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Abstract 

Pheochromocytomas/paragangliomas are characterized by a unique molecular land-
scape that allows their assignment to clusters based on underlying genetic alterations. 
With around 30% to 35% of Caucasian patients (a lower percentage in the Chinese 
population) showing germline mutations in susceptibility genes, pheochromocytomas/
paragangliomas have the highest rate of heritability among all tumors. A further 35% to 
40% of Caucasian patients (a higher percentage in the Chinese population) are affected 
by somatic driver mutations. Thus, around 70% of all patients with pheochromocytoma/
paraganglioma can be assigned to 1 of 3 main molecular clusters with different pheno-
types and clinical behavior. Krebs cycle/VHL/EPAS1-related cluster 1 tumors tend to a 
noradrenergic biochemical phenotype and require very close follow-up due to the risk 
of metastasis and recurrence. In contrast, kinase signaling–related cluster 2 tumors 
are characterized by an adrenergic phenotype and episodic symptoms, with generally 
a less aggressive course. The clinical correlates of patients with Wnt signaling–related 
cluster 3 tumors are currently poorly described, but aggressive behavior seems likely. 
In this review, we explore and explain why cluster-specific (personalized) management 
of pheochromocytoma/paraganglioma is essential to ascertain clinical behavior and 
prognosis, guide individual diagnostic procedures (biochemical interpretation, choice 
of the most sensitive imaging modalities), and provide personalized management and 
follow-up. Although cluster-specific therapy of inoperable/metastatic disease has not yet 
entered routine clinical practice, we suggest that informed personalized genetic-driven 
treatment should be implemented as a logical next step. This review amalgamates pub-
lished guidelines and expert views within each cluster for a coherent individualized pa-
tient management plan.

Key Words: pheochromocytoma, paraganglioma, molecular cluster, diagnostics, follow-up, treatment
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Graphical Abstract 

A

B

ESSENTIAL POINTS

	•	Pheochromocytomas/paragangliomas (PPGLs) are known to form 3 specific clusters based on their underlying 
germline or somatic mutations: pseudohypoxia-related clusters 1A and 1B; kinase signaling–related cluster 2; and 
Wnt signaling–related cluster 3.

	•	These clusters also translate into clinical, biochemical, and imaging signatures which may guide follow-up and 
therapy, facilitating a cluster-specific (personalized) patient management plan.

	•	Cluster 1 and probably cluster 3 show a more aggressive phenotype with a higher metastatic risk compared with cluster 2.
	•	Cluster 1 tumors (mostly located extra-adrenally) tend to have a noradrenergic biochemical phenotype with 

tendency to sustained hypertension, while cluster 2 tumors (mostly located within the adrenal) tend to have an 
adrenergic biochemical phenotype with intermittent catecholamine secretion concomitant with episodic symptoms.

	•	For cluster 1A, the most sensitive functional imaging modality is [68Ga]-DOTA-SSA PET/CT, while for cluster 1B 
and cluster 2 tumors [18F] FDOPA PET/CT is more sensitive.

	•	All patients with a history of a PPGL and all asymptomatic mutation carriers require lifelong follow-up, 
individualized according to their mutation status and disease characteristics.

	•	The therapy of choice is surgery whenever possible; for inoperable/metastatic disease, systemic therapy options 
include chemotherapy, radionuclide therapy, and tyrosine kinase inhibitors; however, although it is not yet 
established in routine clinical practice, genetically driven cluster-specific therapy should be the logical next step.
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Background and Relevance

Pheochromocytomas (PCCs) and paragangliomas (PGLs) 
(together referred to as PPGLs) are endocrine tumors 
originating from neural crest–derived cells of the adrenal 
medulla or from the sympathetic (mostly below the dia-
phragm) or parasympathetic (anterior thoracic and head 
and neck) paraganglia. According to the most recently 
published guideline by the Working Group on Endocrine 
Hypertension of the European Society of Hypertension, the 
likelihood of a PPGL can be assessed by the combination of 
prevalence (low in patients with signs and symptoms, high 
in patients with an adrenal incidentaloma or susceptibility 
mutations or family or past history of a PPGL) and the 
presence of certain clinical features (1).

According to the latest World Health Organization 
(WHO) classification, all PPGLs are considered to have 
metastatic potential, replacing the previous term “ma-
lignant” (2). Since there are no reliable biological, mo-
lecular, or histological markers for predicting metastatic 
spread, the WHO has defined PPGL-related malignancy 
as the presence of distant metastases at sites where chro-
maffin cells are physiologically absent (eg, bone and 
lymph nodes) (2). Current evaluation of the metastatic 
potential of a PPGL is based on a multifactorial risk as-
sessment according to tumor size (≥5  cm), extra-adrenal 
location, the presence of a SDHB mutation, a dopamin-
ergic phenotype (eg, plasma methoxytyramine more than 
3-fold above the upper reference limit) and high Ki-67 
index (1, 3-6). Immunohistochemical staining of tumor 
tissue for succinate dehydrogenase subunit B (SDHB) not 
only provides a valuable method for identifying patients 
likely to have SDHB mutations, but also for determining 
functionality of SDHB variants of unknown significance. 
The method has reasonably high sensitivity but a lower 
specificity of around 84% (7). The combination of SDHB 
immunohistochemistry and metabolite profiling with ma-
chine learning algorithms considerably improves the ac-
curacy of both methods for identifying functional SDHB 
mutations (8). These methods for screening for SDHx mu-
tations are reasonable for quickly identifying patients for 
high metastatic risk. However, accurate genetic testing re-
mains indispensable.

In addition to the above, the Pheochromocytoma of 
the Adrenal Gland Score (PASS) and Grading of Adrenal 
Pheochromocytoma and Paraganglioma (GAPP) score are 
the only globally used risk-stratification systems based on 
histological features (the GAPP score also includes PGLs 
and additionally involves the catecholamine phenotype) (9, 
10). A PASS score of 4 or higher indicates potential malig-
nant behavior with a high sensitivity of close to 100%, but 
with a lower specificity (75% and 76%, respectively, in 2 

studies) (9, 11). Thus, although metastatic behavior cannot 
be reliably predicted with a PASS score of 4 or higher, the 
“rule-out” of malignant behavior with a PASS score of <4 
or a GAPP score of <3 seems to be fairly reliable (9-13). It 
also seems reasonable to include all aforementioned risk 
factors together with the PASS/GAPP score for a more ac-
curate risk assessment. However, until this has been proven 
in larger patient cohorts, regular follow-up of all patients 
remains mandatory (14).

Current studies based on large patient cohorts report 
that 10% to 15% of PCCs and a significantly higher pro-
portion of PGLs (35%-40%) develop metastases (5, 15-
21). However, currently there is no highly effective medical 
therapy available (4, 22). The median overall survival of 
patients with metastatic PPGLs has recently been reported 
to be 7 years (23). In a large meta-analysis, 5- and 10-year 
mortality rates for patients with metastatic PPGLs were 
37% (7 studies, n = 738) and 29% (2 studies, n = 55), re-
spectively. The overall mortality rate in patients with meta-
static PGLs was 46%, whereas overall mortality rate in 
patients with metastatic PCCs was 53%. In patients with 
metastatic skull base and neck PGLs, the overall mortality 
rate ranged from 34% to 56% (24).

Uniquely, PPGLs have the highest reported degree of 
heritability among all tumors. When currently known 
germline mutations are taken into account, around 30% to 
35% of patients with PPGLs are affected by germline mu-
tations in various susceptibility genes, and a further 35% 
to 40% show somatic driver mutations (25-30). However, 
these numbers only apply to Caucasians, since among the 
Chinese population current evidence indicates a lower 
prevalence of germline mutations (21%) and a higher 
proportion of somatic mutations (46%) (30). In combin-
ation, germline and somatic mutations in more than 20 
PPGL driver genes have been identified in around 70% 
of all patients with PPGLs, and these are divided into 3 
main molecular clusters: pseudohypoxia cluster 1 (1A and 
1B), kinase-signaling cluster 2, and Wnt signaling cluster 
3. Assignment to a specific molecular cluster is associ-
ated with differences in biochemical phenotype, clinical 
behavior, and long-term prognosis. Aberrations in genes 
related to telomere maintenance (inactivation of ATRX, 
activation of TERT) and chromatin maintenance (SETD2) 
appear to additionally modify the course of disease (25, 
31, 32).

Genetic testing is recommended for every patient since 
confirmation of the cluster affiliation has been shown to 
have a positive impact on PPGL management and out-
comes (1, 33). Next-generation sequencing is the preferred 
technique to determine all relevant genetic variants in one 
single run (1).
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The increase in genetic knowledge over the past few 
years has led to significant progress in personalized man-
agement. Genetic profiling has accelerated new discoveries 
of discrete and distinctive clinical, biochemical, and imaging 
signatures that allow personalized PPGL diagnosis, man-
agement, and long-term follow-up (4, 34, 35). Although 
cluster-specific therapy of inoperable/metastatic disease has 
not yet fully entered routine clinical practice, personalized 
genetic-driven treatment decisions based on germline and 
somatic mutation testing, targeted drug testing in patient-
derived primary cultures, metabolomics, proteomics, pro-
filing, and machine learning approaches, have now begun 
to be integrated into clinical care (8, 23, 36, 37).

In contrast to most previous publications in personal-
ized medicine that have generally focused separately on 
clinical behavior, genetics, biochemistry, imaging, therapy 
and follow-up, this review instead focuses on specific 
PPGL clusters and incorporates all these modalities in a 
holistic assessment approach. For this approach we amal-
gamated all recently published guidelines and expert views 
on biochemistry, imaging algorithms, follow-up, and rou-
tine screening of mutation carriers and therapy; for the 
latter we have incorporated potential cluster-specific ther-
apies within each cluster into a coherent and individualized 
patient management plan.

Personalized Management: Molecular 
Cluster 1

Overview: Pathophysiology and Signaling 
Pathways

Cluster 1 is termed the pseudohypoxic cluster since the tu-
mors of this cluster are characterized by activation of path-
ways that mimic hypoxia signaling. Currently, cluster 1 is 
divided into 2 subclusters (cluster 1A and 1B) based on 
the position of the gene mutation either in the Krebs cycle 
(cluster 1A) or the hypoxia-signaling pathway (cluster 1B) 
(Fig. 1). Cluster 1A Krebs cycle-related genes (almost 100% 
are germline mutations, 4%-12% of sporadic PPGLs) in-
clude succinate dehydrogenase subunits (SDHx [SDHA, 
SDHB, SDHC, SDHD]) (germline), succinate dehydro-
genase complex assembly factor-2 (SDHAF2) (germline), 
fumarate hydratase (FH) (germline), malate dehydrogenase 
2 (MDH2) (germline), mitochondrial glutamic-oxaloacetic 
transaminase (GOT2) (germline), 2-oxoglutarate-malate 
carrier (SLC25A11) (germline), dihydrolipoamide 
S-succinyltransferase (DLST) (germline), and isocitrate de-
hydrogenase 1 (IDH1) (somatic). Cluster 1B VHL/EPAS1-
related genes (about 25% are germline mutations) comprise 
Egl-9 prolyl hydroxylase-1 and -2 (EGLN1/2 encoding 
PHD1/2) (germline), von Hippel–Lindau (VHL) tumor 

suppressor (germline/somatic), hypoxia-inducible factor 2α 
(HIF2A/EPAS1) (somatic) (Fig. 1), and iron regulatory pro-
tein 1 (IRP1) (1 case report) (25-27, 29, 34, 38-42).

Cluster 1A mutations (SDHA[AF2]/B/C/D, FH, MDH2, 
IDH, GOT2, SLC25A11 and DLST) disrupt the Krebs 
cycle and result in severe impairment of mitochondrial 
oxidative phosphorylation (43). Consequently, ATP pro-
duction is severely affected and is dependent on increased 
cellular glycolysis (Warburg effect) (44). Although gly-
colysis is less efficient in ATP production than oxidative 
phosphorylation, it is a fast reaction that can be increased 
30-fold. This compensates for lost ATP production from 
cluster 1A mutation–related impairments in the electron 
transport chain and oxidative phosphorylation. The im-
pairment of genes of the Krebs cycle leads to the accu-
mulation of the oncometabolites succinate, fumarate, 
or 2-hydroxyglutarate. This in turn promotes DNA 
hypermethylation, inactivation of tumor suppressor genes 
(including PHD1/2), resulting in less hypoxia-inducible 
factor (HIF)-α hydroxylation and significantly lower HIF-
α ubiquitination/degradation. This causes HIF-α stabiliza-
tion, mitochondrial DNA impairment, collagen instability, 
and most likely an abnormal immune microenvironment 
(45-48).

HIF-α ubiquitination is VHL-dependent. Loss of func-
tion mutations in VHL that result in impaired binding of 
the VHL protein to HIF-α therefore stabilize HIF-α and 
lead to its accumulation. Through HIF-α stabilization, 
cluster 1 mutations promote angiogenesis (eg, vascular 
endothelial growth factor (VEGF)/PDGF transcription), 
tumor extravasation, migration, invasion, metastasis, and 
other cellular processes (49-51). In particular, increased ex-
pression and stabilization of HIF-2α are characteristic fea-
tures of cluster 1 PPGLs compared with cluster 2 PPGLs 
(52-54).

