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Abstract: Pheochromocytoma and paraganglioma (PPGL) are rare neuroendocrine tumors that arising from the ad-
renal medulla or extra-adrenal autonomic ganglia. Traditionally, PPGL was classified as benign or malignant based 
on the presence of distant metastasis at the time of initial surgery. However, according to WHO 2017 Classification 
of Tumors of Endocrine Organs, all PPGL has metastatic potential. The term “metastatic” is used, replacing “ma-
lignant” in this group of tumors. The prediction of PPGL’s metastatic potential is a clinical concern, although many 
relevant indicators such as genetics, histology, pathology and molecular biology markers have been proved to be 
related to the metastasis of PPGL, but none of them is 100% predictive; various types of prediction systems had 
been created, but previous studies had demonstrated that they still need to be validated in multicenter studies. 
There is no unified clinical standard to differentiate metastatic from non-metastatic and a highly effective prediction 
system is of urgent need. In this review, we summarized all reported prediction systems, including the PASS system, 
the GAPP system, the COPPs system and the ASES system. Additional potential indicators that related to metastatic 
PPGL were also introduced. 
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Introduction

Pheochromocytoma (PHEO) and paraganglio-
ma (PGL), termed as PPGL, are rare neuroendo-
crine tumors that arising from the chromaffin 
cells of the adrenal medulla and extra-adre- 
nal sympathetic or parasympathetic autonomic 
ganglia, respectively. About 80 to 85 percent  
of PPGL are pheochromocytoma, with an esti-
mated annual incidence of 2-8 cases per mil-
lion [1]. The main clinical characteristics of 
PPGL patients are recurring episodes of hyper-
tension, palpitations, profuse diaphoresis and 
pallor. Nausea, vomiting, flushing and weight 
loss may be present in a few patients [2]. It has 
reported that approximately 0.1 to 1 percent of 
hypertension is due to PPGL [3, 4].

Traditionally, PPGL was classified as benign or 
malignant based on the presence of distant 
metastasis at the time of initial surgery. 
However, according to the update on adrenal 
tumors in 2017 WHO of endocrine tumors, all 
PPGL could have metastatic potential due to 

the lack of histological system endorsed for the 
biological aggressiveness of PPGL. The term 
“metastatic” is used, replacing “malignant” in 
this group of tumors.

Metastasis can be diagnosed only after the 
presence of metastasis in non-chromaffin site, 
but not local invasion into surrounding tissues 
[5]. Most PPGL are non-metastatic, which are 
not life-threatening and can be successfully 
cured by surgery, however, approximately 15- 
20% of them would finally metastasize [6, 7]. 
For patients with metastatic PPGL, the 5-year 
survival rate was lower than 50% [8, 9]. 
Metastasis can occur in months even decades 
after the initial diagnosis [10]. Thus, a propor-
tion of patients with PPGL was considered as 
non-metastatic before surgery, while they were 
identified to have metastasis during follow up. It 
is of great significance to predict the metastatic 
potential in early stage, not only evaluate the 
risk of metastasis as well as survival and prog-
nosis, but also guide doctors in taking active 
surgical intervention and strict follow-up. 

http://www.ajcr.us
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European Society of Endocrinology Clinical Pr- 
actice Guideline suggested that patients with 
high risk of metastatic potential should be fol-
lowed-up for lifetime instead of 10 years [11].  
A precise prediction of metastatic potential 
would be important. Besides, we would have a 
better understanding of the mechanisms of 
PPGL metastasis by predicting its metastatic 
potential, providing new insights into its drug 
targets.

Prediction of PPGL metastatic potential re- 
mains a clinical challenge. Although many rele-
vant indicators have been proved to be related 
to the metastasis of PPGL [6, 12], none of  
them is 100% predictive; algorithms including 
the Pheochromocytoma of the Adrenal Gland 
Scaled Score (PASS) grading system, the grad-
ing system for adrenal pheochromocytoma and 
paraganglioma (GAPP), the modified grading 
system for adrenal pheochromocytoma and 
paraganglioma (M-GAPP), the COPPs (COmpo- 
site Pheochromocytoma/paraganglioma Prog- 
nostic Score) scoring system and ASES sco- 
ring system had been proposed [13-17], but 
previous studies had demonstrated that repro-
ducibility of these systems needs to be validat-
ed in multicenter studies. In this review, we 
summarized all reported prediction systems 
and additional potential indicators that related 
to metastatic PPGL, aiming to help medical col-
leagues better understanding existing predic-
tion systems from different perspectives and 
provide new insights into the prediction of PPGL 
metastatic potential.

Existing prediction systems

PASS scoring system

The Pheochromocytoma of the Adrenal Gland 
Scaled Score (PASS) grading system was cre-
ated by Thompson in 2002, which was the earli-
est grading system for detecting the potential 
of biologically aggressive behavior of PHEO. 
The establishment of PASS grading system  
was based on 12 individually histologic fea-
tures including large nests or diffuse growth 
(>10% of tumor volume), central (middle of 
large nests) or confluent tumor necrosis (not 
degenerative change), high cellularity, cellular 
monotony, tumor cell spindling (even if focal), 
mitotic figures >3/10 HPF (high-power field), 
atypical mitotic figure(s), extension into adipose 
tissue, vascular invasion, capsular invasion, 

profound nuclear pleomorphism and nuclear 
hyperchromasia. These features are endowed 
with different points, thereby discriminating 
non-metastatic PHEO from metastatic PHEO 
(based on the analysis of the overall tumor fea-
tures of 100 patients) on the basis of the  
total score of patients’ features. In the PASS 
system, a PHEO is defined as “benign” fashion 
when its score is <4; otherwise (PASS score 
≥4), biologically aggressive, with a total score of 
20 (Table 1) [13]. Features including large 
nests or diffuse growth (>10% of tumor vol-
ume), central (middle of large nests) or conflu-
ent tumor necrosis (not degenerative change), 
high cellularity, extension into adipose tissue, 
vascular invasion, capsular invasion and a high 
count of mitotic had been widely accepted to 
be associated with metastasis in the PASS sys-
tem [12].

