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Simple Summary: Around 40% of patients with pheochromocytomas (PHEO) carry a germline
mutation. Early germline mutation identification is important for accurate treatment and follow-up
in affected patients. The aim of our retrospective study was to assess the potential added value
of FDG-PET/CT radiomics for the characterization of PHEO and their genetic orientation prior to
surgery and genetic testing. We confirmed in an homogeneous population of 52 PHEO (49 patients)
the usual avidity of these tumors for FDG (92%) and the impact of germline mutation on their
phenotypic presentations with higher SUVmax observed in Cluster-1-related genes. Radiomics
biomarkers provided valuable additional and independent information for discriminating genetically
determined PHEO (Cluster-1 or Cluster-2-related genes) as well as sporadic forms. FDG-PET/CT is
then useful for preoperative detection of PHEO, and when combined with texture features, provides
evidences for a genetic predisposition.

Abstract: Purpose: To assess the potential added value of FDG-PET/CT radiomics for the
characterization of pheochromocytomas (PHEO) and their genetic orientation prior to surgery and
genetic testing. Methods: This retrospective monocentric study, included 49 patients (52 tumors)
that underwent both FDG-PET/CT and MIBG scan before surgery. A germline mutation was
secondarily identified in 13 patients in one of the genes related to Cluster 1 (n = 4) or Cluster 2 (n = 9).
No mutation was identified in 32 patients and 4 did not have genetic testing. Correlation between
several PET-based biomarkers, including SUVmax, metabolic tumor volume (MTV), total lesion
glycolysis (TLG) and textural features, and biochemical and genetic features were analyzed. Results:
Sensitivity of FDG-PET/CT alone was 92%, and 98% when combined to MIBG. The SUVmax was
significantly higher for mutated tumors classified in Cluster 1 than in Cluster 2 (p = 0.002) or for
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tumors with no identified mutations (p = 0.04). MTV and TLG of the tumors with the most intense
uptake discriminated mutated Cluster 2 from sporadic tumors, but not from Cluster 1 tumors.
Textural features combined with MTV led to better differentiation between sporadic and mutated
tumors (p < 0.05). Conclusion: FDG-PET/CT is useful for preoperative characterization of PHEO,
and when combined with radiomics biomarkers, provides evidences for a genetic predisposition.

Keywords: pheochromocytoma; paraganglioma; 18FDG; PET/CT; radiomics; adrenal gland;
germline mutation

1. Introduction

Pheochromocytomas (PHEO) are rare neuroendocrine tumors arising from chromaffin cells
of the adrenal glands. Most PHEO are revealed by clinical signs related to hyperproduction of
catecholamines. The number of genetic syndromes predisposing to the occurrence of PHEO and the
related extra-adrenal tumors called paragangliomas (PGL) is yet estimated to occur in about 40% of
these patients. The most common genetic syndromes are Multiple Endocrine Neoplasia Multiple Type
2 (MEN 2, caused by RET gene mutations), Von Hippel Lindau Disease (VHL), Neurofibromatosis
Type 1 (NF1) and SDHx-related PHEO/PGL. Tumors harboring mutations in SDHx or VHL genes
are classified by transcriptomic analyses in a pseudo-hypoxic cluster called Cluster 1, whereas those
with RET or NF1 are grouped into a kinase-signaling cluster called Cluster 2. The identification of a
germline mutation exposes the patient to the risk of synchronous or metachronous multifocal disorders
and, consequently, impacts the medical management. The risk of malignancy occurs in 15% of cases,
but can reach 40% in patients with an SDHB mutation [1,2].

Metaiodobenzylguanidine (MIBG) is a norepinephrine analogue. When labeled with iodine
123 or 131, MIBG shows very high specificity to detect PHEO. However its use decreases
due to its moderate sensitivity (75–85%) [3,4], especially in SDHx-related PHEO/PGL [5].
18F-fluorodihydroxyphenylalanine (18F-FDOPA) PET/CT appears to be the most effective functional
imaging modality for PHEO detection, with 84–100% sensitivity and 88–100% specificity [6–8].
However, its use worldwide is limited. 18F-fluorodeoxyglucose (18F-FDG) is the most common
PET tracer used in nuclear medicine. It is highly recommended in the international guidelines for the
workup of metastatic SDHB related PHEO/PGL [1,9] and FDG avidity is increased in the context of
mutations in Cluster-1-related genes [10–14]. In PHEOs, a frequent but variable FDG-PET positivity
is reported with a sensitivity and a negative predictive value of 80–100%. Nevertheless, the positive
predictive value is lower due to lack of specificity of FDG and the sensitivity is also mainly influenced
by the genetic status of the patient [10,11,15]. Despite this, the global usefulness of FDG-PET/CT in
the preoperative characterization of PHEO would deserve to be more documented.