In addition, mutations in several other genes have 
been identified that are directly involved in DNA 
hypermethylation and are also associated with PPGLs; 
these include histone subunit gene (H3F3A) (postzygotic) 
(55), DNA methyltransferase (DNMT3A) (germline) (56), 
and the tumor suppressor gene KIF1Bß (germline/som-
atic) (57, 58). A hypermethylated phenotype together with 
the increased activation of HIF-2α may synergistically 
result in the acquisition of metastatic features of SDHB-
mutated PPGLs (59). Taken together, these studies provide 
a rationale for targeting HIF-2α and DNA methylation in 
cluster 1 PPGLs.

Penetrance, Epidemiology, and Metastatic Risk

Patients who belong to the PPGL pseudohypoxia cluster 
1 group, especially those with SDHB mutations, often 

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/43/2/199/6306512 by guest on 08 D

ecem
ber 2025



204 � Endocrine Reviews, 2022, Vol. 43, No. 2

present at a young age (<20 years of age, some presenting 
at 5 years of age or less) and are predisposed to multiple 
and recurrent tumors with metastatic spread (60-63). 
SDHA/B/C/D mutations are inherited in an autosomal 
dominant fashion (for SDHD/AF2: penetrance with pa-
ternal inheritance and maternal imprinting). In one study, 
the penetrance of SDHB-related PPGLs was 21% by the 
age of 50 and 42% by the age of 60 (64). Another study 
found penetrance of SDHB-related PPGLs to be 22% by 
the age of 60 and 44% by the age of 80 (and for SDHD-
related PPGLs, 43% by the age of 60)  (65). A  further 

Figure 1.  Gene mutations impairing either Krebs cycle (cluster 1A) or hypoxia-signaling (cluster 1B) are associated with the development of 
pseudohypoxic cluster 1 PPGLs. These molecular changes offer potential targets for personalized medicine. Loss of function mutations in SDHA[AF2]/
B/C/D, FH, MDH2, IDH, GOT2, SLC25A11, and DLST affect the Krebs cycle, resulting in severe impairment of mitochondrial oxidative phosphorylation 
and an accumulation of oncometabolites such as succinate. Accumulation of these oncometabolites as well as mutations (PDH1/2, VHL) leading to a 
decreased degradation of HIF-α result in an enhanced expression and stabilization of HIF-α. Moreover, gain-of-function mutation in HIF2A underlines 
the importance of hypoxia signaling in cluster 1 PPGLs. Highlighted in red are potential drugs that could be used to negate the molecular changes 
in cluster 1 PPGLs, which are in preclinical and clinical evaluation. In addition, targeting the somatostatin receptor (possibly higher expression com-
pared to cluster 2) or the norepinephrine transporter (possibly lower expression compared to cluster 2) can be used to treat these tumors. Further 
approaches address immune checkpoints such as PD-1 or DNA repair mechanisms.

Practical tip/synthesis:

•	 Fig. 1 summarizes the pseudohypoxia-associated cluster 1 with 
all its loss- and gain-of-function mutations.  

•	 Cluster 1A comprises mutations in the Krebs cycle-associated 
genes: SDHA[AF2]/B/C/D, FH, MDH2, IDH, GOT2, 
SLC25A11 and DLST.  

•	 Cluster 1B includes mutations in VHL/EPAS1-related genes: 
PHD1/2, VHL, HIF2A/EPAS1, IRP1.  

•	 These mutations lead to stabilization of HIF-2α and thus, 
among other actions, promote angiogenesis, tumor progression, 
migration, invasion, and metastasis.
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study found penetrance of SDHB-related PPGLs to be 
50% by the age of 85, and higher in males than in fe-
males (66). Lifetime penetrance has been	 shown to be 
<50% in SDHB mutation carriers (67). In another study, 
estimated lifetime penetrance for SDHB-, SDHC- and 
SDHA-related PPGLs was 22%, 8%, and 2%, respect-
ively (68) (Table 1). In a cohort of 30 children with an 
SDHB mutation (median age of genetic testing 6.8 years) 
3/30 (10%) developed PPGLs (at ages of 15, 16, and 
18, respectively) during a median follow-up period of 
5 years (62).

The lifetime penetrance of germline VHL-related PPGLs 
is overall about 15% to 20% (67, 69). Penetrance among 
VHL mutation carriers varies considerably according to the 
nature of the mutation; in particular, missense mutations 
in type 2 VHL syndrome are more often associated with 
PPGL than exon deletions and truncations in type 1 VHL 
syndrome (70).

The penetrance of DLST-related PPGLs is not known due 
to the rare nature of PPGLs with these mutations; the preva-
lence of DLST-related PPGLs is around 1% among PPGLs 
not related to other known susceptibility mutations. DLST-
related PPGLs regularly present as multiple PPGLs (38).

At least 50%-60% of all patients with metastatic 
PPGL carry cluster 1 mutations (1, 23, 49, 71). In a retro-
spective study investigating 169 patients, 50% of all pa-
tients with metastatic disease had cluster 1 tumors (42% 
SDHB-related tumors), only 4% had cluster 2 tumors, and 
46% had apparently sporadic disease (23). In a subsequent 
study, 60.5% of all metastatic cases were in the cluster 1 
group and only 2.3 % in the cluster 2 group; the remaining 

patients had negative genetic test results (49). Importantly, 
in that latter study the higher risk of developing metastatic 
disease of patients with cluster 1 vs cluster 2 tumors was 
independent of the presence of SDHB mutations.

In a systematic literature review, the metastatic risk of 
patients with cluster 1 mutated tumors was assessed (37): 
24.3% of patients with cluster 1 tumors showed metas-
tases—in the subgroup of cluster 1A tumors, 40.5% were 
metastatic with the highest percentage of metastatic dis-
ease among the SDHB mutation carriers (46.6%); in the 
subgroup of cluster 1B tumors, 11% were metastatic. Of 
all patients with cluster 3 tumors 11.4% showed metas-
tases, compared with only 4.1% of those with cluster 2 
mutations.

Among 64 children diagnosed with an SDHB-mutated 
tumor at a median age of 13, 70% developed metastases at 
a median age of 16. After first diagnosis, metastases usu-
ally developed in the first 2  years and in years 12 to 18 
after diagnosis (61). Overall, the highest metastatic risk 
is reported for SDHB (35%-75%), SDHA (30%-66%), 
and HIF2A/EPAS1 mutation carriers (>30%) (37, 40, 49, 
63, 72-79). Moreover, there also seems to be an increased 
metastatic risk for patients with FH mutations (80). An 
intermediate risk (15%-29%) has been shown for SDHD 
mutation carriers (49, 76) and an intermediate-to-low risk 
for SDHC (76) and VHL (5%-8%) mutation carriers (49, 
69, 81, 82) (Table 2).

Although cluster 1 is associated with the highest meta-
static risk, patients with tumors of this cluster group only 
showed a trend to shorter overall survival in a multivariate 
analysis (37). Interestingly, although 70% of children with 
SDHB-related tumors developed metastases at a median 
age of 16, the estimated 5-, 10-, and 20-year overall sur-
vival rate was relatively favorable (100%, 97%, and 78%, 
respectively) (61). Recent studies consistently report that 
apart from the absence of metastases, both younger age 
(<40  years in 1 study) and smaller size of the primary 
tumor (<5 cm) at first diagnosis is associated with a better 
prognosis and survival (1, 3, 23, 37).

Of note, among the cluster 1 group there are some not-
able differences in prevalence for certain tumor locations. 

Table 1.  Penetrance of cluster 1–related PPGLs

Penetrance SDHB SDHA SDHC SDHD VHL

50 years 21%     
60 years 42% and 22%, 

respectively
  43%  

80 years 25-65%     
Lifetime 

estimate
22% 1.7% 8.3%  15-20%

Table 2.  Metastatic risk and location of cluster 1–related PPGLs

Mutation Metastatic risk Location

SDHB 35-75% Sympathetic/parasympathetic PGLs, less commonly PCCs
SDHA 30-66% Sympathetic/parasympathetic PGLs, very rarely PCCs
SDHC low Sympathetic/parasympathetic PGLs, less commonly PCCs
SDHD 15-29% Sympathetic/parasympathetic (often head and neck) PGLs and PCCs
HIF2A/EPAS1 >30% Sympathetic/rarely parasympathetic PGLs and PCCs
VHL 5-8% PCCs, less commonly sympathetic PGLs, and rarely parasympathetic PGLs
SDHAF2 not known Parasympathetic (head and neck) PGLs
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Cluster 1 Krebs cycle mutations are mostly associated with 
extra-adrenal tumors (PGLs). In particular, SDHB- and 
SDHC-related tumors are mainly sited in extra-adrenal lo-
cations (sympathetic/parasympathetic PGLs) and are much 
less commonly found as PCCs (83). SDHD-related tumors 
are mainly associated with head and neck PGLs, but also 
occur with lower prevalence at other extra-adrenal loca-
tions or within the adrenals (84). SDHA mutations are 
linked to sympathetic and parasympathetic PGLs (85). 
HIF2A/EPAS1- and FH-associated tumors can occur as 
PGLs and PCCs. VHL mutations most commonly lead to 
PCCs (50% bilateral) and less frequently to PGLs, the latter 
only occasionally	in the head and neck (69, 81, 82). Head 
and neck paragangliomas (HNPGLs), which are mostly 
associated with SDHD and SDHAF2 mutations and less 
commonly with SDHB mutations, appear to be associated 
with less aggressive behavior and better survival compared 
to those at other locations (23).

Practical tip/synthesis:

•	 Tables 1 and 2 summarize the penetrance, metastatic risk, and 
tumor location related to the different cluster 1 mutations.  

•	 Estimated lifetime penetrance for SDHx and VHL-related 
PPGLs is < 50%.  

•	 At least 50% to 60% of metastatic tumors carry cluster 1 
mutations and only about 2% to 4% of metastatic tumors 
carry cluster 2 mutations.  

•	 Cluster 1A–related tumors confer a metastatic risk of ~40%, 
with the highest risk for SDHB-related (35%-75%) and 
SDHA-related PPGLs (30%-66%). The metastatic risk for 
cluster 1B HIF2A/EPAS1-related PPGLs is >30%.  

•	 SDHx-mutated tumors are mostly located at extra-adrenal 
locations, while VHL, FH, and HIF2A/EPAS1-related tumors 
are located at both intra- and extra-adrenal sites.

Clinical Presentations

In general, testing for PPGL is usually based on one of 
several reasons: a known germline mutation, a previous 
history of a PPGL, an incidentally discovered adrenal or 
extra-adrenal mass compatible with a PPGL, or clinical 
signs and symptoms (1).

However, many clinical signs and symptoms are rela-
tively nonspecific, such as headache or hypertension (in an 
increasingly obese population). Nevertheless, some signs 
and symptoms are more prominent in screened patients 
with than without PPGL; from this a score system for spe-
cific signs and symptoms has been developed to triage pa-
tients according to their likelihood of having PPGLs (−1 to 
+7 points) (applies to all clusters) (86): 1 point for each spe-
cific sign: pallor, hyperhidrosis, tremor (max. 3 points); 1 
point for each specific symptom: palpitations, nausea (max. 
2 points)—and, in addition, 1 point for a body mass index 

(BMI) < 25 kg/m2 and 1 point for a heart rate of 85 beats 
per minute (bpm) or higher, while for obesity (BMI > 30 kg/
m2) 1 point is subtracted (86). A high clinical feature score 
(3 points or higher) indicates a 5.8-fold higher likelihood of 
having a PPGL compared with a lower score (86).

Moreover, postural hypotension, anxiety/panic, sense 
of doom, vomiting, weakness, abdominal/chest pain, con-
stipation, weight loss, fasting hyperglycemia (up to 50%) 
(presenting as diabetes mellitus type II), paresthesiae, dys-
pnea, flushing (rarely) and visual disturbances may occur as 
a consequence of catecholamine secretion and subsequent 
adrenoceptor overstimulation. This basically applies to all 
clusters, although cluster-specific differences have been re-
ported (86): Patients with cluster 1 PPGLs have lower basic 
symptom scores and less often suffer from tremor, anxiety/
panic, and pallor (related to catecholamine excess) com-
pared with patients with cluster 2 PCC (86). Some reports 
suggest that patients with cluster 1-related PPGLs may 
present more often with sustained hypertension due to the 
continuous release of norepinephrine into the circulation, 
while patients with cluster 2–related PPGLs more com-
monly present with paroxysmal symptoms due to episodic 
excessive tumoral epinephrine secretion (see below under 
“Personalized Management: Molecular Cluster 2” subsec-
tion “Clinical Presentations”) (74, 87).

PPGL-induced attacks (so-called “spells”)—less likely 
in cluster 1 PPGLs—may be triggered by certain medica-
tions, food, beverages (containing tyramine such as red 
wine and beer), surgery, anesthesia, endoscopy, severe 
stress, or elevated intra-abdominal pressure (palpation, 
defecation, pregnancy) (88, 89). Medications that have 
the potential to induce a catecholamine crisis include 
glucocorticoids, metoclopramide, droperidol, monoamine 
oxidase inhibitors, tricyclics (along with other antidepres-
sants), opiates (eg, morphine, fentanyl), naloxone, glu-
cagon, certain antibiotics (linezolid), drugs for obesity 
management (phentermine, sibutramine), and chemo-
therapy (90).