Many studies assessed the predictive ability of 
PASS grading system [18, 19], but the results 
are inconsistent. In 2004, August et al evaluat-
ed the PASS system in 37 cases of PHEO, 
including 14 cases of malignancy, which found 
that all 14 cases of malignancy were assign- 
ed score ≥4 points, with a 100% sensitivity; 
and 23 cases of benign PEO had a score ≥4 
points, with a specificity of 0% [20]. This study 
indicated that the PASS system does not have 
a strong ability to distinguish non-metastatic 
PHEO from PHEO with a PASS score ≥4. How- 
ever, Szalat et al produced different results in 
2010 with the study of 26 cases, including 7 
metastatic tumors. Among 7 cases of meta-
static PHEO, 6 were scored ≥4, 1 case had a 
score <4, with the sensitivity to be 86%. But all 
the 19 cases of non-metastatic PHEO had a 
PASS score <4, with a specificity of 100% [21]. 
Number of cases recruited in the studies may 
be the cause of the inconformity. In a recent 
meta-analysis which counted 809 PHEO cases 
with 105 metastatic cases, 102 were scored 
with ≥4 points, with a sensitivity of 97%. 
However, among the remaining 704 non-meta-
static cases, 224 had PASS score ≥4 points, 
and only 480 cases were less than 4 points, 
with a specificity of 68%. These studies indi-
cate that PASS grading system is of high sensi-
tivity and low specificity. The accuracy rate of 
metastatic prediction results (PASS ≥4 points) 
is 31% (102/(102+224)); while accuracy rate of 
non-metastatic prediction results (PASS <4 
points) is 99% (480/(3+480)) [22]. It means 
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that the prediction to be non-metastatic is 
more credible than that of metastatic. One 
study showed that PASS grading system gets a 
higher specificity when considered PHEO to be 
metastatic with a score of 6 rather than 4. This 
may be a way to increase the reliability and use 
of the PASS system [17].

Although the PASS grading system is estab-
lished for pheochromocytoma only, other stud-
ies classify paraganglioma according to the 
PASS system, and the results show that the 
PASS system also has a similar ability to predict 
the malignant behavior of paraganglioma [19].

The evaluation of metastatic potential is a 
research concern. Being the earliest grading 
system, the establishment of PASS system is of 
great significance and provides a foundation 
for subsequent research. Although metastatic 
prediction results of the PASS system are not 
satisfactory, the non-metastatic prediction abil-
ity makes it a great value in specific clinical 

applications. Though, this system also has its 
shortcomings. For example, only histological 
characteristics were considered, while other 
influencing factors such as gene mutation [23], 
tumor characteristics [24] and clinical charac-
teristics of patients were ignored [16]. In addi-
tion, there are too many histological features to 
be observed, which makes it easily influenced 
by the subjective evaluation, thus causing 
errors [25]. These disadvantages limited the 
development of the PASS system and encour-
aged the creation of other comprehensive pre-
diction systems.

GAPP and Modified-GAPP scoring system

The grading system for adrenal pheochromocy-
toma and paraganglioma (GAPP) was designed 
by Kimura et al both for pheochromocytoma 
and paraganglioma in 2014, which was based 
on the PASS grading system by excluding some 
poorly concordant histological features [26] 
and aimed to predict the metastatic potential 

Table 1. Different predicting systems with their corresponding parameters and scores
PASS GAPP M-GAPP COPPs ASES

Parameters Score if present
    Pseudorosette (even focal) 1 2
    Large and irregular cell nest 1
    Comedo necrosis 2 2
    Large nests or diffuse growth 2
    Central (middle of large nests) or confluent tumor necrosis 2 5
    High cellularity 2 1 or 2
    Cellular monotony 2
    Tumor cell spindling (even if focal) 2
    Mitotic figures >3/10 HPF 2
    Atypical mitotic figure(s) 2
    Extension into adipose tissue 2
    Vascular invasion 1 1 1 1
    Capsular invasion 1
    Profound nuclear pleomorphism 1
    Nuclear hyperchromasia 1
    Ki67 labelling index (%) 1 or 2 2
    Catecholamine type 1 1 1
    SDHB IHC negativity 2 1
    Losses of PS100 2
    Tumor size 1 (>7 cm) 1 (≥6 cm)
    Age ≤35 y 1
    Extra-adrenal location 1
    Total maximum score 20 10 10 10 4
    Scores considered to be high metastatic tumor ≥4 ≥3 ≥3 ≥3 ≥2
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and the prognosis of patients. Compared to the 
PASS, the GAPP grading system was presented 
by 6 parameters which including 4 histological 
features (histological pattern, cellularity, come-
do-type necrosis, capsular/vascular invasion) 
received from PASS and another 2 new immu-
nohistochemical and biochemical features 
(Ki67 labelling index and catecholamine type). 
Similarly, these features were endowed with 
different points, with a total score of 10 (Table 
1). Depending on the patient’s total points 
scored by their tumor characteristics, it was 
graded into three types: well-differentiated 
(WD, 0-2 points), moderately differentiated 
(MD, 3-6 points) and poorly differentiated (PD, 
7-10 points). Different differentiated types were 
related to different metastatic potential and 
5-year survival rates. The study contained 163 
tumors, including 40 metastatic tumors. On the 
basis of the GAPP grading system, approxi-
mately 68% (111 cases) were graded into well-
differentiated (WD), 22% (35 cases) were mod-
erately differentiated (MD), and 10% (17 ca- 
ses) were poorly differentiated (PD). Of these 
PPGLs, 4 WD, 21 MD and 15 PD tumors were 
metastatic, while the 5-year survival rates of 
the patients were 100% for WD, 67% for MD 
and 22% for PD tumors, respectively. The WD 
group showed a significant low metastatic rate 
(4%) and a perfect 5-year survival rate (100%) 
when compared to the MD group (with 60% 
metastatic rate and 67% 5-year survival rate) 
and PD group (with 88% metastatic rate and 
22% 5-year survival rate). Thus, WD tumors 
were considered as low risk of metastasis, and 
MD or PD tumors were likely to be highly meta-
static tumors (GAPP score ≥3). In addition, 
there was an important correlation between 
the GAPP score and the time of metastasis. 
Therefore, it is possible to predict metastatic 
potential and prognosis of patients according 
to their tumor score and corresponding differ-
entiated levels based on GAPP [14].

A previous study had been carried out to vali-
date the prediction ability of the GAPP grading 
system. It was found that the GAPP grading  
system has a similarly high sensitivity, low 
specificity, low prediction accuracy rate of met-
astatic tumors and an excellent prediction 
accuracy rate of non-metastatic PPGL com-
pared to the PASS system. This result seemed 
like that excluding some nonspecific histologi-
cal features of PPGL was compensated by add-

ing Ki67 labelling index and catecholamine 
type [22].

A Ki67 proliferative index above 3 to 5% has 
been reported to be associated with an 
increased risk of metastasis in PPGL [23]. As a 
kind of neuroendocrine tumor, catechola- 
mine secreting was the most noteworthy char-
acteristic of PPGL, and the type of catechol-
amine (noradrenaline-type) was also an impor-
tant risk factor for metastasis [11]. The combi-
nation of these two features and original 4 his-
tological parameters was an improvement for 
the GAPP grading system when compared to 
PASS, but still ignored important factors which 
were reported to be associated with metasta-
sis and prognosis such as tumor size and loca-
tion [5]. Foremost, succinate dehydrogenase 
gene subunit B (SDHB) mutation, which has 
been widely accepted as a high-risk factor for 
metastasis has not been added into this sys-
tem [3]. In the previous study, 8 MD and 5 PD 
tumors were negative for SDHB immunohisto-
chemistry (which was useful to detect SDHB 
mutation), with a metastatic rate of 77% 
(10/13), while none of the 111 cases of WD 
tumors showed negative for that. It suggested 
that a combination of negative of SDHB immu-
nohistochemistry with the GAPP grading sys-
tem might be useful to predict metastatic 
potential [14]. This promoted the production of 
M-GAPP grading system.

