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Abstract: Background/Objectives: Pheochromocytomas and paragangliomas (PPGLs)
are rare tumors of neural crest origin that secrete varying levels of catecholamines.
['8F]Fluorodeoxyglucose-positron emission tomography (FDG-PET) is a valuable tool
for the detection of metastases and the prediction of prognoses. However, varying
FDG avidities in PPGLs raise concerns regarding cost-effectiveness and unnecessary
radiation exposure. Catecholamine secretion patterns are associated with metastasis
and clinical outcomes. This study aimed to explore the relationships among FDG
avidity, catecholamine levels, and clinical factors in patients with PPGLs. Methods: This
retrospective study included 25 patients with unresectable or metastatic PPGLs scheduled
for [*'TJmetaiodobenzylguanidine therapy with FDG-PET data available within 40 days
of urine catecholamine measurements. FDG avidity was assessed using semiquantitative
parameters such as the maximum standardized uptake value (SUVmax), total metabolic
tumor volume (MTV), and total lesion glycolysis (TLG). Urine catecholamine levels were
quantified. Logistic regression and Spearman’s correlation were performed to evaluate the
relationship between FDG parameters and urinary catecholamine levels. Results: Urinary
noradrenaline levels were significantly higher in patients with FDG-avid lesions than in
those without (726.25 pg/day vs. 166.3 ug/day, p = 0.001). Noradrenaline levels showed
significant positive correlations with SUVmax, MTV, and TLG (p = 0.527, 0.541, and 0.557,
respectively; all p < 0.01). Urinary noradrenaline levels predicted FDG avidity with an AUC
of 0.849; a cutoff value of 647.5 pug/day achieved 55.6% sensitivity and 100% specificity.
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Conclusions: Urinary noradrenaline levels were significantly associated with FDG avidity
in PPGLs, suggesting their potential utility in predicting FDG-PET outcomes. Therefore,
FDG-PET may be unnecessary in PPGL patients with low urinary noradrenaline levels.
These findings may help optimize imaging strategies for patients with PPGLs.

Keywords: pheochromocytomas; paragangliomas; FDG-PET; catecholamine

1. Introduction

Pheochromocytomas and paragangliomas (PPGLs) are rare tumors of neural crest
origin that secrete varying levels of catecholamines. According to the 2022 World Health
Organization classification, pheochromocytomas are defined as tumors originating in the
adrenal medulla, whereas paragangliomas arise from extra-adrenal chromaffin tissue [1].
All PPGLs have the potential to be malignant, and the 5-year survival rate and occurrence
of metastases in PPGLs are approximately 75.4-91.0% and 10-30%, respectively [2,3].

Clinical aggressiveness, catecholamine production, genetic mutations, appropriate
molecular imaging, and clinical management are interdependently closely related to PPGLs.
Recently, PPGLs have been categorized into three clusters based on genetic mutations.
Cluster 1 is characterized by gene mutations that stabilize hypoxia-inducible factor-1
(HIF-1), cluster 2 by mutations in tyrosine kinase pathways, and cluster 3 by mutations
in the Wnt signaling pathway [4]. Cluster 1 is further subdivided into two subgroups.
Cluster 1A includes gene mutations that affect the tricarboxylic acid (TCA) cycle—also
known as the Krebs cycle—for example, mutations in succinate dehydrogenase (SDH),
isocitrate dehydrogenase (IDH), and fumarate hydratase (FH). These mutations lead to
the accumulation of oncometabolites, resulting in pseudohypoxia through the stabilization
of HIF-1. In contrast, cluster 1B comprises mutations that directly stabilize HIF-1, such as
those in prolyl hydroxylase domain-containing protein (PHD) and the von Hippel-Lindau
(VHL) gene [4].

Cluster 3 represents 5-10% of all PPGLs, and is less common than the other clusters.
The clinical characteristics of cluster 3 remain poorly understood; therefore, discussions
often focus on clusters 1 and 2. Cluster 1A tumors exhibit the highest metastatic potential,
and are considered the most aggressive, highlighting the need for prompt intervention [5-8].
These tumors typically exhibit noradrenergic or dopaminergic phenotypes [9,10]. Cluster
1B tumors have an intermediate metastatic risk [8,11-13], and exhibit a noradrenergic
phenotype [14]. Cluster 2 tumors are less metastatic, and primarily exhibit an adrenergic
phenotype [14].