Nevertheless, some patients may be asymptomatic, es-
pecially those with small (<2  cm) tumors where there is 
low catecholamine production or more generally in cases 
where tumors produce and metabolize but do not secrete 
appreciable amounts of catecholamines (91-94). SDHx-
mutated and other cluster 1-related PPGLs have lower 
catecholamine contents than other tumors; in some cases, 
particularly for PGL in the head and neck, the tumors 
may be nonfunctional (no catecholamine production, also 
known as “silent”). For these cases, identification based on 
catecholamine-related signs and symptoms or biochem-
ical testing is not possible (3, 60, 95). Measurements of 
chromogranin A, a biomarker of neuroendocrine tumors, 
may be useful in some of these cases (96-98).
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Catecholamine-related signs and symptoms of patients 
with metastatic PPGLs (mostly related to cluster 1)  are 
mainly secondary to secretion of norepinephrine; in con-
trast, the signs and symptoms of other PPGLs (but particu-
larly those associated with cluster 2 mutations) can reflect 
additional secretion of epinephrine. Despite these differ-
ences, signs and symptoms per se cannot be used to reliably 
distinguish metastatic from nonmetastatic patients (99).

Practical tip/synthesis (applies to all clusters):

•	 A clinical feature score (−1 to +7 points) for signs and 
symptoms to triage patients according to their likelihood of 
PPGLs has very recently been published (86):  
- Pallor +1 point  
- Hyperhidrosis +1 point  
- Palpitations +1 point  
- Tremor +1 point  
- Nausea +1 point  
- Body mass index (BMI) < 25 kg/m2 +1 point  
- Heart rate of 85 bpm or higher + 1 point  
- Obesity (BMI > 30 kg/m2) −1 point  

•	 5.8-fold higher probability of a PPGL with a high score of 3 or 
more.  

•	 Cluster 1–related PPGLs are more likely to be associated 
with lower basic symptom scores and sustained hypertension, 
compared with cluster 2-related PPGLs.  

•	 Cluster 2–related PPGLs are more likely to be associated with 
higher basic symptom scores, an episodic nature of symptoms, 
with tremor, anxiety/panic and pallor, and older age at first 
diagnosis, compared with cluster 1–related PPGLs.

Biochemistry

In contrast to cluster 2, most cluster 1 PPGLs present with 
a noradrenergic phenotype, as assessed by elevated plasma 
concentrations of normetanephrine and no or relatively 
small increases in metanephrine (53, 92). These tumors may 
also be associated with or without elevations of plasma 
dopamine assessed by 3-methoxytyramine; large increases 
in plasma 3-methoxytyramine relative to normetanephrine 
define the dopaminergic phenotype (92). Almost all urinary 
dopamine is derived from renal uptake and decarboxyl-
ation of circulating L-dopa and cannot be used to deter-
mine tumoral dopamine production (100, 101).

PPGLs of the cluster 1 group are characterized by lower 
tumoral catecholamine contents, but higher rates of cat-
echolamine secretion per mass of tumor tissue, compared 
with cluster 2 adrenergic tumors (74). This is potentially 
of clinical relevance since the higher rates of catecholamine 
secretion per mass of tumor tissue may reflect a more con-
tinuous pattern of secretion in noradrenergic than adren-
ergic tumors. SDHB-related PPGLs, in particular, present 
with lowest tumoral catecholamine contents and, outside 
of screening programs, large tumor size at diagnosis (see 

also under “Personalized Management: Molecular Cluster 
1” subsection “Clinical Presentations”) (5). Possibly, large 
tumor size at diagnosis might reflect in part the low tumoral 
contents of catecholamines and often dopaminergic bio-
chemical features that might be expected to result in an 
asymptomatic clinical presentation.

Increases of plasma free normetanephrine and/or 
3-methoxytyramine with no or minimal increases of 
metanephrine (optimally measured via liquid chromatog-
raphy–tandem mass spectrometry [LC-MS/MS]) point 
uniquely and accurately to the diagnosis of a cluster 1 
PPGL (1, 6, 92, 102-105). Exceptions to this “rule” in-
clude the biochemically silent head and neck PGLs and 
other silent extra-adrenal tumors with mutations in SDHB, 
with limited amounts of catecholamines in tumor tissue 
and no significant increases in plasma normetanephrine 
or 3-methoxytyramine (60, 95). The higher risk of me-
tastasis in noradrenergic than adrenergic PPGL (29.1% 
nonadrenergic vs 10.4% adrenergic) (49) most likely simply 
reflects the association of the former with cluster 1 muta-
tions and the latter with cluster 2 mutations. In contrast, a 
dopaminergic phenotype appears to be an independent risk 
factor of metastatic disease (5).

The association of cluster 1 mutations with a 
noradrenergic or dopaminergic phenotype serves as an 
excellent example of how catecholamine phenotypes are 
linked to genetic abnormalities: tumors due to cluster 1 
mutations with a noradrenergic phenotype are associated 
with higher expression of HIF-2α/EPAS1 than other tumors 
(44); they also involve mutations that lead to stabilization 
of HIF-2α, an important player that blocks glucocorticoid-
induced expression of phenylethanolamine N-methyl trans-
ferase (PNMT), the enzyme that converts norepinephrine 
to epinephrine (54, 106).

In general, for the diagnosis of PPGLs, plasma free 
normetanephrine, metanephrine, and 3-methoxytyramine 
are superior to the measurement of the urinary metabolites 
(104). For the plasma measurements, more than a 2-fold 
increase above upper cutoffs of reference intervals pro-
vides a high suspicion of a PPGL; however, this is possible 
only with accurate measurement methods (ideally, LC-MS/
MS) and appropriately applied pre-analytics (such as blood 
sampling after remaining in a supine position for at least 20 
minutes) (1, 93, 107, 108).

At some centers, the enzyme-linked immunosorbent 
assay (ELISA) method has been used for measurement 
of plasma free metanephrines. However, as clarified in a 
study by Weismann et  al (105), the ELISA marketed by 
one manufacturer measures plasma normetanephrine and 
metanephrine at 50% to 60% lower than by LC-MS/MS. 
Based on the interpretations supplied by the manufacturer 
according to their cutoffs, the diagnostic sensitivity of the 
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ELISA was determined to be only 74% compared with 
100% for the LC-MS/MS method. This means that with 
the ELISA method it can be expected that a quarter of pa-
tients with PPGLs may be missed. The ELISA method is 
therefore not recommended for routine use unless there is 
no alternative.

In an intrapatient longitudinal comparison, plasma free 
metanephrine, normetanephrine, and 3-methoxytyramine 
levels correlated with tumor burden and progress, which 
is relevant for the staging of metastatic cluster 1 associated 
PPGLs (92, 102). Aside from emergency situations, bio-
chemical testing should almost always precede imaging (1).

Practical tip/synthesis (cluster 1):

•	 Noradrenergic/dopaminergic phenotype (assessed by plasma 
free normetanephrine/3-methoxytyramine).  

•	 Low catecholamine content but constant rates of release/
secretion.

Practical tip/synthesis (applies to all clusters):
•	 A general diagnostic flow-chart is provided by Fig. 2, while a 

cluster-specific diagnostic flow-chart is provided by Fig. 3.  
•	 The “gold standard” in diagnosis/screening/follow-up: plasma 

free metanephrines (superior to catecholamines, superior to 
urinary metanephrines).  

•	 Measurement optimally via LC-MS/MS.  
•	 Supine position for at least 20 minutes before taking blood.  
•	 High suspicion for a PPGL with more than a 2-fold increase 

above reference interval upper cutoffs.  
•	 Intrapatient longitudinal comparison: plasma free 

metanephrine levels correlate with tumor burden and 
progression.  

•	 Biochemistry should always precede imaging (exception: 
emergency).

Imaging

Cluster 1 PPGLs have high metastatic risk due to (pseudo)
hypoxia-induced cellular changes including the generation 
of oncometabolites; the tumors are characterized by low 
catecholamine contents, sometimes with a dopaminergic 
phenotype (an independent risk factor related to poor prog-
nosis). The latter features may contribute to delayed diag-
nosis (due to lack of clinical signs and symptoms), therefore 
implying need of various PPGL-specific functional imaging 
modalities during screening and follow-up; this may be es-
pecially important in SDHx-related PPGLs. However, radi-
ation exposure from anatomic and functional imaging must 
be carefully considered and often limited, especially for gen-
etically predisposed and asymptomatic tumorfree carriers as 
well as children who will need lifelong follow-up (109).

Thus, previous and current evidence (including the 
European Society of Endocrinology Clinical Practice 
Guideline on pheochromocytoma; the European Association 
of Nuclear Medicine Practice Guideline/Society of Nuclear 

Medicine and Molecular Imaging Procedure Standard for 
radionuclide imaging of pheochromocytoma; and most re-
cently, the Working Group on Endocrine Hypertension of 
the European Society of Hypertension) have recommended 
a specific guide for diagnosis, screening, and follow-up 
using biochemical evaluation and imaging modalities for 
cluster 1 mutation PPGLs, including mutation carriers (1, 
35, 110).

In general, computed tomography (CT) imaging has a 
high sensitivity (around 100%) but a low specificity (50%) 
for the screening of adrenal tumors (PCCs). Typically, PCCs 
are of soft tissue attenuation and are generally more than 
10 Hounsfield units (HU) and demonstrate a marked en-
hancement that can be heterogeneous due to cystic or de-
generated regions within the lesion. On magnetic resonance 
imaging (MRI), a PCC is classically described as appearing 
“light-bulb” bright on T2-weighted imaging and is usually 
hypointense on T1-weighted imaging, although the pres-
ence of fat or hemorrhage could lead to high signal inten-
sity on T1 (111).

PCCs mostly occur in association with cluster 1B VHL/
EPAS1-related (see under “Personalized Management: 
Molecular Cluster 1” subsection “Penetrance, Epidemiology, 
and Metastatic Risk”) or cluster 2–related disease.

However, CT imaging is less sensitive for the screening 
of certain extra-adrenal tumors (eg, head and neck and 
sympathetic PGLs) associated with cluster 1A SDHx muta-
tions (112, 113). Nevertheless, for head and neck PGLs, CT 
imaging shows better spatial resolution and fewer motion 
artifacts compared with MRI. CT can also precisely de-
termine tumor extension into the temporal bone, whereas 
MRI provides better contrast for evaluation of extension 
into the surrounding soft tissue. Overall, both modalities 
provide complementary information for assessment of 
locoregional extension and determination of multiplicity.

For screening purposes of extra-adrenal tumors (head 
and neck and sympathetic PGLs), MRI is superior to CT 
imaging. MRI also shows high sensitivity for PCCs (around 
95%, specificity 70%). In order to limit radiation exposure, 
MRI is important for initial tumor localization in children, 
as well as for lifelong follow-up of all patients with a history 
of a cluster 1-related PPGL or carrying cluster 1 mutations. 
The most recently published guideline suggests performing 
initial screening and follow-up of children with an SDHx 
mutation and also lifelong follow-up of adult SDHx mu-
tation carriers with MRI (from the base of the skull to 
the pelvis) (see also under “Personalized Management: 
Molecular Cluster 1” subsection “Follow-Up”) (109). It 
should be considered that diffusion-weighted MRI without 
contrast enhancement may be sensitive enough to monitor 
patients on long-term surveillance after initial screening 
(114, 115).
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For the detection of metastases, CT imaging provides 
a much higher sensitivity for the lung, whereas diffusion-
weighted MRI is better for liver metastases. Therefore, 

combining both modalities may be considered in the 
follow-up of cluster 1 mutation carriers or in patients with 
a history of cluster 1-related PPGL.

Figure 2.  General diagnostic flow-chart.
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The highest sensitivity and specificity for detection of 
cluster 1-related metastatic and multifocal PPGLs is pro-
vided by functional (ie, molecular) imaging (1, 35). Thus, 

functional imaging is recommended for initial screening of 
adult SDHx mutation carriers, for staging of metastatic/
multifocal disease, for presurgery staging of PCCs ≥5 cm, 

Figure 3.  Cluster-specific diagnostic flow-chart.
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and after surgery of a (sympathetic) PGL or of oligo-
metastatic/multifocal disease, and it is optional in follow-up 
in adult SDHx mutation carriers (1, 109). Since cluster 
1A SDHx-related PPGLs (mostly PGLs) strongly express 
the somatostatin receptor 2 (SSTR2), functional imaging 
with somatostatin receptor analogs (SSA) positron emis-
sion tomography-computed tomography ([68Ga]-DOTA-
SSA PET/CT) is the most sensitive imaging modality in 
the diagnosis and screening of these tumors (35, 116-118). 
In contrast, cluster 1B VHL/EPAS1-related PPGLs (spe-
cifically PCCs) seem to show stronger expression of the 
L-type amino-acid transporter and less SSTR2 expres-
sion. Therefore, PET/CT imaging based on [18F]FDOPA is 
more sensitive than [68Ga]-DOTA-SSA PET/CT in VHL/
EPAS1-related PPGLs (35, 79, 118-120). Although 123/131I- 
meta-iodobenzylguanidine (MIBG) is the most specific 
radiopharmaceutical (>95%), its sensitivity is decreased 
in small tumors and/or those associated with SDHx mu-
tations (121).