The modified grading system for adrenal pheo-
chromocytoma and paraganglioma (M-GAPP) 
was proposed by Koh et al in 2017, which is a 
combination of the loss of SDHB staining and 
some significant parameters (histological pat-
tern, comedo-type necrosis, vascular invasion, 
Ki67 labeling index (%), catecholamine type) in 
the GAPP grading system (Table 1). In this 
study, the M-GAPP system was proved to have 
a higher prediction accuracy rate of metastatic 
tumors (10/19, 53%) than GAPP system (12/40, 
30%) [15]. But in our review, we found that the 
M-GAPP was worse than GAPP grading system 
in specificity, sensitivity and accuracy rate of 
prediction results (Table 2). 

Actually, neither GAPP nor M-GAPP grading sys-
tem had a credible prediction accuracy rate of 
metastatic tumors (Table 2). Both of them were 
insufficient and need to be further validated in 
multicenter studies. It is of urgent need to 
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establish new predictive models to evaluate 
metastatic potential for PPGL.

COPPs scoring system

The COPPs (COmposite Pheochromocytoma/
paraganglioma Prognostic Score) scoring sys-
tem, proposed by Pierre in 2019, is composed 
of three clinical-histopathological features 
(tumor size, necrosis, vascular invasion) com-
bined with proliferation index PS100 and SDHB 
inactivation to predict PHEO/PGL metastasis 
risk and progression-free survival (PFS) [17].

In this study, a total of 147 cases of PPGL were 
collected in a single center (107 cases of PHEO 
and 40 cases of PGL), including 9 cases of 
metastasis (2 cases of PHEO and 7 cases of 
PGL). The collected clinical data included age, 
gender, date of the surgery, hypertension, size 
and location of tumor, genetic status, and fol-
low-up data of patients. The expression of 
MCM6, KI67, PS100 and SDHB was analyzed 
with immunohistochemistry. These collected 
data were used for multivariate and univariate 
analyses associated with metastasis status 
and progression-free survival. It was found that 
these variables (extra-adrenal localization, 
SDHB mutation, necrosis, cellular monotony, 
mitosis (>3/10 HPF, HPF = high-power field), 
capsular invasion, vascular invasion, loss of 
SDHB, PS100 negativity, size >7 cm, age, 
MCM6 LI) were significant correlated with 
metastasis status, while those (PS100, Ki-67, 
MCM6, vascular invasion, mitosis (>3/10) HPF, 
cellular monotony, high cellularity, necrosis, 
SDHB mutation, tumor size, metastasis) param-
eters were significant correlated with progres-
sion-free survival (PFS).

Among these parameters that were significant 
in univariate analysis, five were independently 
associated with metastasis status: focal or 

confluent necrosis, tumor size >7 cm, vascular 
invasion, PS100 loss, SDHB loss, which formed 
the COPPs grading system. These 5 different 
characteristics were endowed with different 
score, it is considered high risk of metastatic if 
the COPPs score ≥3 points, otherwise consid-
ered low risk (Table 1). Sensitivity and specific-
ity of COPPs were 100% (9/9) and 92.4% 
(122/132), respectively. The accuracy rate of 
metastatic prediction results (COPPs ≥3 points) 
was 47.4% (9/19), and non-metastatic (COPPs 
<3 points) prediction results was 100% 
(122/122) (Table 2) [17].

Among these parameters included in COPPs 
grading system, tumor necrosis and vascular 
invasion also exist in PASS, GAPP, and M-GAPP 
grading system. The loss of SDHB was included 
in M-GAPP but not PASS or GAPP, which was 
proved to be associated with high risk of me- 
tastasis. Tumor size and loss of PS100 were 
reported to be related to metastasis in a previ-
ous study [27]. Compared with PASS and GAPP 
grading system, the COPPs grading system 
showed a similarly high sensibility and high pre-
diction accuracy rate of non-metastatic PPGL, 
and had an increase in specificity, but still 
remains low or even lower in prediction accu-
racy rate of metastatic PPGL, which may be due 
to a small number of cases of metastatic PPGL 
(Table 2).

ASES scoring system

These grading systems, including PASS, GAPP, 
M-GAPP and COPPs, are mainly based on such 
characteristics of tumors: histopathological 
indicators, gene mutations, immunohistochem-
istry and molecular biological indicators (Table 
1). However, many of the patient’s clinical char-
acteristics such as age, tumor size, tumor loca-
tion, secretory type of catecholamine may also 
be associated with metastatic potential [5, 

Table 2. Sensibility, specificity, and prediction rate of different grading systems

PASS GAPP M-GAPP COPPs ASES Average or 
total

Cases of PPGL 100 163 72 141 333 809

Cases and proportion of PHEO 100 (100%) 127 (78%) 63 (88%) 105 (74%) 305 (92%) 700 (87%)

Cases and proportion of Metastatic PPGL 33a (33%) 40 (25%) 15 (21%) 9 (6%) 23 (7%) 120 (15%)

Sensibility 100% (33/33) 90% (36/40) 67% (10/15) 100% (9/9) 61% (14/23) 85% (102/120)

Specificity 75% (50/67) 87% (107/123) 84% (48/57) 92% (122/132) 80% (248/310) 83% (575/689)

Accuracy rate of non-metastatic prediction result 100% (50/50) 96% (107/111) 91% (48/53) 100% (122/122) 97% (248/257) 97% (575/593)

Accuracy rate of metastatic prediction result 66% (33/50) 69% (36/52) 53% (10/19) 47% (9/19) 18% (14/76) 47% (102/216)
a: 17 of the 50 patients did not develop malignant clinical behavior.
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28-31]. And the ASES system is established in 
2018 which only consisted of 4 clinical charac-
teristics of patients (age, tumor size, extra-
adrenal location and secretory type) based on 
multiple clinical parameters, aiming to evaluate 
the metastatic potential of PPGL [16].

In this study, a total of 333 patients were 
enrolled in the research, including 305 PHEO 
and 28 PGL. Metastasis occurred in 23 pa- 
tients, including 18 PHEO and 5 PGL. Clinical 
characteristics including age, gender, height, 
weight, BMI, tumor size, location and preopera-
tive fractionated metanephrines were collect-
ed. The patients were then divided into two 
groups based on whether the tumor had metas-
tasized: 310 in the non-metastatic group and 
23 in the metastatic group. Then the collected 
data were analyzed by multiple factors between 
two groups, and 4 clinical features were finally 
determined according to the data analysis 
results. In ASES grading system, any of these 4 
parameters was scored 1 point if it was pres-
ent, otherwise scored 0 point. A tumor more 
than or equal to 2 points was considered to be 
high risk of metastasis [16]. For parameters of 
ASES grading system, tumor size was first 
added into such grading system (COPPs was 
created after ASES system). Although tumor 
size was reported to be related to metastatic 
PPGL or rapid progress in previous studies [24, 
27], it has also been reported that there is no 
significance in tumor size between metastatic 
and non-metastatic PPGL [18, 32]. So it’s still 
uncertain whether tumor size is a risk factor of 
metastasis or not.  