Catecholamine biosynthesis involves the enzymatic conversion of tyrosine into di-
hydroxyphenylalanine (DOPA), followed by conversions into dopamine, noradrenaline,
and adrenaline, wherein noradrenergic and dopaminergic phenotypes are indicative of
enzymatic defects and are considered less mature than the adrenergic type [14,15].

Some PPGLs demonstrate poor metaiodobenzylguanidine (MIBG) uptake [16] while
overexpressing somatostatin receptors (SSTRs), a characteristic commonly associated with
tumors classified in cluster 1A [17]. Consequently, [1231IMIBG scintigraphy and [13TIMIBG
therapy are less effective for these tumors [16,17]. In contrast, SSTR positron emission
tomography (PET) imaging (e.g., [*®Ga]/[¢*Cu]DOTATATE PET) is superior, and peptide
receptor radionuclide therapy (PRRT) has emerged as a highly effective therapy for PPGLs
in this cluster [18-21]. Severi et al. reported that PRRT is well tolerated by patients,
has no significant renal or bone marrow toxicity, and achieves a disease control rate of
80% [22]. Clusters 1B and 2, on the other hand, overexpress norepinephrine or L-type amino
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acid transporters, but only weakly express SSTRs [23,24]. ['®FJFDOPA PET/computed
tomography (CT) is the first-choice tracer for detecting metastasis, and ['3!I]MIBG is one of
the most effective systemic treatments [25-32].

['8F]Fluorodeoxyglucose (FDG)-PET is not the first-line recommended tracer for eval-
uating metastasis, but is generally used to detect metastatic lesions in various tumors [33].
Furthermore, FDG-PET facilitates prognosis [34] and response assessment [35]. Notably,
FDG-PET positivity of PPGL metastases, particularly when not corresponding to SSTR
expression, may represent an exclusion criterion for PRRT, because such lesions may re-
flect dedifferentiated, more aggressive phenotypes with reduced therapeutic benefit from
PRRT [36]. In a prospective study of various neuroendocrine neoplasms (including PPGLs),
FDG uptake was significantly decreased after PRRT, particularly with a dual-radionuclide
scheme, indicating that FDG-PET may also serve as a dynamic biomarker for treatment
responses [37]. However, as the FDG avidity of PPGLs varies, the effectiveness of FDG-PET
also varies. In a previous report, PPGLs in cluster 1A and 1B showed high FDG avidity,
whereas those in cluster 2 showed low avidity [33]. This may be due to enhanced glycolysis
resulting from defects in the TCA cycle or activation of HIF-1 in cluster 1 caused by genetic
mutations that are not observed in cluster 2 [4,36,38]. By analyzing genetic mutations, it
may be possible to predict FDG uptake. However, examining mutations in these tumors
is ethically and practically challenging, although these results may have significant impli-
cations not only for patients, but also for their biological relatives. Therefore, this study
aimed to explore the predictive factors for FDG avidity in patients with PPGLs.

2. Materials and Methods
2.1. Patients

This retrospective study was approved by the Institutional Review Board of Hokkaido
University Hospital (approval number: 022-0329, approved on 13 February 2025) and
conducted in accordance with the principles outlined in the World Medical Association’s
Declaration of Helsinki. The requirement for written informed consent was waived due to
the retrospective nature of the study.

We retrospectively reviewed 38 patients with unresectable or metastatic PPGLs who
received [*'I]MIBG therapy at our institution between 2001 and 2024. Of these, 9 patients
were excluded due to the absence of FDG-PET data within 40 days of urinary catecholamine
measurement, 3 patients were excluded due to missing urinary catecholamine data, and
1 patient was excluded because no detectable lesions were found on CT, MRI, FDG-PET, or
MIBG scintigraphy. As a result, 25 patients were included in the final analysis (Figure 1).