According to the most recently published guideline 
for radionuclide (functional) imaging of PPGLs, the most 
sensitive imaging method for cluster 1A SDHx-related 
disease is [68Ga]-DOTA-SSA PET/CT with a sensitivity 
of 94% to 100% (35). Sensitivities of [68Ga]-DOTA-SSA 
PET/CT have been reported in the literature as follows: 
94% for pediatric SDHx-related disease (122), 99% 
for metastatic SDHB-related (123) and SDHD-related 
(124) PPGLs, and 100% for SDHD-related head and 
neck PGLs (125, 126) and SDHA-related disease (85). 
If [68Ga]-DOTA-SSA PET/CT is not available, [18F]FDG 
PET/CT may be used as the second most sensitive im-
aging modality for SDHx-related PPGLs and [18F]FDOPA 
PET/CT for SDHD-related head and neck PGLs (35, 
85, 122-126). In contrast, for VHL-, EPAS1(HIF2A)-, 
and PHD1/2-, (cluster 1B) and FH-related disease, [18F]
FDOPA PET/CT is likely to be the most sensitive func-
tional imaging method. [68Ga]-DOTA-SSA PET/CT is 
the second most sensitive imaging modality for VHL 
and [18F]FDG PET/CT is the second most sensitive im-
aging modality for EPAS1(HIF2A), PHD1/2 and FH mu-
tations (35, 79, 119, 127) (Table 3). Nevertheless, one 
always needs to be aware of the possibility of a false 
positive result (128).

Practical tip/synthesis:

•	 A general diagnostic flow-chart is provided by Fig. 2; a cluster-
specific diagnostic flow-chart is provided by Fig. 3.  

•	 CT imaging (native plus contrast-enhanced phase): high 
screening sensitivity for PCCs (native phase >10 HU) (PCCs are 
associated with cluster 1B and cluster 2).  

•	 MRI imaging: higher sensitivity for head and neck and 
sympathetic PGLs (mostly cluster 1A-related) compared with 
CT.  

•	 MRI overall preferable for children and long-term follow-up of 
children and adults.  

•	 CT superior to MRI for lung metastases, MRI superior to CT 
for liver metastases.  

•	 Functional imaging is recommended for staging of metastatic/
multifocal disease, for presurgery staging of a PCC ≥5 cm 
or any PGL, after surgery in patients with oligo-metastatic/
multifocal disease, and in initial screening and optional in 
follow-up of adult SDHx mutation carriers.  

•	 Table 3 shows the most and second most sensitive functional 
imaging methods for each mutation of cluster 1A/B.

Follow-Up

In general, every patient with any of the following criteria 
should undergo lifelong follow-up (1, 103, 110, 129, 130): 
germline mutation, history of PGL, age <20 years at initial 
diagnosis, tumor size ≥5 cm, multiple or recurrent PPGLs, 
or noradrenergic/dopaminergic phenotype. It is common 
practice that several of these criteria apply to patients with 
cluster 1A SDHx-related PPGLs, which are associated with 
an extraordinarily high risk of recurrence, multiplicity, and 
metastatic disease. Accordingly, an expert consensus on 
follow-up of asymptomatic children and adults with cluster 
1 SDHx mutations has most recently been published (109):

-	 Children with an initial diagnosis of SDHx mutation 
should undergo a clinical examination including 
measurements of blood pressure, biochemical testing for 
plasma free normetanephrine and 3-methoxytyramine 
(or urinary normetanephrine if the former is not 
available), and MRI (base of the skull to pelvis).

-	 After negative initial screening, a clinical follow-up and 
blood pressure measurement every year, biochemistry 
every 2 years, and an MRI (base of the skull to pelvis) 

Table 3.  Most sensitive functional imaging modalities for cluster 1A/1B

Functional imaging SDHx-related (cluster 1A) VHL-related (cluster 1B) EPAS1(HIF2A)/PHD1/2/
FH-related (cluster 1B)

First choice [68Ga]-DOTA-SSA PET/CT [18F]FDOPA PET/CT [18F]FDOPA PET/CT
Second choice [18F] FDG PET/CT ([18F]DOPA  

PET/CT for head and neck PGLs)
[68Ga]-DOTA-SSA PET/CT [18F]FDG PET/CT
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every 2 to 3 years is recommended. In general, after initial 
screening, MRI can be performed without gadolinium 
enhancement (114), but preferably with diffusion-
weighted imaging for maximal sensitivity (115).

-	 For adults, the same lifelong follow-up is suggested, apart 
from more frequent biochemistry every year (plasma is 
preferred over urine, including plasma measurements 
of of normetanephrine and 3-methoxytyramine and 
no consensus for chromogranin A). Additionally, initial 
screening should include functional imaging (PET/CT), 
but there is no consensus on alternating MRI and PET/
CT during follow-up in adulthood (Table 4).

The authors of the current  review suggest performing an MRI 
(base of the skull to pelvis), alternating with a low-dose chest 
CT plus MRI (base of the skull, neck, abdomen, pelvis) in 
order to reach a higher sensitivity for lung metastases. Ideally, 
these conventional imaging methods could be combined with 
[68Ga]-DOTA-SSA-PET, where available. Screening in chil-
dren should be initiated between the age of 6 to 10 years for 

SDHB mutation carriers and between 10 and 15 years for 
SDHA/C/D mutation carriers. However, genetic testing in 
children should only be performed if tumor screening is con-
sidered, and tumor screening should only be performed fol-
lowing the discovery of a mutation (109). Thus, genetic testing 
should be offered from the age of 6 years for potential SDHB 
mutation carriers and from the age of 10 years for potential 
SDHA/C/D mutation carriers. The 2- to 3-year imaging inter-
vals were chosen since SDHB-related tumors can be found as 
early as 2 years after initial negative screening (131).

For patients with a history of an SDHA/B PPGL (highest 
metastatic risk), biochemistry every 6 to 12 months and im-
aging every 1 to 2 years is reasonable (4, 34). Since metastatic 
risk is similarly high for HIF2A/EPAS- and FH-mutated 
(limited data) tumors, follow-up of patients with a history of 
these tumors can be performed similarly to those with history 
of SDHA/B-mutated tumors (4, 34). For patients with a his-
tory of an SDHC/D/AF2- or VHL-related PPGL with a lower 
metastatic risk, biochemistry every 12 months and imaging 
intervals of 2 to 3 years seem sufficient (4, 34) (Table 5).

Table 5.  Follow-up of cluster 1A/1B mutation carriers with a history of a PPGL

Follow-up of cluster 1 mutation 
carriers with a history of a PPGL

History of metastatic PPGL, history of 
sympathetic PGL, SDHA/B, FH HIF2A/
EPAS1-related PPGLs

History of head and neck PGL, SDHC/D/AF2, VHL

Biochemistry 6-12 months (for HIF2A/EPAS1 
including hematocrit)

12 months

Imaging (MRI base of the skull to 
pelvis, possibly alternating with 
low-dose chest CT plus MRI 
base of the skull, neck, abdomen, 
pelvis)

12-24 months (initially 12, then 
12-24 months)

24-36 months (24 months for SDHD)  
VHL mutations: risk of renal cell cancer, consider 

abdominal MRI every 12 months; optic fundus 
examination every 12 months; CNS tumors, CNS MRI 
every 24-36 months.

Abbreviations: CNS, central nervous system; CT, computed tomography; MRI, magnetic resonance imaging; PGL, paraganglioma; PPGL, pheochromocytoma/
paraganglioma.

Table 4.  Follow-up of asymptomatic SDHx mutation carriers

Follow-up of 
asymptomatic SDHx 
mutation carriers

Adults Children

Initial screening Clinical examination (including bp), biochemical 
testing, MRI (base of the skull to pelvis),  
[68Ga]-DOTA-SSA PET/CT

Clinical examination (including bp), biochemical 
testing, MRI (base of the skull to pelvis) (initiation: 
at the age of 6-10 and 10-15 years for SDHB and 
SDHA/C/D mutation carriers, respectively)

Follow-up Every 12 months clinical examination (including  
bp) & biochemical testing (plasma > urine), every 
24-36 months MRI (base of the skull to pelvis) (no 
consensus on alternating MRI and PET/CT)

Every 12 months clinical examination (including 
bp), every 24 months biochemical testing, every 
24-36 months MRI (base of the skull to pelvis)

Abbreviations: bp, blood pressure; MRI, magnetic resonance imaging; PET/CT, positron emission tomography/computed tomography.
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Practical tip/synthesis:

•	 Table 4 summarizes the most recently published international 
consensus on follow-up of asymptomatic SDHx mutation 
carriers.  

•	 Table 5 summarizes suggestions on follow-up of patients with a 
history of a cluster 1-related tumor.

Treatment

As for PPGLs related to other clusters, therapy decisions 
should be made in a specialized multidisciplinary (neuro)
endocrine tumor board.

Surgery
For locoregional disease, surgery should always be the 
first-line therapy, whenever possible (1, 6, 103, 132, 133). 
Minimally invasive adrenalectomy is the preferred surgical 
standard (1). In contrast to cluster 2 PPGLs (133, 134), 
adrenal-sparing surgery should not be favored over total 
adrenalectomy in most cluster 1 tumors, since these tumors 
have a high risk of recurrence and metastatic spread, par-
ticularly SDHB-mutant tumors (135). Although cortical-
sparing surgery is associated with development of recurrent 
disease in about 13% of patients with germline mutations 
in RET (cluster 2 PPGLs) or VHL, this is not associated 
with decreased survival and can be considered for less ag-
gressive PPGLs (133, 134).

Surgical removal of a primary tumor, or tumor debulking 
if complete resection of a primary tumor is not possible, may 
be performed if metastatic disease is present in order to al-
leviate symptoms and signs from catecholamine excess or 
tumor mass effects. One extensive study indicated no bene-
ficial effect of primary tumor removal/debulking surgery on 
overall survival of patients with metastatic disease (136). 
However, more recent studies suggest that surgical removal of 
a primary tumor might be associated with improved overall 
survival (137-139), although this remains controversial. 
Furthermore, studies related to overall survival of patients 
with only bone metastatic lesions and resection of a large pri-
mary PPGL are largely absent. Nevertheless, removing a very 
large primary PPGL in the presence of numerous, small meta-
static lesions may improve uptake of various PPGL-specific 
radiopharmaceuticals in certain patients (if radionuclide 
therapy is planned). There are several anecdotal reports that 
suggest a potential beneficial effect of presumably curative 
surgery of the primary tumor and the metastases in oligo-
metastatic disease (136, 140, 141). However, much more evi-
dence is required for any firm recommendations.

Head and neck PGLs
For head and neck PGLs, several therapeutic options 
may be considered based on the patient’s chronological 

age, overall health and functional status, the presence of 
cranial nerve deficits, tumor stage, tumor multifocality, 
genetic background, and patient preference (84). Most pa-
tients could, at least in the short term, be simply observed. 
In young individuals, who are often SDHx mutation car-
riers, it is important to consider that most will experience 
tumor growth over the long term. In this setting, SDHB/C 
mutation carriers who usually present with a single tumor 
should be distinguished from SDHD patients who are 
at higher risk of developing multiple tumors; these pa-
tients require a step-by-step management with combin-
ation strategies (142, 143). It should also be noted that 
SDHB- and SDHD-related carotid body PGLs should be 
surgically removed when they reach a size of 1.5 or 2 cm, 
respectively.

The recommendation of early surgical intervention for 
smaller size SDHB-related PGLs is based on the higher like-
lihood of metastatic spread with larger sized tumors (144, 
145). Some patients with large tumors resulting in brain-
stem compression, and/or rapidly progressive symptoms, or 
in rare cases of suspected malignancy or refractory catechol-
amine secretion, also require surgery. Other patients with 
the following disease characteristics are not usually candi-
dates for surgery: advanced age, poor health status, short-
life expectancy, contralateral lower cranial nerve paralysis, 
poor pulmonary reserve, and minimal or no symptoms. For 
such patients, radiotherapy (conventional external beam 
radiation therapy [cEBRT] or stereotactic radiosurgery 
[gamma knife/cyberknife]), proton beam radiation, or sys-
temic therapy, is recommended (142, 143, 146, 147).

Alpha-adrenoceptor blockade
Current recommendations from the US Endocrine Society 
Practice Guideline and the Working Group on Endocrine 
Hypertension of the European Society of Hypertension ad-
vocate that alpha-adrenoceptor blockade should be given 
for 7 to 14 days before surgery (1, 103). The recommenda-
tions on preoperative preparation with alpha-adrenoceptor 
blockade are based on optimal care of patients, both before 
and during the surgery when a cardiovascular emergency 
and crisis may occur (148). It is advised to adequately con-
trol blood pressure and heart rate for 1 to 2 weeks before 
surgery and during surgery to prevent a catecholamine 
crisis associated with severe hypertension and other dan-
gerous catecholamine-associated side effects (1, 6, 103).

There is no specific consensus on blood pressure and heart 
rate targets; however, it is recommended to reach a seated 
blood pressure target <130/80 mmHg (103, 148). Targets 
for heart rate should be 60 to 70 bpm in a seated and 70 to 
80 bpm for an upright position, respectively. Nevertheless, 
it is often difficult to reach these targets in patients with 
large primary tumors, multiple catecholamine-secreting 
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primary tumors, or metastatic disease. In addition, alpha-
adrenoceptor blockade should be administered to patients 
with catecholamine-producing PPGLs 7 to 14 days before 
locoregional or systemic chemo- or radiotherapy, as well as 
days to 2 to 3 weeks after those therapies, in order to avoid 
severe catecholamine-related side effects from catechol-
amines that are released from therapy-induced disrupted 
tumor cells.

The most frequently used drugs are the nonselective 
and noncompetitive alpha-1/2-adrenoceptor blocker 
phenoxybenzamine or the selective competitive alpha-
1-adrenoceptor blocker doxazosin. Other alpha-1-
adrenoceptor blockers that can be used include prazosin 
and terazosin.

