary to
personalize his or her care (Fig. ).

Disease Prevention: Transforming the Lives of
Patients With Hereditary PPGL

Precision medicine is most commonly associated with
diagnosis and treatment. However, insights from the
underlying biology can also be used to design tailored
interventions to completely avert disease: (primary)
precision prevention. Current ideas on how such
a preventive approach of hereditary manifestations
could succeed are scarce. For example, there were no
actionable clues from PPGL genomic landscapes,
because they did not reveal any traces of external (read
preventable) mutagens (, , ). Yet because pseu-
dohypoxic TCA cycle–related PPGL is fundamentally
a metabolic disease, it is tempting to imagine that we
could use tailored environmental, dietary, or phar-
maceutical strategies to reduce the overall penetrance.
Potential mechanisms are succinate dehydrogenase
deficiency, accelerated removal of mutated protein
by the proteasome, pseudohypoxia, and hyper-
methylation. One of the most interesting concepts
come from B. Baysal, who built on the initial obser-
vation by Arias-Stella et al. that showed a positive
correlation between high altitude and carotid body size
and a correlation between high altitude and increased
HN PGL penetrance in SDHD carriers (, ). The
concept of hypoxic vulnerability in patients with SDHx
mutations is also supported by the increased incidence

of HN PGLs among sporadic patients at high altitudes
and in disorders with chronic hypoxia, such as con-
genital cyanotic heart disease (, ). Experimental
data suggest synergism between hypoxia and succinate
accumulation, increasing stabilization of HIFs and
methylation of histones and DNA (). Although
these data should not be used in clinical decision
making, it may prove to be a potential avenue for
future research. The concept of succinate/fumarate
ration may also be of interest in the future to monitor
therapeutic responses (). These insights end this
review where we started, by highlighting the impor-
tance of understanding key disease mechanisms to
improve care of patients with PPGL.

Conclusions

The precision medicine approach to PPGLs can now
be used for screening, diagnosis, staging, and follow-up
in both adult and pediatric patients. Precision thera-
peutics is the next crucial step, and it has tremendous
future potential for transforming the lives of patients
with these tumors. While keeping a realistic mindset, it
is not hard to be sparked by optimism when there is an
exponential increase in therapeutic agents undergoing
prospective phase II trials. This is undoubtedly a new
era in the care of these patients. Finally, our vision
of precision prevention is tightly linked with un-
derstanding the biology of the disease, host, and en-
vironmental factors. Though still in need of hard work,
precision medicine offers the prospect of reaching the
ultimate goal: no deaths due to PPGL.
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513doi: 10.1210/er.2017-00062 https://academic.oup.com/edrv

REVIEW
D

ow
nloaded from

 https://academ
ic.oup.com

/edrv/article-abstract/38/6/489/4064267 by guest on 14 July 2020

http://dx.doi.org/10.1210/er.2017-00062
https://academic.oup.com/edrv


Autret G, Burnichon N, Robidel E, Banting B,
Fontaine S, Cuenod CA, Benit P, Rustin P, Halimi P,
Fournier L, Gimenez-Roqueplo AP, Favier J, Tavitian
B. In vivo detection of succinate by magnetic res-
onance spectroscopy as a hallmark of SDHx mu-
tations in paraganglioma. Clin Cancer Res. 2016;
22(5):1120–1129.

224. Imperiale A, Moussallieh FM, Roche P, Battini S,
Cicek AE, Sebag F, Brunaud L, Barlier A, Elbayed K,
Loundou A, Bachellier P, Goichot B, Stratakis CA,
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receptor; TCA, tricarboxylic acid; TCGA, The Cancer Genome
Atlas; VHL, von Hippel–Lindau; WD, well-differentiated; WHO,
World Health Organization.
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