2.2. FDG-PET Acquisition

All scans were performed at our institution, spanning 20 years during which four PET
or PET/CT scanners were used for FDG-PET examinations in this patient cohort. From 2001
to 2006, two PET scanners (ECAT EXACT 47 and ECAT EXACT HR+; Siemens Healthineers,
Erlangen, Germany) were used for FDG-PET prior to [131IMIBG therapy. After 2006, two
PET/CT scanners (Biograph 64 TruePoint, Siemens Healthineers; GEMINI TF64, Philips
Healthcare, Amsterdam, The Netherlands) were used. FDG-PET and PET/CT imaging
were performed according to standard clinical practice.

Patients were instructed to fast for at least 6 h prior to FDG-PET/CT imaging. PET
scans were acquired 60 min after intravenous administration of FDG at a dose of 4 MBq/kg.
For the stand-alone PET scanners, imaging included a 2 min-per-bed emission scan and a
2 min-per-bed transmission scan using a Ge-68/Ga-68 source for attenuation correction.
Images were reconstructed using the ordered subset expectation maximization (OSEM)
algorithm with one iteration and 30 subsets. For PET/CT systems, emission scans were
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acquired following CT-based attenuation correction. Reconstruction settings were as
follows: Biograph 64 TruePoint (3D-OSEM) with two iterations and 21 subsets, and GEMINI
TF64 (3D-OSEM) with three iterations and 33 subsets.

* Patients who received their first [I*'T]MIBG treatment at
our institute between 2001 and 2024.
* Unresectable/metastatic PPGLs. * Patients without FDG-PET imaging

=38 patients performed within 40 days of urine

catecholamine measurement or more
than one month after the three-month
window, preventing lesion evaluation
) following prior treatment(n = 9).

13 patients were excluded * Patients without recorded

measurements of urine catecholamine

+ Atotal of 25 patients were included in the final analysis. levels (n=3).

* Theliver SUV (mean + 3SD) was used as the threshold to * Patients without detectable lesions on
determine FDG avidity, utilizing the free software package CT, MRI, FDG-PET, or MIBG
Metavol. scintigraphy (n = 1).

* The associations between FDG avidity and clinical factors,
including 24-hour urine catecholamine levels, were
assessed using univariate logistic regression analysis.

Figure 1. Flow diagram of the participant inclusion process. CT, computed tomography; FDG,
['®F]fluorodeoxyglucose; MIBG, metaiodobenzylguanidine; MRI, magnetic resonance imaging; PET,
positron emission tomography; PPGLs, pheochromocytomas and paragangliomas; SD, standard
deviation; SUV, standardized uptake value.

2.3. Image Analysis

We used the open-source software Metavol [39] to evaluate FDG avidity, specifically
to assess whether lesion uptake exceeded liver uptake. A semi-automated 3 cm-diameter
volume of interest (VOI) was placed in the right hepatic lobe to calculate the mean and
standard deviation (SD) of FDG uptake. The criteria for FDG avidity were established
using a threshold of the mean + 3 SD to ensure consistency [40]. Patients with at least one
FDG-avid lesion were classified into the FDG-avid group, whereas those with no FDG-avid
lesion were assigned to the non-avid group.

In this study, we used three semiquantitative parameters for FDG-PET: maximum
standardized uptake value (SUVmax), total metabolic tumor volume (MTV), and total
tumor lesion glycolysis (TLG). The standardized uptake value (SUV) was calculated using
the following equation:

SUV =c-w/d,

where c represents the FDG concentration in a specific voxel (Bq/mL), w denotes the
patient’s body weight (g), and d is the decay-corrected dose of injected FDG (Bq). Assuming
a body density of 1 g/mL, the SUV was treated as a dimensionless value. MTV was defined
as the total volume within the tumor boundaries, whereas TLG was calculated as the
product of the mean SUV within the tumor and MTV.