All alpha-adrenoceptor blockers can be administered 2 
to 3 times daily. Phenoxybenzamine, however, has a longer 
half-life and noncompetitive action, so it is recommended 
to take an extra dose at midnight instead of the morning 
before surgery. There is no clear superiority of any single 
alpha-adrenoceptor blocker over others; however, peri-
operative hypertension was more effectively prevented 
with phenoxybenzamine, although with a higher risk of 
postoperative hypotension, whereas doxazosin was associ-
ated with fewer adverse effects (149, 150). Overall, based 
on the limited available information, there are no apparent 
differences in clinical outcomes of patients with either 
alpha-adrenoceptor blocker.

Beta-adrenoceptor blockers should never be admin-
istered before initiation of alpha-adrenoceptor blockade 
and in general are only required if catecholamine-induced 
tachyarrhythmia is present. Beta-adrenoceptor blockers 
should be administered 2 to 3 days after alpha-adrenoceptor 
blockade is initiated (88).

Currently, most experts support the view that there is little 
need for adrenoceptor blockade for nonfunctional PPGLs 
or for those that only produce dopamine. Nevertheless, 
there have been some case reports describing hypertensive 
crisis or spells during the surgery in apparently “biochem-
ically silent pheochromocytoma” (151, 152). Since negative 
biochemical test results cannot be used alone to determine 
whether a PPGL is nonfunctional, and given the associated 
difficulties in defining a PPGL as biochemically silent, there 
is need for considerable caution when assessing whether 
such patients should receive adrenoceptor blockade. More 
evidence is required for any strong recommendations, but 
unlikely to become available anytime soon due to the rare 
nature of nonfunctional PPGLs, beyond those of the head 
and neck.

Tyrosine hydroxylase inhibitor metyrosine
The tyrosine hydroxylase inhibitor metyrosine, which in-
hibits catecholamine synthesis, can additionally help to 

prevent pre- and intraoperative hemodynamic instability 
when given in combination with phenoxybenzamine. The 
combination treatment reduced blood pressure fluctuations 
and resulted in less need for antihypertensive medication, 
vasoactive drugs, and fluids intra-operatively, compared 
with phenoxybenzamine alone (153-157). Thus, although 
alpha-adrenoceptor blockers should be the first choice 
to prevent hypertensive crisis during surgery, metyrosine 
may add to better hemodynamic stability pre- and intra-
operatively and might be an alternative to alpha-blockers 
in special clinical settings, if available (157).

Systemic therapy: overview
There are no generally approved systemic treatment op-
tions for metastatic PPGLs, apart from high-specific ac-
tivity (HSA) [131I]-MIBG in the United States (4, 22, 158). 
Nevertheless, there are practiced standards of therapy for 
metastatic PPGLs including chemotherapy (cyclophos-
phamide, vincristine, and dacarbazine [CVD] scheme, 
or temozolomide monotherapy), radionuclide therapy 
([131I]-MIBG, [177Lu]-DOTATATE), tyrosine kinase inhibi-
tors (TKIs) (sunitinib, cabozantinib) and immunotherapy 
(Fig. 4) (1, 4, 22). CVD (Averbuch) chemotherapy (or some 
would recommend temozolomide) is recommended for 
rapidly progressing and radionuclide therapy for slowly 
to moderately growing PPGLs as first-line therapy by the 
most recently published guideline of the Working Group 
on Endocrine Hypertension of the European Society of 
Hypertension (1). Fig. 4 shows an overview of the thera-
peutic options for metastatic PPGLs, taking personalized 
approaches into account. These approaches include posi-
tivity on a 68Ga-DOTATATE scan for [177Lu] DOTATATE 
therapy (expressing SSTR2, particularly SDHx-mutated 
PPGLs), positivity on [123I]-MIBG scan for low or high-
specific-activity [131I]-MIBG (expressing the norepinephrine 
transporter system, less likely positive for SDHx-mutated 
PPGLs), and PD-L1 status for pembrolizumab, poly(ADP-
ribose)polymerase (PARP) inhibitors together with 
temozolomide (especially for SDHx-mutated tumors), 
demethylating agents (especially for SDHx-mutated tu-
mors), and possibly HIF-2α inhibitors (particularly for 
cluster 1 PPGLs). The first clinical trials with HIF-2α in-
hibitors are currently in the initiation stage. The data from 
the first and only randomized placebo-controlled clinical 
trial (FIRST-MAPP), investigating the TKI sunitinib vs pla-
cebo in 74 PPGL patients, including those with SDHx mu-
tations, is currently under analysis.

Completed clinical trials
However, state-of-the-art of therapy is based mostly on 
retrospective data, with only few prospective and no ran-
domized clinical trials (summarized in Table 6).
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Potential cluster-specific systemic therapy: overview
Cluster-specific therapy of metastatic PPGLs has not yet 
entered clinical routine practice, although the distinctive 

molecular pathology (including signaling pathways of spe-
cific cluster-related PPGLs) suggests that some therapeutics 
may be more effective than others in a particular cluster 

Figure 4.  Flow-chart for systemic therapy of metastatic disease (1, 4, 22); black letters: potentially interesting therapy for cluster 1; gray letters: po-
tentially interesting therapy for cluster 2. Abbreviations: SSA, somatostatin analogues; TKI, tyrosine kinase inhibitor.
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(Figs 1, 2, Table 6). Correlation of therapy efficacy with 
mutational status has been highlighted in the most aggres-
sive SDHB-related tumors and has been analyzed in some 
(retrospective) clinical studies (Table 6). Either proven or 
potentially effective therapeutic options for cluster 1–re-
lated PPGLs include chemotherapy (Averbuch scheme, 
temozolomide with or without PARP inhibitors), peptide 
receptor radionuclide therapy (PRRT), and HIF-2α inhibi-
tors (Figs 1, 2, Table 6).

Chemotherapy: cyclophosphamide/vincristine/dacarbazine 
scheme and temozolomide
For rapidly progressive metastatic disease with a high 
tumor burden (often with high Ki-67), chemotherapy 
with the Averbuch scheme (cyclophosphamide, vincris-
tine, dacarbazine; CVD) is the therapy of choice (1, 4, 6). 
To date, this is one of the most established and longest 
(retrospectively) studied therapies in aggressive and rap-
idly progressive PPGLs (159-163), and it has shown to 
be particularly effective in patients with cluster 1 SDHB 
mutations (159, 164, 165) (Table 6). Disease control rate 
with CVD chemotherapy was between 48% and 100%, 
and progression-free survival (PFS) was between 20 and 
40 months (159-162, 166, 167). One retrospective study 
showed a significantly longer PFS and overall survival (OS) 
in responders vs nonresponders to CVD chemotherapy 
(1.7 ± 3.3 vs 0.3 ± 0.3  years, P < 0.01 and 4.6 ± 3.6 vs 
2.0 ± 3.7  years, P = 0.01, respectively) (166). Another 
study showed a significant survival benefit for patients re-
sponding to chemotherapy compared with nonresponders 
(different chemotherapy schemes) (165).

After 6 to 9 cycles of CVD chemotherapy or pro-
longed therapy (20 cycles) with CVD (159), temozolomide 
monotherapy may be continued as a type of maintenance 
therapy, especially in SDHB-mutated cases. It may also be 
a reasonable first-line alternative to CVD chemotherapy 
with a satisfactory disease control rate of up to 80% (PFS 
13.3 months) in less aggressive cases, or for patients with 
comorbidities (each case needs to be considered on an in-
dividual basis), specifically for those with SDHB muta-
tions (164, 168) (Table 6). Alternatively, the combination 
of capecitabine plus temozolomide may be tried in analogy 
to the chemotherapy scheme for pancreatic neuroendocrine 
tumors. Where the standard dose of temozolomide is poorly 
tolerated, a metronomic scheme with reduced doses may 
be effective, particularly in patients with SDHB mutations 
(169). Even after progression in response to CVD chemo-
therapy, temozolomide monotherapy or temozolomide 
with capecitabine may be tried, although dacarbazine is 
part of CVD as a derivate of temozolomide. As a future 
perspective, the combination of temozolomide with PARP 
inhibitors may enhance efficacy in cluster 1 tumors (170). 

Prospective randomized clinical trials are missing and 
are urgently needed. A clinical phase 2 trial investigating 
temozolomide in combination with the PARP inhibitor 
olaparib is currently recruiting (NCT04394858) (Table 7).

Radionuclide therapy
For patients with PPGLs that show slow to moderate pro-
gression, the best studied first-line therapeutic option is 
radionuclide therapy with meta-[131I]iodobenzylguanidine 
([131I]-MIBG), including the novel high-specific-activity 
(HSA) [131I]-MIBG (Food and Drug Administration–ap-
proved in the United States) with a disease control rate of 
63% to 87% (PFS, 20.6-28.5 months) for [131I]-MIBG and 
92% for HSA [123I]-MIBG in a prospective phase 2 clin-
ical study (Table 6) (1, 158, 171-178). However, there is 
evidence that cases of metastatic cluster 1 SDHx-related 
disease might be less frequently positive on a [123I]-MIBG 
scan, and indeed a previous study found that all meta-
static noradrenergic (mainly SDHB-related) PPGLs were 
[123I]-MIBG-negative (121).

Therefore, somatostatin (peptide) receptor (SSTR)-
based radionuclide therapy (PRRT) may be the prioritized 
first-line therapy option for cluster 1–related slowly to 
moderately progressive disease (1). PRRT is a very effective 
and officially approved therapy for pancreatic and midgut 
neuroendocrine tumors (179). Similar to neuroendocrine 
tumors, PPGLs (especially SDHx-associated tumors) show 
strong SSTR2 expression in most cases (116, 117). This 
is reflected by the very high sensitivity of [68Ga]-DOTA-
SSA PET/CT (up to 100%) in SDHx-related disease (35). 
There are several small, nonrandomized retrospective clin-
ical studies (and few prospective studies) suggesting that 
PRRT is one of the most effective (although not currently 
officially approved) clinical therapy approaches used for 
metastatic PPGLs, especially for PGLs associated with 
cluster 1 SDHx mutations (Table 6) (172, 180-191). This 
indicates a particularly high therapeutic potential of PRRT 
for SDHx-related PGLs: A prospective phase 2 PRRT study 
(nonrandomized) including 39 patients (all progressive at 
baseline) who received [90Y]DOTATOC reported an overall 
response rate of 18% (all PPGLs) and a remarkably long 
OS of 82 months for the subgroup of PGLs (n = 28) (187). 
Moreover, another retrospective study reported a signifi-
cantly longer OS/PFS after PRRT in the subgroup of PGLs 
(60.8/38.5  months) compared with [131I]-MIBG therapy 
(22.8/14.4  months) (172). The disease control rate for 
PPGLs with PRRT was in most retrospective studies (10/12) 
≥80% (67%-100%) and PFS was 17 to 39 months. In a 
recently published meta-analysis of 234 pooled PPGL pa-
tients treated with PRRT (177Lu/90Y), a high disease control 
rate of 90% was reported (118). However, not all patients 
included were progressive at baseline, which complicates 
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data interpretation. Nevertheless, PRRT is recommended 
for PPGL treatment by the National Comprehensive 
Cancer Network (NCCN) and by the Working Group 
on Endocrine Hypertension of the European Society of 
Hypertension (1). PRRT is well tolerated with limited acute 
and medium-term toxicity profiles. A low rate of nephro-
toxicity is observed with 177Lu. The estimated incidence for 
therapy-related myeloid neoplasms from neuroendocrine 
tumor studies ranged from 1% to 5.4%.

Alpha-particle emitting radionuclides may have advan-
tages over conventional beta-particle emitters (192), and 
PRRT with an alpha-emitter (225Ac-DOTATATE) has shown 

promising preliminary results in gastro-enteropancreatic 
neuroendocrine tumor patients who are stable or refrac-
tory to 177[Lu]-DOTATATE PRRT (193).

In general, the need of therapy always has to be carefully 
balanced against the danger of severe bone marrow sup-
pression, especially if radionuclide therapy is followed by 
chemotherapy or vice-versa. As an alternative, tyrosine kinase 
inhibitor therapy may be considered subsequent to radio-
nuclide therapy (instead of chemotherapy)—this will even 
become more relevant if the FIRST-MAPP study as the first 
randomized placebo-controlled clinical trial in the field of 
PPGL is able to confirm efficacy of sunitinib in these patients.