In a previous study, the primary tumor location 
was a stronger indicator of metastasis than 
tumor size [5]; but recently, it was revealed that 
tumor location was not associated with metas-
tasis [33]. These two uncertain risk factors may 
have a negative impact on the predictive value 
of the ASES prediction model. 

Ultimately, the ASES system showed a low  
sensibility of 61% (14/23) and a specificity of 
80% (248/310). The prediction accuracy rate of 
non-metastatic PPGL and metastatic PPGL was 
97% (248/257) and 18% (14/76), respectively 
(Table 1). Compared with the other four sys-
tems, the ASES system has the most cases of 
PPGL, but relatively low proportion of metastat-
ic cases, fewer parameters including uncertain 
factors, all of which may lead to the lowest pre-

diction accuracy rate of metastatic result and 
the least clinical application value of these sys-
tems. However, ASES system only focuses on 
the clinical characteristics of PPGL and can 
also achieve a good prediction accuracy of non-
metastatic tumors, which suggests that we 
cannot ignore the clinical characteristics of 
PPGL in the establishment of new standards in 
the future.

Potential indicators for predicting metastasis

In the previous section, we briefly introduce 
several existing predictive systems. Each of 
these systems has its advantages and disad-
vantages, and some of them have clinical appli-
cation value. However, these scoring systems 
have not been validated in multicenter clinical 
trials and have not been widely accepted by the 
clinicians. In addition to these histopathologi-
cal indicators, SDHB gene mutation, molecular 
markers, immunohistochemistry and clinical 
features contained in these scoring systems, 
there are many other potential factors associ-
ated with metastasis. We will present some of 
the current reporting indicators, which are not 
part of the above-mentioned predictive system. 
These risk factors may help to establish new 
predicting models in the future.

PPGL was the most heritable tumor in humans 
[34]. Gene mutations play a major role in  
the occurrence of heredity PPGL. The latest 
research shows that about 35%~40% of the 
occurrence of PPGL is related to at least 27 
gene mutations, mainly including SDHx (SDHA, 
SDHB, SDHC, SDHD, SDHAF2), VHL, RET, NF1, 
HRAS, MAX, ATRX, FH, KIF1B, EPAS1 and so on 
[35]. SDHB gene mutation has long been 
declared to be associated with metastatic 
PPGL [36], and the loss of SDHB immunohisto-
chemistry has been already added into grading 
systems like M-GAPP and COPPs. A study 
showed that three novel genes MYCN, CYO5B 
and VCL were significantly higher in metastatic 
PPGL compared with non-metastatic PPGL 
[37]. Telomerase activity and ATRX mutations 
are independent risk factors for metastasis 
and are associated with clinical progression of 
PPGL [38, 39]. Besides, mutations including 
SDHD [11], MAX [40], FH [41], TERT [42, 43], 
SLC25A11 [44], MAML3 [45] had also been 
reported to related to metastatic PPGL. Gene 
mutations not only affect the risk of metasta-
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sis, but also the patient’s tumor location, bio-
chemical characteristics, overall prognosis and 
clinical syndromes [46, 47]. For example, the 
VHL gene mutation can cause the von Hippel-
Lindau syndrome (VHL disease), while NF1 syn-
drome was caused by NF1 gene mutation [48, 
49]. So genetic testing is of great importance to 
PPGL patients and can guide patients’ follow-
up and predict prognosis. According to genetic 
test guideline, SDHB, SDHD, VHL, FH, RET and 
NF1 should be tested. SDHA, SDHAF2, SDHC, 
TMEM127, MEN1 and MAX is recommended to 
be tested [50]. Although we focus on linking 
genetic mutations to the risk of metastasis, the 
importance of genetic mutation status is not 
only about metastasis, but more importantly, 
guiding our management and treatment th- 
rough genotypes. 

Actually, except genetic mutations, there are 
many additional molecular markers had the 
potential to become indicators in the future. It 
was reported that earliest molecular markers 
including EPAS1, VEGF, nm23-H1, TIMP-4 and 
other factors was related to metastatic PPGL, 
but some of them like OCT4, S-100, c-Erb2 and 
CD34 had low reproducibility in later studies, 
which may be confounded by the SDHB muta-
tion [6, 51]. A recent study has shown that weak 
CHGB protein expression is associated with 
high PASS score [52], suggesting that CHGB 
levels may be a new biomarker for predicting 
malignant biological behavior of PPGL. In addi-
tion, recent biomarkers like microRNAs [53-
55], long non-coding RNAs (lncRNA) [56, 57], 
ERBB-2 over expression [58], Hsp90 [51], high 
levels of plasma methoxytyramine [29], CNTN4 
protein expression [59] may also have the 
potential to become metastatic indicators in 
the future. The discovery of metastasis-related 
molecular markers can not only help diagnose 
metastatic PPGL, but also help discover drug 
target of PPGL [48]. 

Last but not least, imaging plays an important 
role in the diagnosis and staging of tumors. The 
radiomics refers to the extraction of valuable 
information by analyzing a large amount of 
standard data with high-throughput medical 
images including computed tomography (CT), 
positron emission tomography (PET) and mag-
netic resonance imaging (MRI), which has a 
very large potential to establish a descriptive or 
predictive models [60, 61]. Recent studies 

have shown promising results of radiomics in 
oncological practice, including tumor discrimi-
nation and subtype classification and in 
assessing treatment responses. Although 
there was little research of radiomics in 
patients with PPGL, recent studies showed that 
radiomics can help differentiate subclinical 
pheochromocytoma from lipid-poor adenoma, 
which is difficult using traditional imaging anal-
ysis [62, 63]. This promising result laid a solid 
foundation for the application of radiomics in 
predicting metastatic potential of PPGL.

Discussion

Pheochromocytoma and paraganglioma (PPGL) 
are rare neuroendocrine tumors characterized 
by the secretion of catecholamine and recur-
rent episodes of hypertension. According to 
WHO 2017 Classification of Tumors of En- 
docrine Organs, all PPGL have metastatic 
potential. The term “malignant PPGL” and 
“benign PPGL” were abandoned and replaced 
by “metastatic PPGL” and “non-metastatic 
PPGL”. Metastatic PPGL and non-metastatic 
PPGL differ greatly in terms of follow-up, prog-
nosis and survival rate, and metastasis can 
only be determined when metastasis occurs. 
Therefore, how to predict the metastasis poten-
tial at an early stage has become a clinical con-
cern and an urgent problem to be resolved.