The threshold of mean + 3 SD was consistently applied to determine tumor boundaries,
with voxels exceeding this threshold across the entire body being automatically extracted
and highlighted. A nuclear medicine physician (J.T., with 9 years of experience in PET
interpretation) initially reviewed the highlighted regions to exclude physiological uptake
in non-tumor tissues (e.g., brain, myocardium, urinary tract), referring to corresponding CT
and MRI findings. These assessments were subsequently confirmed by a second nuclear
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medicine physician (5.W., with 14 years of experience), and any discrepancies were resolved
through consensus. In cases where the tumor and non-tumor regions were contiguous, the
non-tumor areas were carefully excluded using Metavol’s manual polygon-shaped region-
of-interest tool. Semiquantitative parameters (SUVmax, MTV, and TLG) were defined as 0
in patients belonging to the non-avid group. The highest SUVmax, as well as the total MTV
and TLG, were recorded for each patient.

As two of the four PET scanners employed in this study were decommissioned and un-
available for further analyses, images from all four scanners acquired using different recon-
struction methods were collectively analyzed without standardization or harmonization.

2.4. Biochemical Parameters

Urinary levels of adrenaline, noradrenaline, and dopamine were measured from
24 h urine collections preserved in hydrochloric acid. Excess catecholamine secretion was
defined as any urinary catecholamine level exceeding the upper limit of the normal range.

2.5. Statistical Analyses

Statistical analyses were performed using JMP® version 17.0 (SAS Institute, Cary, NC,
USA). Univariate logistic regression was used to assess clinical variables—such as age at
initial treatment, sex, disease type (PPGL), prior chemotherapy and external radiotherapy,
number of organs with metastatic lesions, and 24 h urinary catecholamine levels—as
potential predictors of FDG avidity in metastatic lesions. The diagnostic performance of
significant predictive factors was further assessed using receiver operating characteristic
(ROC) curve analysis. Correlations between urinary catecholamine levels and FDG-PET
semiquantitative parameters were examined using Spearman’s rank correlation coefficients.
Statistical significance was set at p < 0.05.

3. Results
3.1. Patient Characteristics

The patient characteristics are summarized in Table 1. Among the enrolled 25 patients,
17 (68.0%) had pheochromocytomas, and the remaining 8 (32.0%) had paragangliomas. In
total, 11patients (44.0%) were male, including 6 of 17 (35.3%) patients with pheochromocy-
toma and 5 of 8 (62.5%) patients with paraganglioma. The median age at the time of initial
[131T]MIBG treatment at our institute was 53.0 (range: 23-84) years, with a median of 54.0
(range: 35-84) years for patients with pheochromocytoma and 48.5 (range: 23-67) years for
patients with paraganglioma. In total, 18 (72.0%) patients had FDG-avid lesions.

Pre-treatment history included surgery in 24 patients (96.0%), chemotherapy in
8 (32.0%), and external radiation in 7 (28.0%). Among them, 15 of 17 (88.2%) patients
with pheochromocytoma, and all (100.0%) patients with paraganglioma underwent surgery.
Chemotherapy was given to six (35.3%) patients with pheochromocytoma and two (25.0%)
patients with paraganglioma; external radiation was administered to five (29.4%) and two
(25.0%) patients, respectively. One (12.5%) patient with paraganglioma had received prior
["3M]MIBG therapy at another hospital (dose: 7.4 GBq). Additionally, two (8.0%) patients
underwent radiofrequency ablation (pheochromocytoma and paraganglioma in one patient
each), and one patient (4.0%) received endovascular treatment.

Imaging showed tumor evidence in all patients, including residual primary tumors
in two patients (pheochromocytoma and paraganglioma in one patient each). Metastatic
sites included lymph nodes or soft tissue (14 patients, 56.0%), bones (14, 56.0%), liver (12,
48.0%), and lungs (10, 40.0%). Patients with pheochromocytoma more frequently had liver
(58.8%) and bone (64.7%) metastases than those with paraganglioma (25.0% and 37.5%,
respectively). The number of metastatic organs was one in nine patients (36.0%), two in
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ten patients (40.0%), three in four patients (16.0%), and four in two patients (8.0%). The
distribution across tumor types showed that 50.0% of patients with paraganglioma had

metastases in only one organ, whereas 11.8% of patients with pheochromocytoma had

metastases in four organs.

Regarding excess catecholamine secretion, increased urinary levels of adrenaline,
noradrenaline, and dopamine were observed in 3 (12.0%), 20 (80.0%), and 13 (52.0%)
patients, respectively. Among them, adrenaline excess was only seen in patients with

pheochromocytoma (17.6%), whereas excessive noradrenaline and dopamine levels were

more common in patients with paragangliomas (87.5% and 62.5%, respectively).