Radiomics is often described as the extraction of high-dimensional quantitative parameters from
medical imaging [16]. This approach has now gained a significant interest in the medical community
since several studies have reported its usefulness in the determination of molecular status, prediction
of clinical outcome, prognosis, or response to treatment [17]. However, only a limited number of
studies have focused on the potential benefit of using the textural features (TF) information in the
context of adrenal tumors. One study used the CT-based TF information to differentiate PHEO from
lipid-poor adrenocortical adenoma [18], and a second used FDG-PET based TF for discriminating
benign from metastatic adrenal tumors [19].

Our objective was to retrospectively assess the impact of clinical, biological, histological and
genetic parameters from FDG-PET/CT data recorded before surgery in patients with PHEO, and to
assess the qualitative and quantitative analyses including metabolic tumor volume (MTV) and TF.
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2. Results

2.1. Patient and Tumors Characteristics

The characteristics of the 49 patients and the 52 tumors studied are summarized in Tables 1 and 2.
Five patients had a family history of PHEO and germline mutations were identified in 13 patients:
four patients with a mutation in one Cluster-1-related genes causing an activation of the hypoxic
pathway (one VHL, one SDHD, one SDHB and one FH), and nine patients with a mutation in one
Cluster-2-related gene activating the MAPK and mTOR signaling pathways (six RET and three NF1).
No germline mutations were found in 32 patients (sporadic cases). Four patients refused the genetic test.
Three patients had synchronous bilateral PHEO due to a RET mutation. Two patients had metastatic
PHEO with bone metastases and no identified mutation. A patient with a VHL had synchronous
thoracic PGL.

The tumor median size was 45 mm with 35 tumors ≥ 40 mm. Cluster-2-related tumors were
significantly smaller than sporadic tumors (34.5 vs. 56.5 mm; p < 0.05) but were not significantly
different from those of Cluster 1 (34.5 vs. 39.5 mm; p > 0.05). This could be explained by the early
stage of detection of Cluster 2 due to other manifestations of the germline especially NF1 and then the
smallest size of cluster 2 compared with sporadic tumours. Catecholamines excess was diagnosed in
44 patients (90%) and not determined for three patients before surgery. Predominant production of
normetanephrine was observed in 2/4 patients of Cluster 1 (the two others had no secretion) and in
22/33 of non-mutated patients (nine had predominant secretion of metanephrine and two unknown
secretion). Predominant secretion of metanephrine was present in 6/9 patients of Cluster 2 (two had
predominant secretion of normetanephrine, and one had similar secretion of normetanephrine and
metanephrine). The median PASS value was 4 [1–30] and the median Ki-67 index was 2 [0–18], with no
significant difference associated with genetic status. The highest Ki-67 index was reported for the two
patients with metastatic PHEO (at 25% and 30%, versus ≤ 5% for benign PHEO).

Table 1. Patients and tumors characteristics.

Patients (n = 49) Value [Range]

Sex ratio (F/M) 27/22
Median age (y) 49 [13–79]
Symptomatic (yes/no) 23/26
Secretion (yes/no/unknown) 44/2/3

Metanephrine predominant (n) 16
Normetanephrine predominant (n) 29
Similar normeta/metanephrine 1

Metastatic (no/yes) 47/2

Genetic status (n = 49)

Cluster-1-related genes (SDHB, SDHD, VHL, FH) 4
Cluster-2-related genes (RET, NF1) 9
Sporadic 32
Indeterminate 4

Pheochromocytomas (n = 52) Value [Range]

Unique (n) 46
Bilateral (n) 3
Median size (mm) 45 [17–300]
Median Ki-67 2 [1–30]
Median PASS score 4 [0–18]
MIBG (positive/negative) 39/13
FDG (positive/negative) 48/4
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Table 2. Patients and tumors characteristics and FDG-PET results according to genetic status
(after exclusion of 4 patients with indeterminate genetic status).