Many indicators, such as histopathology, ge- 
netic mutations, biomarkers, and clinical char-
acteristics, have been declared to be associat-
ed with metastasis, but none of the individual 
factors was 100% correlated. So, it is a chal-
lenge to establish a new, convenient, highly 
specific and standard evaluation system by 
combining multiple influencing factors. Several 
prediction systems were established from 
2002 to 2019. The original PASS system was 
consisted only by histopathological indicators, 
which were too numerous and complex, and 
some of them were not specific to PPGL; GAPP 
was created by excluding some nonspecific 
parameters on the bases of PASS, and com-
bined both KI-67 and catecholamine type, 
which was the first time the clinical characteris-
tics of the tumor were considered (catechol-
amine type); M-GAPP was modified by sele- 
cting several factors that had a high correlation 
with PPGL in GAPP, and added SDHB gene 
mutation (which was proved to be highly corre-
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lated with metastasis), the first time gene 
mutation was incorporated into the scoring sys-
tem. While COPPS incorporated tumor size 
(another clinic characteristic), ASES was com-
pletely based on the clinical characteristics of 
patients.

In studies about these five scoring systems, the 
number of cases collected was ranged from 72 
to 333 (with a total of 809 cases), PHEO pro-
portion was ranged from 74% to 100% (with a 
total of 700 cases), and the percentage of  
confirmed metastases was ranged from 6% to 
33% (with an average proportion of 15%). It  
can be seen that all scoring systems have high 
prediction accuracy rate of the non-metastatic 
PPGL that may be related to the fact that non-
metastatic samples account for the majority 
when the system is established, which has clin-
ical application value. From the comparison of 
COPPS, ASES system and other systems, we 
can see that the proportion of malignant tumors 
in cases will affect the accuracy of prediction 
results when the scoring system is established, 
and the increase of the number of cases and 
proportion of metastatic tumors can improve 
the reliability of metastatic prediction results 
(Table 2). ASES system is only based on clinical 
characteristics, showing the worst sensitivity 
and the lowest metastatic prediction accuracy 
rate in the five systems, which suggesting that 
we can not only consider on one aspect of a 
factor when trying to establish a scoring sys-
tem. Factors including pathology, clinical char-
acteristics, molecular marker, gene mutation 
and other factors should be discussed in the 
same time. ASES consisted of 4 factors while 
PASS included 12 factors. The small number of 
factors in the ASES system and large number of 
factors in the PASS system may be lead to a low 
sensitivity of ASES and a low specificity of 
PASS.

PPGL is a rare disease. Its low incidence and 
uncertainty of metastasis time make it difficult 
to carry out clinical research and to establish a 
clinical prediction model. Our review focused 
on the prediction of metastatic potential in 
patients with PPGL, and we mainly introduced 
the predictive system that has been estab-
lished by analyzing their scoring rules, sensitiv-
ity, specificity, accuracy rate of prediction 
results and the clinical application value. We 
also reviewed additional reported factors which 
related to the metastatic ability of PPGL, hop-

ing to inspire readers from different perspec-
tives and help the establishment of the new 
system in the future. 

Acknowledgements

This work was supported by the National Na- 
tural Science Foundation of China (No. 8190- 
2727), Natural Science Foundation of Hunan 
Province, China (No. 2018JJ6133) and Inno- 
vation-Driven Project of Central South Univer- 
sity (No. 020CX046).

Disclosure of conflict of interest

None.

Address correspondence to: Longfei Liu and Xiao 
Guan, Department of Urology, Xiangya Hospital, 
Central South University, NO. 87 Xiangya Road, 
Changsha 410008, Hunan, P. R. China; National 
Clinical Research Center for Geriatric Disorders, 
Xiangya Hospital, Central South University, No. 87 
Xiangya Road, Changsha 410008, Hunan, P. R. 
China. E-mail: longfei_liu@csu.edu.cn (LFL); 79847- 
7952@qq.com (XG)

References

[1] Welander J, Soderkvist P and Gimm O. 
Genetics and clinical characteristics of heredi-
tary pheochromocytomas and paraganglio-
mas. Endocr Relat Cancer 2011; 18: R253-
276.

[2] Mercado-Asis LB, Wolf KI, Jochmanova I and 
Taieb D. Pheochromocytoma: a genetic and di-
agnostic update. Endocr Pract 2018; 24: 78-
90.

[3] Lenders JW, Duh QY, Eisenhofer G, Gimenez-
Roqueplo AP, Grebe SK, Murad MH, Naruse M, 
Pacak K, Young WF Jr and Endocrine S. 
Pheochromocytoma and paraganglioma: an 
endocrine society clinical practice guideline. J 
Clin Endocrinol Metab 2014; 99: 1915-1942.

[4] Pappachan JM, Tun NN, Arunagirinathan G, 
Sodi R and Hanna FWF. Pheochromocytomas 
and hypertension. Curr Hypertens Rep 2018; 
20: 3.

[5] Ayala-Ramirez M, Feng L, Johnson MM, Ejaz S, 
Habra MA, Rich T, Busaidy N, Cote GJ, Perrier 
N, Phan A, Patel S, Waguespack S and Jimenez 
C. Clinical risk factors for malignancy and over-
all survival in patients with pheochromocyto-
mas and sympathetic paragangliomas: prima-
ry tumor size and primary tumor location as 
prognostic indicators. J Clin Endocrinol Metab 
2011; 96: 717-725.

mailto:longfei_liu@csu.edu.cn
mailto:798477952@qq.com
mailto:798477952@qq.com


Systems predicting PPGL metastatic potential

777 Am J Cancer Res 2020;10(3):769-780

[6] Goncalves J, Lussey-Lepoutre C, Favier J, 
Gimenez-Roqueplo AP and Castro-Vega LJ. 
Emerging molecular markers of metastatic 
pheochromocytomas and paragangliomas. 
Ann Endocrinol (Paris) 2019; 80: 159-162.

[7] Jimenez C, Erwin W and Chasen B. Targeted 
radionuclide therapy for patients with meta-
static pheochromocytoma and paraganglio- 
ma: from low-specific-activity to high-specific- 
activity iodine-131 metaiodobenzylguanidine. 
Cancers (Basel) 2019; 11.

[8] Hescot S, Leboulleux S, Amar L, Vezzosi D, 
Borget I, Bournaud-Salinas C, de la Fouchar- 
diere C, Libé R, Do Cao C, Niccoli P, Tabarin A, 
Raingeard I, Chougnet C, Giraud S, Gimenez-
Roqueplo AP, Young J, Borson-Chazot F, 
Bertherat J, Wemeau JL, Bertagna X, Plouin PF, 
Schlumberger M and Baudin E; French group 
of Endocrine and Adrenal tumors (Groupe des 
Tumeurs Endocrines-REseau NAtional des 
Tumeurs ENdocrines and COrtico-MEdullo 
Tumeurs Endocrines networks). One-year pro-
gression-free survival of therapy-naive patients 
with malignant pheochromocytoma and para-
ganglioma. J Clin Endocrinol Metab 2013; 98: 
4006-4012.