Table 7.  Ongoing clinical therapy studies for metastatic PPGLs 

Ongoing studies Therapy Patient  
number (n)

Status

NCT04394858 PARP inhibitor olaparib plus temozolomide  
(phase II, prospective)

 Recruiting

NCT01850888 [131I]-MIBG  Recruiting
NCT00107289 [131I]-MIBG (phase II, prospective)  Recruiting
NCT04029428 [177Lu] DOTATATE vs [90Y] DOTATATE vs mix 

each of 50% (PRRT) (phase II, prospective)
 Recruiting

NCT03206060 [177Lu] DOTATATE (Lutathera) (PRRT) (phase 
II, prospective)

 Recruiting (SDHx-related and sporadic PPGLs)

NCT04276597 177Lu] DOTATOC (PRRT) (phase II, prospective)  Recruiting
NCT04711135 [177Lu] DOTATATE (Lutathera) (PRRT) in 

adolescents (phase II, prospective)
 Not yet recruiting

NCT03923257 [177Lu] DOTATATE (PRRT) in children and 
adolescents (phase I/II, prospective)

 Recruiting

LAMPARA  
NCT03946527

Lanreotide (cold somatostatin analog)  
(phase II, prospective)

 Not yet recruiting

NCT03034200 Dopamine receptor D2 and caseinolytic 
protease P (ClpP) agonist ONC201(phase II, 
prospective)

 Recruiting

NCT04284774 Farnesyltransferase inhibitor tipifarnib (RAS 
inactivation) (phase II, prospective)

 Recruiting

FIRST-MAPP Study, 
NCT01371201

TKI sunitinib (phase II, prospective, first 
randomized placebo-controlled study)

N = 74  
(closed)

Data arriving soon

NCT03839498 TKI Axitinib (AG-013736) (phase II, prospective)  Recruiting
NCT03008369 TKI lenvatinib  

(phase II, prospective)
 Active, not recruiting

NCT02302833 TKI cabozantinib (phase II, prospective) N = 10 Recruiting (preliminary data from n = 10, 
partial response 40%, PFS 11.2)

NCT04400474 Cabozantinib plus atezolizumab (CABATEN)  
(phase II, prospective)

 Recruiting

NCT02834013 Nivolumab plus ipilimumab  
(phase II, prospective)

 Recruiting

NCT02721732 Pembrolizumab  
(phase II, prospective)

 Recruiting

NCT02923466 VSV-IFNβ-NIS and avelumab(phase II, 
prospective)

 Recruiting

NCT04187404 Novel Therapeutic Vaccine (EO2401) (phase I/II, 
prospective)

 Recruiting

Black letters: potentially specifically interesting for cluster 1; gray letters: potentially specifically interesting for cluster 2.
Abbreviations: MIBG, meta-iodobenzylguanidine; PARP, poly(ADP-ribose) polymerase; PPGL, pheochromocytoma/paraganglioma; PRRT, peptide receptor radi-
onuclide therapy; SDHx, succinate dehydrogenase subunit x; TKI, tyrosine kinase inhibitor;
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Tyrosine kinase inhibitors
If there is disease progression after radionuclide therapy or 
chemotherapy, or if these therapeutic options are not possible or 
not acceptable to the patient, anti-angiogenic targeted therapy 
with a TKI, such as sunitinib or cabozantinib, is a therapeutic 
and clinically available option for PPGL patients. Sunitinib has 
been approved for the treatment of pancreatic neuroendocrine 
tumors in Europe and the United States (194), although not 
yet for PPGLs. Sunitinib primarily targets the kinase signaling 
pathways via inhibition of receptor tyrosine kinases (RTKs) 
(VEGFR, PDGFR, and RET) and therefore may be less ef-
fective in cluster 1 than in kinase signaling–related cluster 2 
PPGLs (Figs. 2 and 3). Nevertheless, in one retrospective study 
investigating sunitinib in PPGLs, 5/8 (62.5%) of the patients 
showing stable disease or a partial response were SDHB mu-
tation carriers. One prospective study found that all patients 
(n = 7) with SDHx mutations showed stable disease or a par-
tial response, indicating potential efficacy in cluster 1–related 
disease, possibly through inhibition of VEGFR while VEGF is 
upregulated by HIF-2α under pseudohypoxic conditions (195, 
196). The retrospective study and the prospective clinical phase 
2 study investigating sunitinib in PPGL patients reported a dis-
ease control rate of 57% (retrospective) and 83% (prospective), 
respectively, and a PFS of 13.4 months in the prospective phase 
2 clinical trial (195, 196). However, the data of the first and 
only placebo-controlled randomized phase 2 clinical study 
investigating sunitinib in 74 progressive PPGL patients are soon 
to be released (NCT01371201). As soon as these results are 
available, this may allow for novel randomized clinical phase 2 
studies investigating the optimal sequence of therapy (for each 
cluster) which is not currently available. For example, com-
paring temozolomide vs PRRT vs sunitinib in cluster 1– and 
cluster 2–related disease would be of considerable importance.

As an alternative to sunitinib, the TKI cabozantinib is cur-
rently in clinical use (although off-label) for PPGL patients. 
However, there are only preliminary data from a small pro-
spective clinical phase 2 study (n = 10, partial response 40%, 
PFS 11.2 months) (NCT02302833) (abstract (197)). Pazopanib, 
another TKI, showed moderate efficacy in a small PPGL cohort 
(n = 6, partial response 17%, PFS 6.5 months) (198). Similarly, 
the TKI axitinib showed moderate efficacy in PPGLs (n = 12, 
partial response 47.1%, PFS 7.7 months) (NCT0196757).

mTORC1 inhibitor everolimus
The mTORC1 inhibitor everolimus (a signaling pathway in-
hibitor) has already been approved for the antiproliferative 
treatment of midgut and pancreatic neuroendocrine tumors 
(199, 200). There are a few contradictory data for PPGLs 
from a small prospective phase 2 clinical study with a dis-
ease control rate of 71% (genetic background not assessed) 
and a very small retrospective study with a disease con-
trol rate 25% (no known SDHx mutation included) (201, 

202). Nevertheless, there is evidence from our own transla-
tional studies in human PPGL primary cultures that these 
molecular-targeted drugs (alone but primarily in combin-
ation) are potentially effective in kinase signaling cluster 
2–related disease (36), but they might be less effective in 
cluster 1–related disease. Interestingly, there is at least one 
patient reported in the literature (a 20-year-old woman with 
an SDHB-mutated tumor) who was effectively treated with 
a combination of the TKI sunitinib and the mTORC1 in-
hibitor rapamycin. After documented progression, this pa-
tient was first treated with sunitinib monotherapy (50 mg) 
for 1.5  years. However, due to fatigue, sunitinib was re-
duced to 25 mg and 4 mg of rapamycin was added 1.5 years 
after initiating sunitinib. This patient showed stable disease 
until the end of the observation period (1.5 years after add-
ition of rapamycin, 3 years after initiating sunitinib). This 
suggests that combined targeted therapies, although more 
likely to be effective in cluster 2–mutated tumors, could 
also be worth studying in cluster 1–related tumors (195).

Immunotherapy (checkpoint inhibitors)
There are also 2 small, recent prospective phase 2 clinical 
studies suggesting that immunotherapy might be an option 
in selected cases with no other remaining therapeutic op-
tions (203, 204). While disease control rates were similar 
to other therapeutic options (75% and 73%, respectively), 
the PFS was unfortunately rather low (<6 months) (203, 
204). Although 1 patient with a SDHD mutation showed 
a stable disease for 24 months and 1 SDHB-mutated pa-
tient experienced a tumor shrinkage of >30% (followed by 
severe hepatotoxicity) (203), these numbers are too low 
to assume a unique benefit for cluster 1 SDHB/D muta-
tion carriers. This requires further investigation but high-
lights the need for germline testing of each patient and/or 
somatic testing of each tumor in order to define such cor-
relations between cluster affiliation (mutation) and thera-
peutic response.

Cold SSTR2 analogs
For midgut and pancreatic neuroendocrine tumors, with 
a Ki-67 <10%, “cold” somatostatin analogs (biotherapy)–
octreotide LAR and lanreotide autogel—have been ap-
proved for anti-proliferative therapy in Europe and the 
United States (205, 206). PPGLs with strong SSTR2 expres-
sion, particularly cluster 1 SDHx-related PGLs, which also 
show best responses to PRRT, might be treated by analogy. 
However, data from prospective studies are lacking and are 
urgently needed.

Ongoing clinical trials
Table 7 shows all current and ongoing clinical therapy 
studies for metastatic PPGLs.
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Locoregional therapy
Additionally, antiresorptive therapies, such as 
bisphosphonates and denosumab, are regularly admin-
istered in the case of larger (usually numerous) bone me-
tastases, by analogy with other neuroendocrine tumor 
bone metastases (207). Conventional external beam ra-
diation therapy (cEBRT) or stereotactic radiosurgery are 
also well-established approaches for the therapy of single 
(often more-rapidly growing) bone and other metastases in 
oligo-metastatic disease in order to attenuate tumor growth 
or alleviate mass effects, and for symptomatic relief (147, 
207, 208). Locoregional therapy approaches, including 
radiofrequency ablation or cryoablation, may also be rea-
sonable approaches for single metastases such as liver me-
tastases in oligo-metastatic disease (209). The use of cEBRT 
in a surgical tumor bed is currently unproven.

Practical tip/synthesis (applies to all clusters):

•	 Whenever possible, curative surgery should be the therapy of 
choice.  

•	 At least 7-14 days before surgery, other medical procedures 
(such as endoscopy), or systemic therapies, alpha-adrenoceptor 
blockade should be initiated in biochemically positive cases, 
unless this is purely elevated dopamine/3-methoxytyramine.  

•	 Surgery of a primary tumor in a patient with metastatic disease 
may be considered if there is a mass effect or reason to decrease 
high catecholamine levels to alleviate their organ-related 
damage/dysfunction.  

•	 Figure 4 summarizes a therapy flow-chart which suggests 
a potential sequence of therapy for a practicing physician, 
including dosing.  

•	 For rapidly progressive PPGLs, the recommended first-line 
therapy is chemotherapy (CVD scheme, or some would 
recommend temozolomide), and for slowly to moderately 
progressing PPGLs the recommended first-line therapy is 
radionuclide therapy—either with [131I]-MIBG or PRRT—
depending on tumor uptake and location (1).  

•	 In the case of stable disease after 6 to 9 cycles of CVD 
chemotherapy, previously rapidly progressing PPGLs may be 
treated with prolonged chemotherapy (up to about 20 cycles) 
or de-escalated to temozolomide maintenance therapy.  

•	 In the case of progression to CVD chemotherapy, 
temozolomide monotherapy or temozolomide in combination 
with capecitabine (or a PARP inhibitor) may be chosen. In cases 
of poor tolerability, a metronomic scheme of temozolomide is 
possible. Alternatively, a TKI may be chosen.  

•	 In the case of progression of moderately growing PPGL following 
radionuclide therapy, if there is a high tumor burden then CVD 
chemotherapy should be considered. However, where the tumor 
burden is only moderate, temozolomide alone or in combination 
with capecitabine, or a TKI, may be more appropriate.  

•	 In the case of progression in response to temozolomide (+/- 
capecitabine) or a TKI, the alternative treatment can then be used. 
Following progression with both approaches, inclusion into a clinical 
trial or immunotherapy with pembrolizumab may be an option.  

•	 In some cases, active surveillance may be most appropriate if 
disease progression is slow.

Personalized Management: Molecular 
Cluster 2

Overview: Pathophysiology and Signaling 
Pathways

Molecular cluster 2 includes mutations involving tyro-
sine kinase (TK)-linked signaling pathways (Fig. 5) (25, 
26, 34, 129, 210-212). Cluster 2 comprises mutations in 
the rearranged-during-transfection (RET) proto-oncogene 
(encoding a receptor TK) (germline/somatic) and genes 
encoding for the neurofibromin 1 (NF1) tumor suppressor 
(germline/somatic), HRAS (somatic), transmembrane pro-
tein 127 (TMEM127) (germline), Myc-associated factor X 
(MAX) (germline/somatic) and fibroblast growth factor re-
ceptor 1 (FGFR1) (somatic) (25, 30, 213). Moreover, rare 
cases with mutations in genes encoding the receptor TKs 
Met (germline/somatic) and MERTK (germline), encoding 
B-Raf (somatic) and the nerve growth factor receptor 
(NGFR, not yet supported by other studies) are described 
(25, 55). These mutations are linked to overactivation of 
the phosphatidylinositol-3-kinase (PI3K)/AKT, mechanistic 
target of rapamycin (mTORC1)/p70S6 kinase (p70S6K), 
and RAS/RAF/ERK signaling pathways; the resulting cel-
lular impacts include promotion of sustained cell growth, 
survival, proliferation, chromatin remodeling, angiogenesis, 
and a metabolic switch to glycolysis and glutaminolysis 
(25, 214). As mentioned earlier, most patients with these tu-
mors show a better clinical outcome compared to patients 
with cluster 1–related tumors.

Practical tip/synthesis:

•	 Figure 5 summarizes the kinase signaling pathway–associated 
cluster 2 with all its loss- and gain-of-function mutations.  

•	 Cluster 2 comprises mutations in the following genes associated 
with tyrosine kinase signaling: RET, NF1, HRAS, TMEM127, 
MAX, FGFR1, and rare cases with Met, MERTK, BRAF, and 
NGFR.  

•	 These mutations lead to activation of tyrosine kinase-associated 
signaling pathways, such as PI3K/AKT, RAS/RAF/ERK, and 
mTORC1, and finally as a common intersection point with 
cluster 1 to increased synthesis of HIF-α and, among other 
changes, to enhanced cell growth, cell survival, and tumor 
formation.

Penetrance, Epidemiology, and Metastatic Risk

The penetrance of RET- (multiple endocrine neoplasia 2, 
MEN2-) related PCCs (autosomal dominantly inherited) is 
relatively high (around 50%), with frequent bilateral/mul-
tiple occurrence (in 50%-80%) (215, 216). MEN2-related 
PCCs may possibly result from initial adrenal hyperplasia, 
and MEN2 is also associated with a high prevalence of me-
dullary thyroid carcinoma and less often (in MEN2A) pri-
mary hyperparathyroidism (215). Although the peak age 
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of PCC manifestation is 40 years, the tumors can present 
in childhood by the age of 11 (216). RET mutations also 
occur as somatic mutations.

The penetrance of NF1-related PCCs (autosomal dom-
inantly inherited) is lower (around 5%-8%) and less fre-
quently associated with bilateral disease (around 12%) 
compared with RET-related PCCs (217, 218). NF1-related 
PCCs rarely occur in children, and more regularly present 
around the age of 50 years. NF1 mutations also occur as 
somatic mutations and, as such, represent one of the more 
common drivers of sporadic PCC. However, there appears 

to be some ethnic diversity for this since the overall fre-
quency of NF1 mutations in a European cohort (15.9%) 
was higher than in a Chinese cohort (6.6%) (30).