Cluster-1-Related Genes Cluster-2-Related Genes Sporadic p-Value

Number of patients 4 9 32
Age (y) 36.5 43 49.5 0.38
Sex ratio (F/M) 2/2 4/5 17/15 0.98
Predominant production of metanephrine
(Patients without metanephrine excess
were removed from analysis) 0 (n = 2) 6 (n = 8) 9 (n = 32) 0.02
Number of PHEO 4 12 32
Tumor size (mm) 39.5 34.5 56.5 0.003
PASS score 1.5 4 4 0.34
Ki67 2.5 1 2 (n = 28) 0.06

The values are median for continuous variable and exact number for categorical variable.

2.2. FDG-PET/ CT Analysis

Forty-eight tumors were FDG positive, and 39 tumors MIBG positive corresponding to a sensitivity
of 92% and 75%, respectively. The combined sensitivity of FDG and MIBG procedures reached 98%.
Of the 13 negative MIBG tumors, one partially necrotic lesion (53 mm) was FDG negative. The four
FDG negative tumors had a median size of 33.5 mm [30–53]. One of them was observed in a patient
with a single PHEO due to a RET mutation and the three others in patients with no identified mutation
(including the only MIBG-/FDG-tumour).

PHEO demonstrated different patterns of FDG uptake as illustrated in Figure 1. The SUVmax
was significantly higher (Figure 2) for Cluster 1 than for Cluster 2 or sporadic tumors, with a
median SUVmax = 21.5 [11–40.3] versus 5.3 [2.5–8.2] for Cluster 2 (p = 0.002) and 6.5 [3.2–39.8] for
sporadic (p = 0.04). Significant differences were observed between SUVmax of Cluster 2 and of sporadic
PHEO (p = 0.03). Similar results were also observed for the adrenal tumor/liver SUVmax ratio (Table 2)
except for the difference between Cluster 2 and sporadic tumors, which were non-significant in this case
(Figure 2). Seven PHEO had a SUVmax > 15:3 with a mutation in Cluster-1-related genes (two SDHx
and one VHL) and four sporadic, all of them with a predominant noradrenergic secretion, notably
in a 13-year-old patient (SUVmax = 18.9) and in patient (SUVmax = 39.7) with a metastatic PHEO.
Sporadic PHEO showed heterogeneity in terms of FDG uptake. In this group of tumours, no significant
differences were found between SUVmax and adrenal tumour/liver SUVmax ratio according to the
predominance of metanephrine secretion (Figure 3). Nevertheless, eight out of the nine sporadic PHEO
with SUVmax above 10 were noradrenergic predominant secreting tumours. Additionally, while
non-significant (p = 0.36), a general trend of higher SUVmax in sporadic predominant noradrenergic
producing tumours (mean = 11.6) than in adrenergic producing tumours (mean = 7.0) was noted.
It is not excluded that some of these patients with predominant noradrenergic producing tumours
presented somatic cluster-1-related mutations. Conversely, patients classified as sporadic with low
SUVmax and adrenergic predominant producing tumours are more likely belonging to cluster 2.

Most of the six TFs, chosen for being the most robust in the context of multiple PET systems and
associated reconstruction settings and calculated using the absolute quantization, were also able to
separate the three different genetic sub-groups. The TF that presented the lowest correlation with
SUVmax (three TFs among the six, namely SRE, LRE and RP, Figure A1) did not outperform SUVmax
in the ability to discriminate Cluster 1 from Cluster 2 or Cluster 1 from sporadic forms at ROC analysis.
Only a few TF using the linear equalization were able to separate Cluster 1 or Cluster 2 from sporadic
forms (HGRE and SZHGE) but none succeeded in discriminating Cluster 1 from Cluster 2. TMTV and
wbTLG were not able to discriminate any of the three genetic sub-groups while MTV and TLG of
the most intense adrenal lesion could discriminate Cluster 2 from sporadic forms (higher in sporadic
forms). Patients that presented a mutation could be discriminated from a patient without mutation
when considering MTV or TLG of the most intense lesion (Figure 4) with higher MTV and TLG in
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cases of sporadic forms than in mutated forms. It should be emphasized that MTV and tumor size as
measured by histopathology were strongly correlated (Figure A4).

Figure 1. Different patterns of FDG uptake in PHEO: (a) Mild and heterogeneous uptake (SUVmax = 6.7;
SUVmax lesion/liver ratio = 2.2) by a right sporadic PHEO of 60 mm (yellow arrow). (b) High uptake
(SUV max = 21.2, SUVmax lesion/liver ratio = 5.1) by a right PHEO of 25 mm (yellow arrow) and a
moderate and heterogeneous uptake by a thoracic PGL (green arrow) in a patient with a VHL disease.
(c) High peripheric uptake (SUV max = 39.8, SUVmax lesion/liver ratio = 9.4) by a left metastatic PHEO
of 180 mm (yellow arrow). The vertebral C1 metastasis exhibits a high FDG uptake (green arrow).
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Figure 2. SUVmax (a) and ratio between SUVmax and liver SUVmax (b) according to genetic status
(ns: non-significant, *: p < 0.05, **: p < 0.01).