[9] Hamidi O, Young WF Jr, Gruber L, Smestad J, 
Yan Q, Ponce OJ, Prokop L, Murad MH and 
Bancos I. Outcomes of patients with metastat-
ic phaeochromocytoma and paraganglioma: a 
systematic review and meta-analysis. Clin 
Endocrinol (Oxf) 2017; 87: 440-450.

[10] Plouin PF, Amar L, Dekkers OM, Fassnacht M, 
Gimenez-Roqueplo AP, Lenders JW, Lussey-
Lepoutre C and Steichen O; Guideline Working 
Group. European society of endocrinology clini-
cal practice guideline for long-term follow-up of 
patients operated on for a phaeochromocyto-
ma or a paraganglioma. Eur J Endocrinol 2016; 
174: G1-G10.

[11] Kimura N, Takekoshi K and Naruse M. Risk 
stratification on pheochromocytoma and para-
ganglioma from laboratory and clinical medi-
cine. J Clin Med 2018; 7.

[12] Turchini J, Cheung VKY, Tischler AS, De Krij- 
ger RR and Gill AJ. Pathology and genetics  
of phaeochromocytoma and paraganglioma. 
Histopathology 2018; 72: 97-105.

[13] Thompson LD. Pheochromocytoma of the ad-
renal gland scaled score (PASS) to separate 
benign from malignant neoplasms: a clinico-
pathologic and immunophenotypic study of 
100 cases. Am J Surg Pathol 2002; 26: 551-
566.

[14] Kimura N, Takayanagi R, Takizawa N, Itagaki E, 
Katabami T, Kakoi N, Rakugi H, Ikeda Y, Tanabe 
A, Nigawara T, Ito S, Kimura I and Naruse M; 
Phaeochromocytoma Study Group in Japan. 
Pathological grading for predicting metastasis 

in phaeochromocytoma and paraganglioma. 
Endocr Relat Cancer 2014; 21: 405-414.

[15] Koh JM, Ahn SH, Kim H, Kim BJ, Sung TY, Kim 
YH, Hong SJ, Song DE and Lee SH. Validation 
of pathological grading systems for predicting 
metastatic potential in pheochromocytoma 
and paraganglioma. PLoS One 2017; 12: 
e0187398.

[16] Cho YY, Kwak MK, Lee SE, Ahn SH, Kim H, Suh 
S, Kim BJ, Song KH, Koh JM, Kim JH and Lee 
SH. A clinical prediction model to estimate the 
metastatic potential of pheochromocytoma/
paraganglioma: ASES score. Surgery 2018; 
164: 511-517.

[17] Pierre C, Agopiantz M, Brunaud L, Battaglia-
Hsu SF, Max A, Pouget C, Nomine C, Lomazzi S, 
Vignaud JM, Weryha G, Oussalah A, Gauchotte 
G and Busby-Venner H. COPPS, a composite 
score integrating pathological features, PS100 
and SDHB losses, predicts the risk of metasta-
sis and progression-free survival in pheochro-
mocytomas/paragangliomas. Virchows Arch 
2019; 474: 721-734.

[18] Agarwal A, Mehrotra PK, Jain M, Gupta SK, 
Mishra A, Chand G, Agarwal G, Verma AK, 
Mishra SK and Singh U. Size of the tumor and 
pheochromocytoma of the adrenal gland 
scaled score (PASS): can they predict malig-
nancy? World J Surg 2010; 34: 3022-3028.

[19] Kulkarni MM, Khandeparkar SG, Deshmukh 
SD, Karekar RR, Gaopande VL, Joshi AR, Kesari 
MV and Shelke RR. Risk stratification in para-
gangliomas with PASS (Pheochromocytoma of 
the Adrenal Gland Scaled Score) and immuno-
histochemical markers. J Clin Diagn Res 2016; 
10: EC01-EC04.

[20] August C, August K, Schroeder S, Bahn H, 
Hinze R, Baba HA, Kersting C and Buerger H. 
CGH and CD 44/MIB-1 immunohistochemistry 
are helpful to distinguish metastasized from 
nonmetastasized sporadic pheochromocyto-
mas. Mod Pathol 2004; 17: 1119-1128.

[21] Szalat A, Fraenkel M, Doviner V, Salmon A and 
Gross DJ. Malignant pheochromocytoma: pre-
dictive factors of malignancy and clinical 
course in 16 patients at a single tertiary medi-
cal center. Endocrine 2011; 39: 160-166.

[22] Stenman A, Zedenius J and Juhlin CC. The val-
ue of histological algorithms to predict the ma-
lignancy potential of pheochromocytomas and 
abdominal paragangliomas-a meta-analysis 
and systematic review of the literature. 
Cancers (Basel) 2019; 11.

[23] Cheung VKY, Gill AJ and Chou A. Old, new,  
and emerging immunohistochemical markers 
in pheochromocytoma and paraganglioma. 
Endocr Pathol 2018; 29: 169-175.

[24] Hamidi O, Young WF Jr, Iniguez-Ariza NM, 
Kittah NE, Gruber L, Bancos C, Tamhane S and 



Systems predicting PPGL metastatic potential

778 Am J Cancer Res 2020;10(3):769-780

Bancos I. Malignant pheochromocytoma and 
paraganglioma: 272 patients over 55 years. J 
Clin Endocrinol Metab 2017; 102: 3296-3305.

[25] Wu D, Tischler AS, Lloyd RV, DeLellis RA, de 
Krijger R, van Nederveen F and Nose V. 
Observer variation in the application of the 
Pheochromocytoma of the Adrenal Gland 
Scaled Score. Am J Surg Pathol 2009; 33: 
599-608.

[26] Eisenhofer G and Tischler AS. Neuroendocrine 
cancer. Closing the GAPP on predicting metas-
tases. Nat Rev Endocrinol 2014; 10: 315-316.

[27] de Wailly P, Oragano L, Rade F, Beaulieu A, 
Arnault V, Levillain P and Kraimps JL. Malignant 
pheochromocytoma: new malignancy criteria. 
Langenbecks Arch Surg 2012; 397: 239-246.

[28] Zelinka T, Musil Z, Duskova J, Burton D, Merino 
MJ, Milosevic D, Widimsky J Jr and Pacak K. 
Metastatic pheochromocytoma: does the size 
and age matter? Eur J Clin Invest 2011; 41: 
1121-1128.

[29] Eisenhofer G, Lenders JW, Siegert G, Bornstein 
SR, Friberg P, Milosevic D, Mannelli M, Linehan 
WM, Adams K, Timmers HJ and Pacak K. 
Plasma methoxytyramine: a novel biomarker of 
metastatic pheochromocytoma and paragan-
glioma in relation to established risk factors of 
tumour size, location and SDHB mutation sta-
tus. Eur J Cancer 2012; 48: 1739-1749.