Two representative cases are illustrated in Figure 2.

Table 1. Patient characteristics.

Characteristic All Pheochromocytoma Paraganglioma
Number 25 17 8
Sex
Male 11 (44.0%) 6 (35.3%) 5 (62.5%)
Female 14 (56.0%) 11 (64.7%) 3 (37.5%)
Age (y), median (range) 53 (23-84) 54 (35-84) 48.5 (23-67)
Pre-treatment
Surgery 24 (96.0%) 15 (88.2%) 8 (100.0%)
Chemotherapy 8 (32.0%) 6 (35.3%) 2 (25.0%)
External radiation 7 (28.0%) 5 (29.4%) 2 (25.0%)
MIBG 1 (4.0%) 0 (0.0%) 1 (12.5%)
Radiofrequency ablation 2 (8.0%) 1 (5.9%) 1 (12.5%)
Endovascular treatment 1 (4.0%) 1 (5.9%) 0 (0.0%)
Residual primary tumor 2 (8.0%) 1(5.9%) 1(12.5%)
Metastasis
Lymph node or soft tissue 14 (56.0%) 9 (52.9%) 5 (62.5%)
Bone 14 (56.0%) 11 (64.7%) 3 (37.5%)
Liver 12 (48.0%) 10 (58.8%) 2 (25.0%)
Lung 10 (40.0%) 7 (41.2%) 3 (37.5%)
Metastasis (no. of organs):
1 9 (36.0%) 5 (29.4%) 4 (50.0%)
2 10 (40.0%) 7 (41.2%) 3 (37.5%)
3 4 (16.0%) 3 (17.6%) 1 (12.5%)
4 2 (8.0%) 2 (11.8%) 0 (0.0%)
Excess catecholamine secretion
Adrenaline 3 (12.0%) 3 (17.6%) 0(0.0%)
Noradrenaline 20 (80%) 13 (76.5%) 7 (87.5%)
Dopamine 13 (52.0%) 8 (47.1%) 5 (62.5%)
Patients with FDG-avid lesions 18 (72.0%) 12 (70.6%) 6 (75.0%)

Data are presented as n (%).

3.2. Biochemical Parameters

The 24 h urine samples were collected at a median of 2 days after FDG-PET (range:

—34 to 38 days). As summarized in Table 2, the median urinary adrenaline level was
6.9 ug/day (range: 1.8-1080 ug/day; interquartile range [IQR]: 3.35-13.8 ug/day; normal

range: 3.4-26.9 ug/day).

Table 2. Urinary biochemistry parameters (ug/day).

Median Range IOQR Normal Range
Adrenaline All 6.9 1.8-1080 3.35-13.8
FDG-avid 7.7 2.3-1080 5.0-14.6 3.4-26.9
Non-avid 34 1.8-18.3 3.0-11.6
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Table 2. Cont.

Median Range IOR Normal Range

Noradrenaline All 224.3 59.1-4282 172.9-945.95
FDG-avid 726.25 155-4020.1 186.7-1275.9 48.6-168.4
Non-avid 166.3 59.1-273.9 86.1-224.3

Dopamine All 963.2 249.9-3187.5 644.95-1459.35
FDG-avid 1050.3 379.7-3187.5 658.2-1637.7 365.0-961.5
Non-avid 819.4 249.9-1426.3 495.3-1190.4
IQR, interquartile range.
a b
[BBIIMIBG FDG-PET [BIIMIBG FDG-PET
anterior posterior anterior posterior

anterior

-

anterior posterior

%4

posterior

.