Cancers 2020, 12, 2424 7 of 15

Figure 3. SUVmax (a) and ratio between SUVmax and liver SUVmax (b) according to predominant
secretion for sporadic tumours (ns: non-significant).

Using linear equalization, most TF performed equally in discriminating mutated forms from
sporadic forms, but were not significantly different from MTV at the ROC analysis level (Figure A2).
The multiple logistic regression model including TF that are not significantly correlated to MTV
(Figure A3) markedly improved the separation of patients with and without mutations by selecting
the MTV and two different TF (namely HGRE and ZLNU). The AUC for MTV was 0.78 vs. 0.95 for the
model (p < 0.05). Figure 5 illustrates the ROC curves for the MTV alone and the model found in the
multiple logistic regression.
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Figure 4. MTV according to the presence (1) or absence (0) of identified mutation (**: p < 0.01). Points in
blue are for Cluster-1 and in yellow for Cluster-2-related genes.

Figure 5. ROC curves for MTV and the model for discriminating patient with and without mutation.

The correlation analyses with PET parameters and TF were negative. In particular, no correlation
was found between the semi-quantitative PET parameters and the PASS score or the Ki67 index.
The predominant secretion was not significantly associated with SUVmax or any of the TF using the
absolute quantization. This last result holds true for the different SUV ratios extracted. TMTV and
wbTLG were not found to be associated to the secretion status.

3. Discussion

Because of their common embryologic origin, PHEO and PGL are associated. They are considered
today to be the most heritable tumors with the number of susceptibility genes increasing each year
(>15 genes identified). Because around 40% of these patients carry a germline mutation, PGL/PHEO
genetic testing should be proposed to all affected patients [1]. Early germline mutation identification
is important for accurate treatment and follow-up in affected patients and also for earlier diagnosis
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and treatment of PHEO/PGL of family members [20]. Genetic testing is today usually performed
by NGS but the time delay before test results might be long. In the absence of a clinical or family
context suggestive of a genetic predisposition, the early detection of a mutation in Cluster-1-related
genes (including SDHB, for which a mutation is associated with a high risk of malignancy) by
FDG-PET/CT could have an impact on post-operative monitoring, by modifying the timing and
choice of imaging procedures.

FDG is the most widely used PET tracer for tumor explorations. The intensity of FDG uptake
is considered as a prognostic biomarker in most endocrine tumors [15]. In adrenal pathology,
the link between FDG uptake and the aggressiveness of tumors has not been correlated [11,21].
Nevertheless, FDG-PET/CT is validated (as well as 68Ga-DOTA-somatostatine analogs) for the
diagnosis and assessment of the extent of metastatic PHEO/PGL and mutated SDHB [9,10]. Indeed,
whilst most PHEO are FDG avid, there is currently no published large series that analyses PHEO
populations exclusively.

Our study confirmed the high sensitivity of FDG-PET/CT (92%) in a homogeneous PHEO cohort
and showed, as reported by Tiwari et al, that negative MIBG PHEO seemed to be mostly FDG
positive. The phenotypic presentation differs according to genetic status. Sporadic PHEO had very
moderate uptake and were larger whereas intense FDG uptake suggested the possibility of a mutation
Cluster-1-related genes, particularly in young patients, multifocal PHEO/PGL, or in a context of
PHEO/PGL family history. In our series, FDG avidity was significantly higher in the context of
mutations in Cluster-1-related genes than in Cluster 2 or sporadic forms, as previously reported in
PGL [10–14]. The FDG avidity of Cluster 1 lesions has been explained by a high expression of glucose
transporters in SDHx- and VHL-related tumors [22].

Several authors pointed out the lack of standardization for computing TF together with very
sparse indications related to the different options chosen among the various possibilities offered in the
TF computation workflow [17]. One of the crucial steps involved in the computation is the choice of
the discretization approach. We did not choose, a priori, a single discretization, since each method can
bring different information (e.g., fixed bin number or fixed-width bins). However, we studied and
chose only one parameter for each category since we wanted to use an implementation that has been
already shown to be robust enough against technical perturbation based on results reported in the
literature [23–25].