[30] Dhir M, Li W, Hogg ME, Bartlett DL, Carty SE, 
McCoy KL, Challinor SM and Yip L. Clinical pre-
dictors of malignancy in patients with pheo-
chromocytoma and paraganglioma. Ann Surg 
Oncol 2017; 24: 3624-3630.

[31] Konosu-Fukaya S, Omata K, Tezuka Y, Ono Y, 
Aoyama Y, Satoh F, Fujishima F, Sasano H and 
Nakamura Y. Catecholamine-synthesizing en-
zymes in pheochromocytoma and extraadre-
nal paraganglioma. Endocr Pathol 2018; 29: 
302-309.

[32] Kim KY, Kim JH, Hong AR, Seong MW, Lee KE, 
Kim SJ, Kim SW, Shin CS and Kim SY. 
Disentangling of malignancy from benign 
pheochromocytomas/paragangliomas. PLoS 
One 2016; 11: e0168413.

[33] Crona J, Lamarca A, Ghosal S, Welin S, 
Skogseid B and Pacak K. Genotype-phenotype 
correlations in pheochromocytoma and para-
ganglioma. Endocr Relat Cancer 2019; 26: 
539-550.

[34] Dahia PL. Pheochromocytoma and paragangli-
oma pathogenesis: learning from genetic het-
erogeneity. Nat Rev Cancer 2014; 14: 108-
119.

[35] Canu L, Parenti G, De Filpo G and Mannelli M. 
Pheochromocytomas and paragangliomas as 
causes of endocrine hypertension. Front 
Endocrinol (Lausanne) 2019; 10: 333.

[36] Gill AJ. Succinate dehydrogenase (SDH)-
deficient neoplasia. Histopathology 2018; 72: 
106-116.

[37] Wilzen A, Rehammar A, Muth A, Nilsson O, 
Tesan Tomic T, Wangberg B, Kristiansson E 
and Abel F. Malignant pheochromocytomas/
paragangliomas harbor mutations in transport 
and cell adhesion genes. Int J Cancer 2016; 
138: 2201-2211.

[38] Fishbein L, Khare S, Wubbenhorst B, DeSloover 
D, D’Andrea K, Merrill S, Cho NW, Greenberg 
RA, Else T, Montone K, LiVolsi V, Fraker D, 
Daber R, Cohen DL and Nathanson KL. Whole-
exome sequencing identifies somatic ATRX 
mutations in pheochromocytomas and para-
gangliomas. Nat Commun 2015; 6: 6140.

[39] Job S, Draskovic I, Burnichon N, Buffet A, Cros 
J, Lepine C, Venisse A, Robidel E, Verkarre V, 
Meatchi T, Sibony M, Amar L, Bertherat J, de 
Reynies A, Londono-Vallejo A, Favier J, Castro-
Vega LJ and Gimenez-Roqueplo AP. Telomerase 
activation and ATRX mutations are indepen-
dent risk factors for metastatic pheochromocy-
toma and paraganglioma. Clin Cancer Res 
2019; 25: 760-770.

[40] Comino-Mendez I, Gracia-Aznarez FJ, Schiavi F, 
Landa I, Leandro-Garcia LJ, Leton R, Honrado 
E, Ramos-Medina R, Caronia D, Pita G, Gomez-
Grana A, de Cubas AA, Inglada-Perez L, 
Maliszewska A, Taschin E, Bobisse S, Pica G, 
Loli P, Hernandez-Lavado R, Diaz JA, Gomez-
Morales M, Gonzalez-Neira A, Roncador G, 
Rodriguez-Antona C, Benitez J, Mannelli M, 
Opocher G, Robledo M and Cascon A. Exome 
sequencing identifies MAX mutations as a 
cause of hereditary pheochromocytoma. Nat 
Genet 2011; 43: 663-667.

[41] Castro-Vega LJ, Buffet A, De Cubas AA, Cascon 
A, Menara M, Khalifa E, Amar L, Azriel S, 
Bourdeau I, Chabre O, Curras-Freixes M, 
Franco-Vidal V, Guillaud-Bataille M, Simian C, 
Morin A, Leton R, Gomez-Grana A, Pollard PJ, 
Rustin P, Robledo M, Favier J and Gimenez-
Roqueplo AP. Germline mutations in FH confer 
predisposition to malignant pheochromocyto-
mas and paragangliomas. Hum Mol Genet 
2014; 23: 2440-2446.

[42] Liu T, Brown TC, Juhlin CC, Andreasson A, Wang 
N, Backdahl M, Healy JM, Prasad ML, Korah R, 
Carling T, Xu D and Larsson C. The activating 
TERT promoter mutation C228T is recurrent in 
subsets of adrenal tumors. Endocr Relat 
Cancer 2014; 21: 427-434.

[43] Dwight T, Flynn A, Amarasinghe K, Benn DE, 
Lupat R, Li J, Cameron DL, Hogg A, Balachander 
S, Candiloro ILM, Wong SQ, Robinson BG, 
Papenfuss AT, Gill AJ, Dobrovic A, Hicks RJ, 
Clifton-Bligh RJ and Tothill RW. TERT structural 
rearrangements in metastatic pheochromocy-
tomas. Endocr Relat Cancer 2018; 25: 1-9.

[44] Buffet A, Morin A, Castro-Vega LJ, Habarou F, 
Lussey-Lepoutre C, Letouze E, Lefebvre H, 
Guilhem I, Haissaguerre M, Raingeard I, 



Systems predicting PPGL metastatic potential

779 Am J Cancer Res 2020;10(3):769-780

Padilla-Girola M, Tran T, Tchara L, Bertherat J, 
Amar L, Ottolenghi C, Burnichon N, Gimenez-
Roqueplo AP and Favier J. Germline mutations 
in the mitochondrial 2-oxoglutarate/malate 
carrier SLC25A11 gene confer a predisposi-
tion to metastatic paragangliomas. Cancer 
Res 2018; 78: 1914-1922.

[45] Fishbein L, Leshchiner I, Walter V, Danilova L, 
Robertson AG, Johnson AR, Lichtenberg TM, 
Murray BA, Ghayee HK, Else T, Ling S, Jefferys 
SR, de Cubas AA, Wenz B, Korpershoek E, 
Amelio AL, Makowski L, Rathmell WK, 
Gimenez-Roqueplo AP, Giordano TJ, Asa SL, 
Tischler AS; Cancer Genome Atlas Research 
Network, Pacak K, Nathanson KL and 
Wilkerson MD. Comprehensive molecular 
characterization of pheochromocytoma and 
paraganglioma. Cancer Cell 2017; 31: 181-
193.

[46] Alrezk R, Suarez A, Tena I and Pacak K. Update 
of pheochromocytoma syndromes: genetics, 
biochemical evaluation, and imaging. Front 
Endocrinol (Lausanne) 2018; 9: 515.

[47] Liu P, Li M, Guan X, Yu A, Xiao Q, Wang C, Hu Y, 
Zhu F, Yin H, Yi X and Liu L. Clinical syndromes 
and genetic screening strategies of pheochro-
mocytoma and paraganglioma. J Kidney 
Cancer VHL 2018; 5: 14-22.