The penetrance of TMEM127 mutations is unknown 
due to the rare nature of PCCs with mutations in this 
gene. Accordingly, the prevalence of TMEM127-related tu-
mors seems to be very low (not more than 2% of patients 
without other known susceptibility mutations); among the 
few reported cases, TMEM127-related tumors present as 
solitary nonmetastatic PCC in patients older than 40 years 
(219, 220).

Figure 5.  Gene mutations leading to an activation of kinase signaling pathways (cluster 2) and derived molecular targets for a personalized therapy. 
Mutations in RET, NF1, HRAS, TMEM127, MAX, FGFR1, Met, MERTK, BRAF and NGFR activate phosphatidylinositol-3-kinase (PI3K)/AKT, mammalian 
target of rapamycin (mTORC1)/p70S6 kinase (p70S6K), and RAS/RAF/ERK signaling pathways. Highlighted in red are potential drugs that address 
the molecular changes in cluster 2 PPGLs and are in preclinical and clinical evaluation. Molecular-targeted signaling pathway inhibitors (alone and 
in combination) might be specifically effective in these tumors. Moreover, similar to cluster 1, cluster 2 PPGLs provide the somatostatin receptor 
(possibly lower expression compared to cluster 1) and the norepinephrine transporter (possibly higher expression compared to cluster 1) as po-
tential targets for the treatment of these tumors. Immune checkpoint inhibitors and drugs addressing DNA repair and synthesis mechanisms are 
furthermore under evaluation.
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The penetrance of MAX-related PCCs is not well estab-
lished, but recent evidence in 2 families who underwent 
screening suggests a high penetrance (221). The prevalence 
of MAX-related PCCs seems to be very low in groups of 
patients without other known susceptibility mutations 
(around 1%); these tumors are often bilateral (67%) (222).

HRAS and FGFR1 mutations, which seem to be exclu-
sively somatic in nature, are more common in the Chinese 
(HRAS: 16.5%; FGFR1: 9.8%) than European popula-
tions (HRAS: 9.8%; FGFR1: 2.2%) (30). Interestingly, in 
the European cohort, tumors with HRAS mutations are 
predominantly PCCs, which is consistent with other cluster 
2 tumors, whereas in the Chinese cohort both HRAS and 
FGFR1 mutations are relatively common in PGLs. As de-
scribed earlier (see “Personalized Management: Molecular 
Cluster 1” subsection “Penetrance, Epidemiology, and 
Metastatic Risk”), in the European cohort, PGLs are 
mostly restricted to cluster 1 and show a noradrenergic 
or occasionally a dopaminergic phenotype; in the Chinese 
cohort, a large proportion of epinephrine-producing PGLs 
was identified due to mutations in HRAS and FGFR1 (30).

Metastatic risk of cluster 2–related PCCs is low and 
RET, NF1, TMEM127 and MAX mutations are almost ex-
clusively associated with PCCs (217, 218, 220) (Table 8). 
In one study, only 2.3 % of all metastatic cases belonged 
to cluster 2 (49). RET-(MEN2A-) and TMEM127-related 
PCCs are almost exclusively nonmetastatic (metastatic 
risk <5%) (46, 215, 220). MEN2B is associated with a 
higher metastatic risk compared with MEN2A (216). The 
metastatic risk of NF1-related PCCs is also low (2%-12%) 
(49, 217). The estimated metastatic risk of MAX-related 
PPGLs is around 10% (222). Nevertheless, metastatic 
spread remains possible for any tumor of the cluster 
2 group.

Practical tip/synthesis:

•	 Table 8 summarizes the penetrance, metastatic risk, and 
location of cluster 2–related PPGLs.  

•	 RET-related penetrance of PCCs depends on the specific RET 
mutation and is high (around 50%, multiple/bilateral 50%-
80%), while the penetrance of NF1, TMEM127, and MAX is 
much lower.  

•	 Of all metastatic PPGLs, only around 2%-4% belong to cluster 
2 (see under “Personalized Management: Molecular Cluster 1” 
subsection “Penetrance, Epidemiology, and Metastatic Risk”).  

•	 The metastatic risk of cluster 2–related PPGLs is low (around 
4%-5%) (see under “Personalized Management: Molecular 
Cluster 1” subsection “Penetrance, Epidemiology, and 
Metastatic Risk”).  

•	 Cluster 2–related tumors are almost exclusively located 
adrenally (PCCs).

Clinical Presentations

In cluster 2–related PPGLs, there is suggestive evidence that 
signs and symptoms are mainly of an episodic nature as-
sociated with paroxysmal excessive secretory activity. This 
presentation appears related to high tumoral catecholamine 
contents, low rates of constant catecholamine secretion 
(per mass of tumor tissue), and a well-developed regula-
tory control of secretion that nevertheless can respond to 
provocative stimuli; this contrasts with cluster 1 tumors, 
which show low catecholamine contents but higher rates of 
continuous secretion and less developed secretory control 
(sustained hypertension) (74, 87, 102).

All potential PPGL-related specific and nonspecific 
signs and symptoms and possible stimuli of the so-called 
“spells”—especially in cluster 2–related PPGLs—are 
described in detail under “Personalized Management: 
Molecular Cluster 1” subsection “Clinical Presentations.” 
Patients with cluster 2–related PCCs commonly show a 
more pronounced “signs and symptoms score”—described 
in detail under “Personalized Management: Molecular 
Cluster 1” subsection “Clinical Presentations”— and more 
likely suffer from pallor, tremor, and anxiety/panic, com-
pared with those with cluster 1–related disease (86). This 
may be partly explained by the—although episodic—exces-
sive catecholamine secretion during a so-called spell.

For RET-related PCCs the predominant stimulation of 
beta-adrenoceptors by epinephrine is presumably respon-
sible for the presentation of episodic tachycardia/palpita-
tions and paroxysmal hypertension rather than sustained 
hypertension (223). However, only around 50% of patients 
with RET-related PCCs present with signs and symptoms, 
which may reflect negligible or low rates of catechol-
amine secretion as well as discovery as part of screening 
programs. Similarly, patients with NF1-related PCCs can 
often be asymptomatic and normotensive (218).

Table 8.  Penetrance/prevalence, metastatic risk, location of 

cluster 2–related PCCs

RET NF1 TMEM127 MAX

Penetrance Around  
50% 
(50%-
80% 
multiple)

Around 
7%-8% 
(12% 
multiple)

Penetrance 
unknown, 
prevalence 
around 
2% (single 
tumors)

Penetrance 
unknown, 
prevalence 
around 
1% (67% 
multiple)

Metastatic 
risk

<5%  
(3.5%)

Around 
2%-12%

Mostly  
benign

Around 10%

Location adrenal D
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Practical tip/synthesis (applies to all clusters):

•	 The recently established signs and symptoms score (−1 to +7 
points) to triage patients according to their likelihood of PPGLs 
is provided under “Personalized Management: Molecular 
Cluster 1” subsection “Clinical Presentations” (“Synthesis”).  

•	 Signs and symptoms of cluster 2–related PPGLs are mainly 
of an episodic nature associated with paroxysmal excessive 
catecholamine secretion (triggered by stimuli) due to a high 
catecholamine content, but low rates of constant secretion and 
a well-developed regulatory control, in contrast to cluster 1 
tumors.  

•	 Patients with cluster 2–related PPGLs have higher signs and 
symptoms scores and more often suffer from pallor, tremor, 
and anxiety/panic, compared with those with cluster 1–related 
PPGLs.

Biochemistry

In contrast to cluster 1, cluster 2-related PCCs are char-
acterized by an adrenergic phenotype, likely reflecting ori-
gins of the tumors from fully differentiated chromaffin 
cells (49). The exception to this involves PCC due to MAX 
mutations, in which lack of MAX prevents induction of 
phenylethanolamine-N-methyltransferase by glucocortic-
oids (54).

The adrenergic phenotype is defined by a tumor con-
tent of epinephrine that exceeds 5% of the contents of 
all catecholamines; this can be assessed by measurements 
of plasma metanephrine relative to normetanephrine, 
the respective metabolites of epinephrine and norepin-
ephrine (73, 87, 102). Although elevations of plasma or 
urinary metanephrines can indicate that the tumor pro-
duces epinephrine, this is not always reflected by secre-
tion of the parent catecholamine. Vice-versa, negative 
results for measurements of catecholamines themselves 
(ie, not their metabolites) do not necessarily mean that 
the tumor is nonfunctional; such tumors may episodically 
release epinephrine when provoked by stimuli (see under 
“Personalized Management: Molecular Cluster 1” subsec-
tion “Clinical Presentations”) (87, 102). This provides one 
reason why measurement of the metabolites (metanephrine, 
normetanephrine, 3-methoxytyramine) provides a more 
sensitive diagnostic test than the parent catecholamines 
(see under “Personalized Management: Molecular Cluster 
1” subsection “Biochemistry”). Adrenergic tumors in-
variably show additional increases in plasma or urinary 
normetanephrine; only rarely do these tumors show exclu-
sive increases in metanephrine (73, 92, 102).

Accordingly, patients with RET-related PCCs invari-
ably show elevations in plasma concentrations or urinary 

outputs of metanephrine (the metabolite of epinephrine) 
(87, 224). The same applies to NF1-associated PCCs (92). 
TMEM127-related PCCs also show an adrenergic pheno-
type (73, 102). HRAS and FGFR1 mutations, which are 
relatively common in the Chinese population, are also as-
sociated with an adrenergic phenotype (30).

Practical tip/synthesis (cluster 2):

•	 A general diagnostic flow-chart is provided by Fig. 2; a cluster-
specific diagnostic flow-chart is provided by Fig. 3.  

•	 With the exception of MAX-related PCCs (mixed or 
noradrenergic phenotype), cluster 2–related tumors have an 
adrenergic phenotype (assessed by elevated plasma or urinary 
metanephrine).  

•	 This adrenergic signature indicates a more mature phenotype.  
•	 Adrenergic tumors are characterized by high catecholamine 

content and high rates of production of metanephrines, but 
overall low rates of catecholamine secretion and well-developed 
secretory control.

Imaging

Since cluster 2–related tumors are usually located intra-
adrenally (exceptions, HRAS- and FGFR1-related PGLs 
in the Chinese population), anatomic abdominal im-
aging with CT or MRI is usually sufficient for tumor 
localization (see also under “Personalized Management: 
Molecular Cluster 1” subsection “Imaging”). For tu-
mors ≥5 cm, an additional contrast-enhanced CT of the 
chest, or functional imaging, is reasonable to exclude 
metastases.

Cluster 2 kinase signaling–related tumors exhibit 
high [18F]FDOPA uptake with low uptake of the re-
maining adrenal gland (35, 225). Thus, if there are in-
conclusive results on anatomic imaging (eg, distorted 
anatomy, very small tumors, multifocality), or for sta-
ging purposes of metastatic disease or PCCs ≥5  cm, 
the most sensitive functional imaging method for all 
cluster 2–related PCCs (>1 cm) seems to be [18F]FDOPA 
PET/CT (35). However, there is only clear evidence for 
this in a small series (n = 5) of MAX-related PCCs in a 
head-to-head comparison of [18F]FDOPA PET/CT with 
[68Ga]-DOTA-SSA PET/CT and [18F]FDG PET/CT (35, 
225). The second most sensitive functional imaging mo-
dality for cluster 2–related PCCs is probably [68Ga]-
DOTA-SSA PET/CT (35, 225). A  specific advantage of 
[18F]FDOPA over [68Ga]-DOTA-SSA relates to its low 
uptake by healthy adrenal tissue compared with PCC, 
which allows for the detection of multiple PCCs within 
the same gland.
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Practical tip/synthesis:

•	 A general diagnostic flow-chart is provided by Fig. 2; a cluster-
specific diagnostic flow-chart is provided by Fig. 3.  

•	 High screening sensitivity for cluster 2–related PCCs: 
abdominal CT imaging (native phase >10 HU plus contrast-
enhanced phase) or contrast-enhanced abdominal MRI.  

•	 MRI overall preferable for children and long-term follow-up of 
children and adults.  

•	 CT superior to MRI for lung metastases, MRI superior to CT 
for liver metastases.  

•	 For PCCs ≥5 cm: Additional presurgery contrast-enhanced 
thoracic CT or functional imaging to exclude metastases.  

•	 For inconclusive results on anatomic imaging or staging of 
metastatic/multifocal disease, the most sensitive functional 
imaging method for cluster 2–related PCCs is [18F]FDOPA 
PET/CT (the second most sensitive one is most likely [68Ga]-
DOTA-SSA PET/CT).

Follow-Up

For asymptomatic RET mutation carriers, yearly follow-up 
for PCCs including clinical investigation and biochemical 
testing should start between 11 and 16 years of age—de-
pending on the specific RET mutation (high or moderate 
risk for PCCs) (caveat: always consider the risk of medul-
lary thyroid carcinoma and primary hyperparathyroidism) 
(216) (Table 9). Patients with a history of a RET-related 
PCC should undergo a lifelong follow-up including yearly 
clinical investigation and biochemical testing, at least ini-
tially; for patients with high and moderate risk for PCCs 
(depending on the specific RET mutation), follow-up may 
include abdominal/pelvic MRI every 5  years (1, 4, 34, 

216) (Table 10). This is particularly important for centers 
where measurements of plasma free or urinary fractionated 
metanephrines are not available.