The use of TF in the context of PHEO is very sparse in the literature. One study reported results
using CT imaging that was focused on TF based on histogram intensity, which is not strictly speaking
equivalent to TF in the sense of spatial variation intensity [18]. A second study showed the potential of
PET-based TF for discriminating benign from metastatic adrenal tumors using a very limited number
of TF and too few details regarding their implementation [19]. As the objectives and the technical
design were different, their work cannot be fully compared with this current study. Our study showed
that TF provides valuable information for discriminating genetically determined PHEO (Cluster 1 and
Cluster-2-related genes) from sporadic forms using a TF based on the fixed-width bin which is more
prone to be correlated with SUVmax. However, these TF did not outperform results reported using
SUVmax and ROC analysis therefore limiting their usefulness in this context. The benefit of using the
TF information together with MTV was demonstrated for differentiating patients with and without
mutations. Combining two TFs (ZLNU and HGRE) with the MTV enhanced the differentiating power.
It is also interesting to note that these two TFs presented a moderate (r < 0.7) correlation with MTV
(Figure A3) suggesting that they brought a valuable information in that respect.

These findings related to the use of TF are never been reported before using FDG-PET in
a homogeneous population of PHEO. However, this work has some limitations including the
single-center retrospective nature of this study which may weaken the final conclusion. The biological
meaning of each TF remains unclear and it is therefore not straightforward to link these with a specific
clinical outcome. However, provided that TFs are not correlated to either MTV or SUVmax, they can
be considered as additional information that relies on the spatial heterogeneity of the tumor and/or
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genomics. The use of NGS assay for a limited number of our patients may have contributed to an
underestimate of patients with mutation, most notably for the minor PHEO/PGL susceptibility genes
recently identified. Similar to previously published studies, our cohort included a limited number
of patients with mutations in a Cluster-1-related gene, due to the high prevalence of sporadic PHEO
compared to PGLs. Additionally, somatic mutations could have an impact on tumoural FDG uptake,
but have not been performed in this study. The presence of somatic cluster-1-related mutations
may explain some cases of high FDG avidity observed in patients without determined germline
mutations especially those with noradrenergic predomimant secretion [26]. Overall, our results would
be prospectively validated on a larger group of patients with well-phenotyped PHEO including
secretotype and genotyped by NGS at germline and somatic levels.

4. Materials and Methods

4.1. Patients

Consecutive patients evaluated for PHEO in our institution, from March 2007 to November 2015,
were retrospectively included. All had an FDG-PET/CT and MIBG scan before surgery. Pre-operative
plasma and/or urinary methoxyamine levels were measured. Methoxyamine levels/upper limits
ratios were calculated and the predominant secretion was determined as the highest ratio. All resected
tumors were histologically analyzed and evaluated with the predictive scoring systems PASS [27]
and Ki-67 proliferation index. As recommended by the Endocrine society clinical practice guideline
published in 2014 [1], PHEO/PGL genetic testing was systematically proposed to identify germline
mutations in the major susceptibility genes (SDHB, SDHC, SDHD, VHL, RET, TMEM127, MAX)
using Sanger sequencing and MLPA. Then, as recommended in the consensus statement published in
2017 [2], next-generation-sequencing (NGS)-based diagnostic was carried out for more recent patients
(since 2016, n = 5 patients) with the panel described by Ben Aim et al. [28]. Informed consent was
obtained for each patient before genetic analysis (with parental agreement obtained for minors) and
surgery. In our institution ethical approval was waived by the local Ethics Committee of the University
Hospital of Nantes in view of the retrospective nature of the study and all procedures being performed
were part of the routine care.

4.2. FDG-PET/CT Acquisition Protocols

PET/CT scans were completed using a Discovery ST PET/CT system (GE Medical Systems,
Milwaukee, WI, USA) for 18 patients and a Biograph mCT (Siemens Healthcare Molecular Imaging,
Knoxville, TN, USA) for 31 patients. FDG was injected after 5 h of fasting and blood glucose
measurement (median: 5.8 mmol/L). The injected activity was 5–7 MBq/kg for acquisitions performed
on the Discovery ST PET system and 3 MBq/kg for acquisitions performed on the Biograph PET
system. PET images were reconstructed using the algorithm provided by the manufacturer; OSEM
without PSF correction, 2 iterations, 28 subsets and a Gaussian post-filtering of 5.45 mm FWHM for
the Discovery ST, and OSEM with PSF correction and TOF information, 3 iterations, 21 subsets and a
Gaussian post-filtering of 2.0 mm FWHM for the Biograph.