[48] Pang Y, Liu Y, Pacak K and Yang C. Ph- 
eochromocytomas and paragangliomas: from 
genetic diversity to targeted therapies. Cancers 
(Basel) 2019; 11.

[49] Liu P, Zhu F, Li M, Dube DA, Liu Q, Wang C, Xiao 
Q, Zhang L, Gao S, Li Z, Zhang B, Liu J, Liu L 
and Chen X. Von Hippel-Lindau “Black Forest” 
mutation inherited in a large Chinese family. 
Gland Surg 2019; 8: 343-353.

[50] Muth A, Crona J, Gimm O, Elmgren A, Filipsson 
K, Stenmark Askmalm M, Sandstedt J, Tengvar 
M and Tham E. Genetic testing and surveil-
lance guidelines in hereditary pheochromocy-
toma and paraganglioma. J Intern Med 2019; 
285: 187-204.

[51] Khatami F, Mohammadamoli M and Tavangar 
SM. Genetic and epigenetic differences of be-
nign and malignant pheochromocytomas and 
paragangliomas (PPGLs). Endocr Regul 2018; 
52: 41-54.

[52] Stenman A, Svahn F, Hojjat-Farsangi M, 
Zedenius J, Soderkvist P, Gimm O, Larsson C 
and Juhlin CC. Molecular profiling of pheochro-
mocytoma and abdominal paraganglioma 
stratified by the PASS algorithm reveals chro-
mogranin B as associated with histologic pre-
diction of malignant behavior. Am J Surg Pathol 
2019; 43: 409-421.

[53] Patterson E, Webb R, Weisbrod A, Bian B, He 
M, Zhang L, Holloway AK, Krishna R, Nilubol N, 
Pacak K and Kebebew E. The microRNA ex-
pression changes associated with malignancy 

and SDHB mutation in pheochromocytoma. 
Endocr Relat Cancer 2012; 19: 157-166.

[54] Ruff SM, Ayabe RI, Malekzadeh P, Good ML, 
Wach MM, Gonzales MK, Tirosh A, Nilubol N, 
Pacak K, Kebebew E and Patel D. MicroRNA- 
210 may be a preoperative biomarker of malig-
nant pheochromocytomas and paraganglio-
mas. J Surg Res 2019; 243: 1-7.

[55] Calsina B, Castro-Vega LJ, Torres-Perez R, 
Inglada-Perez L, Curras-Freixes M, Roldan-
Romero JM, Mancikova V, Leton R, Remacha L, 
Santos M, Burnichon N, Lussey-Lepoutre C, 
Rapizzi E, Grana O, Alvarez-Escola C, de Cubas 
AA, Lanillos J, Cordero-Barreal A, Martinez-
Montes AM, Bellucci A, Amar L, Fernandes-
Rosa FL, Calatayud M, Aller J, Lamas C, Sastre-
Marcos J, Canu L, Korpershoek E, Timmers HJ, 
Lenders JW, Beuschlein F, Fassnacht-Capeller 
M, Eisenhofer G, Mannelli M, Al-Shahrour F, 
Favier J, Rodriguez-Antona C, Cascon A, 
Montero-Conde C, Gimenez-Roqueplo AP and 
Robledo M. Integrative multi-omics analysis 
identifies a prognostic miRNA signature and a 
targetable miR-21-3p/TSC2/mTOR axis in 
metastatic pheochromocytoma/paraganglio-
ma. Theranostics 2019; 9: 4946-4958.

[56] Ching T, Peplowska K, Huang S, Zhu X, Shen Y, 
Molnar J, Yu H, Tiirikainen M, Fogelgren B, Fan 
R and Garmire LX. Pan-cancer analyses reveal 
long intergenic non-coding RNAs relevant to 
tumor diagnosis, subtyping and prognosis. 
EBioMedicine 2016; 7: 62-72.

[57] Liang YC, Wu YP, Chen DN, Chen SH, Li XD, Sun 
XL, Wei Y, Ning X and Xue XY. Building a com-
peting endogenous RNA network to find poten-
tial long non-coding RNA biomarkers for pheo-
chromocytoma. Cell Physiol Biochem 2018; 
51: 2916-2924.

[58] Wang W, Zhong X, Ye L, Qi Y, Su T, Wei Q, Xie J, 
Jiang L, Jiang Y, Zhou W, Cui B and Ning G. 
ERBB-2 overexpression as a risk factor for ma-
lignant phaeochromocytomas and paragangli-
nomas. Clin Endocrinol (Oxf) 2016; 84: 822-
829.

[59] Evenepoel L, van Nederveen FH, Oudijk L, 
Papathomas TG, Restuccia DF, Belt EJT, de 
Herder WW, Feelders RA, Franssen GJH, 
Hamoir M, Maiter D, Ghayee HK, Shay JW, 
Perren A, Timmers H, van Eeden S, Vroonen L, 
Aydin S, Robledo M, Vikkula M, de Krijger RR, 
Dinjens WNM, Persu A and Korpershoek E. 
Expression of contactin 4 is associated with 
malignant behavior in pheochromocytomas 
and paragangliomas. J Clin Endocrinol Metab 
2018; 103: 46-55.

[60] Kumar V, Gu Y, Basu S, Berglund A, Eschrich 
SA, Schabath MB, Forster K, Aerts HJ, Dekker 
A, Fenstermacher D, Goldgof DB, Hall LO, 
Lambin P, Balagurunathan Y, Gatenby RA and 
Gillies RJ. Radiomics: the process and the 



Systems predicting PPGL metastatic potential

780 Am J Cancer Res 2020;10(3):769-780

challenges. Magn Reson Imaging 2012; 30: 
1234-1248.

[61] Zhang YM, Chen MN, Gao JM, Zhou CH, Xiao 
JX, Sun ZY, Liao WH, Yi XP, Zee C and Chen BT. 
A predictive scoring model for short-term local 
recurrent nasopharyngeal carcinoma based 
on magnetic resonance imaging. Cancer 
Biother Radiopharm 2019; 34: 76-84.

[62] Yi X, Guan X, Zhang Y, Liu L, Long X, Yin H, 
Wang Z, Li X, Liao W, Chen BT and Zee C. 
Radiomics improves efficiency for differentiat-
ing subclinical pheochromocytoma from lipid-
poor adenoma: a predictive, preventive and 
personalized medical approach in adrenal inci-
dentalomas. EPMA J 2018; 9: 421-429.

[63] Yi X, Guan X, Chen C, Zhang Y, Zhang Z, Li M, 
Liu P, Yu A, Long X, Liu L, Chen BT and Zee C. 
Adrenal incidentaloma: machine learning-
based quantitative texture analysis of unen-
hanced CT can effectively differentiate sPHEO 
from lipid-poor adrenal adenoma. J Cancer 
2018; 9: 3577-3582.