Despite a rather low metastatic risk of NF1-related PCCs, 
most recently published guidelines nevertheless recommend 
the initiation of a biochemical screening of asymptomatic 
NF1 mutation carriers every 3  years from the age of 10 
to 14 years (Table 9) (226). This is supported by the high 
proportion (>80%) of asymptomatic patients with an NF1-
related PCC (218). As there is a high number of asymptom-
atic patients, it also seems reasonable to include patients 
with a history of an NF1-related PCC into a structured life-
long follow-up, with yearly clinical and biochemical evalu-
ation and abdominal/pelvic MRI every 5 years (Table 10). 
By analogy to RET- and NF1-mutation carriers with a his-
tory of a PCC, the authors suggest a similar follow-up for 
patients with a history of a TMEM127- or MAX-related 
PCC, with yearly clinical and biochemical evaluation and 
abdominal/pelvic MRI once every 5 years (Table 10).

For each patient with first diagnosis of a cluster 2-re-
lated PCC ≥5 cm, a chest CT would be reasonable to rule 
out metastatic disease; however, this is unnecessary in the 
routine follow-up of these mutation carriers due to their 
low metastatic risk and almost exclusively adrenal location 
(PCCs) of cluster 2–related disease.

Practical tip/synthesis:

•	 Table 9 summarizes the recommended follow-up of 
asymptomatic cluster 2 mutation carriers.  

•	 Table 10 summarizes the recommended follow-up of patients 
with a history of a cluster 2–related tumor.

Table 10.  Follow-up of cluster 2 mutation carriers with a history of a PCC

Follow-up of cluster 2 mutation carriers  
with a history of a PCC

RET (high/moderate risk for PCC), NF1, TMEM127, 
MAX

RET(low risk for PCC)

Clinical and biochemical evaluation 12 months 12 months
Imaging (abdominal/pelvic MRI) At least every 5 years optional

Table 9.  Follow-up of asymptomatic cluster 2-mutation carriers

Follow-up of asymptomatic 
mutation carriers

RET NF1

Clinical and biochemical 
evaluation

Initial screening by the age of 11-16 years depending 
on the specific mutation, then every 12 months 
(higher penetrance)  

Risk of primary hyperparathyroidism and medullary 
thyroid carcinoma (every 12 months calcitonin, 
calcium, PTH if applicable)

Initial screening by the age of 10-14 years, then every 
36 months (lower penetrance)
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Treatment

We have previously discussed potential differences in 
therapeutic management between cluster 1- and cluster 
2-related disease in “Personalized Management: Molecular 
Cluster 1” subsection “Treatment.” In terms of therapy 
(surgery, alpha-adrenoceptor blockade, and therapy of 
metastatic disease) the same state-of-the-art recommenda-
tions currently apply to cluster 2 as for cluster 1–related 
PPGLs. This includes mostly adrenal-sparing surgery for 
cluster 2–related local disease, CVD chemotherapy for 
rapidly growing tumors, and radionuclide therapy (spe-
cifically [131I]MIBG or PRRT) as first-line therapy for 
slowly to moderately growing metastatic disease (1) (Fig. 
4 “Therapy of metastatic disease”). Therapy is not yet 
cluster-specific; however, systemic therapy is only infre-
quently necessary in cluster 2–related disease since only 
around 2% to 4% of metastatic PPGLs bear cluster 2 
mutations (23, 37). Nevertheless, we suggest potential 
individual cluster 2–specific current and future systemic 
therapy approaches, such as: [131I]MIBG therapy; kinase 
signaling pathway–related TKIs (sunitinib, cabozantinib, 
LOXO-292, lenvatinib, axitinib among others); and other 
specific targeted signaling pathway inhibitors alone and in 
combination (PI3K/AKT/mTORC1 inhibitors and RAF/
MEK/ERK inhibitors) (gray letters in Fig. 4 and footnote 2 
in Table 6, Fig. 5) (36, 227, 228).

Practical tip/synthesis (applies to all clusters):

•	 Whenever possible, surgery is the therapy of choice.  
•	 Details in terms of surgery, surgery in (oligo-)metastatic 

disease and alpha-adrenoceptor blockade are described under 
“Personalized Management: Molecular Cluster 1” subsection 
“Treatment.”  

•	 Figure 4 summarizes a therapy flow-chart which suggests a 
potential sequence of therapy for the practicing physician, 
including dosing.  

•	 All suggestions in terms of therapy and the sequencing 
of therapy are described in detail under “Personalized 
Management: Molecular Cluster 1” subsection “Treatment” 
and apply to all clusters.  

•	 For rapidly progressive PPGLs, the recommended first-line 
therapy is chemotherapy (CVD scheme) and for slowly to 
moderately progressive PPGLs, the recommended first-line 
therapy is radionuclide therapy—either with [131I]-MIBG or 
PRRT—depending on tumor uptake and location (1).  

•	 Systemic therapy approaches which might be specifically 
effective in kinase signaling cluster 2–related PCCs are [131I]
MIBG therapy, kinase signaling pathway inhibitors such as 
TKIs (cabozantinib, sunitinib, LOXO-292, lenvatinib, axitinib, 
etc.), and PI3K/AKT/mTORC1 and RAS/RAF/MEK/ERK 
inhibitors (Figs. 2, 3).

Personalized Management: Molecular 
Cluster 3

Overview: Pathophysiology and Signaling 
Pathways

In contrast to clusters 1 and 2, cluster 3 is still mostly unex-
plored, but appears to involve Wnt signaling (Fig. 6).

Wnt signaling–related cluster 3 comprises the 
“mastermind-like” transcriptional coactivator 3 (MAML3) 
fusion gene (gain-of-function event) and somatic driver mu-
tations (0% germline mutations) in the cold shock domain-
containing E1 (CSDE1) gene (Fig. 6) (25). MAML3 
fusion genes lead to overactivation of Wnt/Hedgehog 
signaling. A gain-of-function mutation in CSDE1 leads to 
overactivation of ß-catenin, a target of Wnt signaling. Both 
events, in turn, lead to increased angiogenesis, cell prolif-
eration, survival, invasion, metastasis, and deregulation of 
metabolism.

Practical tip/synthesis:

•	 Figure 6 summarizes the Wnt signaling-associated cluster 
3 with its gain-of-function mutations/events.  

•	 Cluster 3 comprises the MAML3 fusion gene and somatic 
mutations in CSDE1 associated with overactivation of 
Wnt- and ß-catenin signaling leading, among others, to 
angiogenesis, proliferation, survival, invasion, metastasis, 
and deregulation of metabolism.

Epidemiology, Clinical Presentations, and 
Metastatic Risk

For cluster 3–related tumors, only somatic mutations have 
been identified to date. Wnt-altered PPGLs with MAML3 
fusion genes were all associated with metastatic disease and 
showed poor aggressive-disease-free survival (eg, a short 
time until the occurrence of either distant metastases, local 
recurrence, or positive regional lymph nodes), indicating an 
aggressive phenotype with high risk of multiplicity, recur-
rence, and metastases (25, 229). Moreover, Ki-67 expres-
sion analyzed by immunohistochemistry and correlating 
with a high metastatic risk was highest in one tumor with a 
MAML3 fusion gene in the analysis by Fishbein et al (25). 
Wnt signaling–related tumors seem to be mainly located 
within the adrenals (PCCs) (25).

Demonstrating the putative role of MAML3 in onco-
genesis, different neuroendocrine tumor cell lines tran-
siently transfected with MAML3 (FL) or exon 1-deleted 
MAML3 (dEx1, mimicking the fusion) showed increased 
invasion and colony formation in vitro, probably through 
activation of Wnt signaling (229).
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Practical tip/synthesis:

•	 Cluster 3-related tumors are identified by somatic mutations 
and are associated with a high risk of recurrence, multiplicity, 
and metastases.  

•	 Adrenal location.

Biochemistry

Wnt signaling–related PPGLs showed the highest 
chromogranin A  overexpression among all clusters (25). 
The catecholamine phenotype is at present unknown.

Practical tip/synthesis:

•	 Highest chromogranin A overexpression among all 
clusters.  

•	 Catecholamine phenotype unknown.

Imaging

For anatomic imaging, the same applies as for the other 
clusters; however, the most sensitive functional imaging 
modality is unknown.

Practical Tip/Synthesis:

•	 For anatomic imaging see “Imaging” under “Personalized 
Management: Molecular Cluster 1” and “Personalized 
Management: Molecular Cluster 2.”  

•	 Most sensitive functional imaging modality unknown.

Follow-Up

Optimal follow-up is unknown for these rare tumors. 
However, according to a reported high risk of recurrence, 
multiplicity, and metastases, follow-up should be per-
formed by analogy with cluster 1A-related PPGLs.

Figure 6.  Gene mutations leading to an activation of Wnt signaling (cluster 3) and derived molecular targets for a personalized therapy. Mutations in 
MAML3 and CSDE1 activate Wnt/ß-catenin signaling. Highlighted in red are potential drugs that address the molecular changes in cluster 3 PPGLs 
and are in preclinical evaluation.
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Practical tip/synthesis:

•	 Follow-up with history of an aggressive cluster 3–related PCC 
analogous to cluster 1A until further information is obtained.

Treatment

In terms of therapy (surgery, alpha-adrenoceptor blockade, 
and therapy of metastatic disease) the same state-of-the-art 
currently applies for all clusters (see “Treatment” under 
“Personalized Management: Molecular Cluster 1” and 
“Personalized Management: Molecular Cluster 2” Fig. 4).

Regarding molecular-targeted therapies, targeting Wnt 
signaling seems reasonable for cluster 3–related tumors 
(Fig. 6). In different neuroendocrine tumor cell lines (also 
overexpressing chromogranin A), the research group of 
Nölting and Auernhammer et  al showed good efficacy 
of the PORCN inhibitor WNT974, which inhibits Wnt 
signaling, and of the ß-catenin inhibitor PRI-724 (230).

Practical tip/synthesis (applies to all clusters):

•	 Whenever possible, surgery is the therapy of choice.  
•	 Details in terms of surgery, surgery in (oligo-)metastatic disease 

and alpha-adrenoceptor blockade are described in “Treatment” 
under “Personalized Management: Molecular Cluster 1.”  

•	 Figure 4 summarizes a therapy flow-chart which suggests 
a potential sequence of therapy for a practicing physician, 
including dosing.  

•	 All suggestions in terms of therapy and sequence of therapy 
are described in detail in “Treatment” under “Personalized 
Management: Molecular Cluster 1” and apply to all clusters.  

•	 Future systemic therapy approaches that might be specifically 
effective in Wnt signaling cluster 3-related PCCs are specific 
inhibitors of Wnt signaling (Fig. 6).

Conclusion/ Individual Patient Management

Table 11 summarizes the special features of each cluster for 
an individualized patient management plan.

Table 12 summarizes the follow-up suggestions for pa-
tients with a history of a PPGL depending on the underlying 
mutation status and disease characteristics for an individu-
alized patient follow-up guide.

Vision and Outlook

We predict that machine learning algorithms using arti-
ficial intelligence combined with well-established clinical 

and biochemical determinants will assist in identifying 
patients at risk for developing metastases with very high 
accuracy. This would aid the choice of optimal therapy 
and follow-up and may eventually foster cure of disease 
and prevention of metastatic spread due to early diag-
nosis. Related to this, a moderately high proportion of 
the aggressive cluster 1A tumors occur in children. Thus, 
new guidelines covering PPGL management in children 
are important.

In terms of therapy, the data of the first randomized 
placebo-controlled clinical trial in PPGLs investigating 
sunitinib (FIRST-MAPP) are awaited and may open up new 
horizons for clinical studies. As a necessary next step, studies 
to predict the optimal sequencing of systemic therapy for 
inoperable/metastatic PPGLs should be planned—for ex-
ample, comparing temozolomide vs radionuclide therapy 
vs sunitinib/cabozantinib.

Cluster-specific management regarding patient educa-
tion, diagnostics (biochemistry, imaging) and follow-up 
are already widely acknowledged. Nevertheless, 
cluster-specific, genetically driven therapy requiring 
next-generation sequencing of individual tumors (with 
possibly single cell sequencing) will very likely be an es-
sential part of the management of these tumors in the 
future. Indeed, in some centers this approach is currently 
underway utilizing complementary models, including 
multiple drug testing in patient primary cultures (36), 
and evaluating individual markers for response to spe-
cific targeted therapies.

Ongoing clinical trials are currently underway for 
the investigation of multiple targeted therapies; these 
include radionuclide therapy with SSTR2 agonists/
antagonists and alpha-emitters, combination strat-
egies with radiosensitizers, MIBG therapy, cold SSTR2 
analogs (octreotide/lanreotide), PARP inhibitors plus 
temozolomide, demethylating agents, HIF-2α inhibi-
tors (Belzutifan [PT2977]), immunotherapy (checkpoint 
inhibitors), different TKIs, TKIs in combination with 
immunotherapy, farnesyltransferase inhibitors, and thera-
peutic vaccines. 

The ongoing PROSPHEO registry trial (NCT03344016) 
might be able to precisely answer the question as to the 
optimal follow-up for PPGL patients (together with novel 
artificial intelligence approaches) and aid in achieving 
the goal of preventing metastatic spread and death from 
PPGLs—and ultimately our vision of precision disease 
prevention.
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Postsurgery Clinical and biochemical follow-up 3-6 weeks after surgery (after recovery)
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