4.3. FDG-PET/CT Analysis

For visual analysis, PET/CT was considered positive if the intensity of the lesion uptake exceeded
that of the liver, according to the criterion commonly used in the literature [29,30].

Several semi-quantitative parameters were derived from PET/CT images based on standard
uptake value (SUV) for adrenal lesion and liver, and SUV ratios.

For TF analysis, adrenal lesions were automatically delineated on PET images using a consensus
approach based on the simultaneous truth and performance level estimation (STAPLE) algorithm [31]
using four different segmentations. Metabolic tumor volume (MTV) and the associated total lesion
glycolysis (TLG) were subsequently derived for the most intense adrenal lesion. The total adrenal
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metabolic tumor volume (TMTV) and the whole-body total lesion glycolysis (wbTLG) excluding
potential metastases were also calculated when patients presented several adrenal lesions.

Because two different PET systems were used in this study, the TFs were chosen based on their
robustness in the context of the multicentric study [23–25] and as a function of the two discretization
methods tested in this work (linear equalization using 64 bins and an absolute quantization using a
fixed-width bins of 0.3 SUV). The implementation of TFs was conducted within the framework of the
Image Biomarkers Standardization Initiative [32]. The grey level co-occurrence matrix (GLCM) and
the grey level run length matrix (GLRLM) were calculated using a single matrix taking into account all
13 directions simultaneously with a one-voxel displacement. Finally, several TFs were also calculated
based on the grey level size zone matrix (GLSZM). A minimal size of 64 voxels was required.

Five patients (5 lesions) were excluded from the TF analysis because of a too small lesion voxel
size (n = 2), or adrenal lesions that were too complex to delineate which makes the segmentation
unreliable (n = 2), and in one case, because of lost data.

4.4. Statistical Analysis

For statistical analysis, three groups of patients were considered: patients with mutations related
to Cluster 1 and Cluster 2 (called “Cluster 1” and “Cluster 2”, respectively) and patients with no
identified mutations (called “sporadic”).

The gold standard was based on histopathology analysis and biological follow up data. Sensitivity
of imaging for PHEO diagnosis was calculated. The results of the PET-based visual analysis,
semi-quantitative parameters and TF were analyzed according to different tumor-related parameters:
lesion size, PASS score and its items, Ki67 index, secretory status and genetic status.

A Kruskal-Wallis test followed by a Dunn’s test (if required) controlled for family-wise error
rate using the Hochberg’s progressive step down procedure to assess for the association between a
continuous variable and a categorized variable (secretion and genetic status).

The correlation in-between quantitative PET-derived biomarkers was performed using the
Spearman rank test adjusted for multiple comparison using the Benjamini-Hochberg approach.

Receiver operating characteristic (ROC) was performed for each PET parameter significantly
associated with a categorized variable. The best cut-off was determined using the Youden index,
and areas under the curve (AUC) between two parameters were compared using the DeLong method.

Subsequently, a model including a subset of selected TF was built to potentially improve the
discrimination between patients with or without mutation when compared with the use of a single
conventional PET parameter (MTV, TLG or SUVmax). First, only TF not correlated with MTV or
SUVmax (r < 0.7) were selected to be included in the model. Then, a multiple logistic regression
was conducted with those parameters together with MTV, TLG and SUVmax. Only the parameters
selected in the previous step were kept to build the final model with a multiple logistic regression.
A 4-fold validation with a subsampling that handled unbalanced classes using the SMOTE method
was performed. The final model was compared to a model involving only MTV (or SUVmax) using
the comparison of ROC curves.

Statistical analysis was conducted using R version 3.4.4.

5. Conclusions

FDG-PET/CT can be useful in the preoperative assessment of PHEO. In addition to improved
initial lesion characterization, our results confirm the impact of genetic status on FDG uptake, based on
semi-quantitative, metabolic volume parameters and TF analysis.
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Appendix A

Figure A1. Intra-correlation of TF and SUVmax using absolute quantization equalization (*: p < 0.05,
**: p < 0.01, ***: p < 0.001).

Figure A2. ROC curves for MTV and selected TF (one for each matrix) for discriminating patient with
and without mutation.
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Figure A3. Intra-correlation of TF, MTV and TLG using linear equalization (*: p < 0.05, **: p < 0.01,
***: p < 0.001).

Figure A4. Correlation between tumor size and MTV (***: p < 0.001).
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