Figure 2. Representative cases. (a) A patient with bone and lymph node metastases. The treatment-
dose [P3'T]JMIBG scintigraphy (planner image) and the FDG-PET (maximum intensity projection
[MIP] image) are shown. Metastatic lesions are indicated in red. Urinary catecholamine levels were
as follows: adrenaline, 15.6 ug/day; noradrenaline, 3991 pg/day; and dopamine, 906.1 ug/day.
All metastatic lesions demonstrated marked FDG avidity. (b) A patient with bone, liver, and lung
metastases. The planner image of ['3'T]MIBG scintigraphy and the MIP image of FDG-PET are shown.
Metastatic lesions are highlighted in red. Urinary catecholamine levels were as follows: adrenaline,
18.3 ug/day; noradrenaline, 179 ug/day; and dopamine, 963.2 g/ day. None of the metastatic lesions
showed significant FDG uptake. MIP, maximum intensity projection.

When stratified by FDG avidity, the median adrenaline levels were 7.7 pug/day (range:
2.3-1080 pg/day; IQR: 5.0-14.6 pug/day) in the FDG-avid group and 3.4 ug/day (range:
1.8-18.3 ug/day; IQR: 3.0-11.6 pug/day) in the non-avid group.



Diagnostics 2025, 15, 1305

8of 17

Urine adrenaline

pg/day

1000

800

600

400

200

—t——
Non-avid

The median urinary noradrenaline level was 224.3 ug/day (range: 59.1-4282 pg/day;
IQR: 172.9-945.95 pg/day; normal range: 48.6-168.4 ng/day). In subgroup analyses,
the FDG-avid group showed a higher median noradrenaline level of 726.25 ug/day
(range: 155-4020.1 pg/day; IQR: 186.7-1275.9 pug/day), compared to 166.3 pg/day (range:
59.1-273.9 ug/day; IQR: 86.1-224.3 ug/day) in the non-avid group.

The median urinary dopamine level was 963.2 ug/day (range: 249.9-3187.5 ug/day;
IQR: 644.95-1459.35 ng/day; normal range: 365.0-961.5 ug/day). The FDG-avid group
had a median dopamine level of 1050.3 pg/day (range: 379.7-3187.5 pg/day; IQR:
658.2-1637.7 ug/day), whereas the non-avid group had a lower median of 819.4 pug/day
(range: 249.9-1426.3 pg/day; IQR: 495.3-1190.4 nug/day).

Figure 3 shows box plots illustrating all urinary catecholamine levels in the FDG-avid
and non-avid groups.

pg/day pg/day

4000 . S0

8

2000

Urine noradrenaline
8
8

Urine dopamine

1000

] :
1

1
— L = s

FDG-avid Non-avid FDG-avid Non-avid FDG-avid

Figure 3. Box plots of the urinary catecholamine levels in the FDG-avid and non-avid groups.

3.3. FDG-PET Imaging Parameters

The semiquantitative analysis in the 18 patients with FDG-avid lesions resulted in
the following median values: SUVmax, 10.65 (range: 4.64-64.45; IQR: 7.425-42.51); MTV,
83.54 (range: 1.21-395.31; IQR: 19.32-118.82); and TLG, 396.65 (range: 4.50-4017.35; IQR:
80.10-752.49; Table 3).

Table 3. FDG-PET semiquantitative parameters in patients with FDG-avid lesions.

Median Range IOR
SUVmax 10.65 4.64-64.45 7.425-42.51
MTV 83.54 1.21-395.31 19.32-118.82
TLG 396.65 4.50-4017.35 80.10-752.49

MTYV, metabolic tumor volume; SUVmax, standardized uptake value; TLG, total lesion glycolysis.

3.4. Evaluation of FDG Avidity and Associated Clinical Data, Including Urinary
Catecholamine Levels

The median urinary noradrenaline level was significantly higher in patients with FDG-
avid lesions (726.25 nug/day; range: 155-4020.1 ng/day) than in those with non-avid lesions
(166.3 ng/day; range: 59.1-273.9 ug/day). Excess noradrenaline secretion was observed in
17 of 18 patients with FDG-avid lesions, compared to only three of seven patients with non-
avid lesions. Excess noradrenaline secretion was significantly associated with FDG avidity
(odds ratio: 22.66, 95% confidence interval: 2.399-541.7, p = 0.005). In addition, patients
with FDG-avid lesions were more likely to have a history of external beam radiation therapy
than those without FDG-avid lesions. Higher urinary noradrenaline levels (odds ratio:
1.013, p = 0.001) and a history of external radiation (odds ratio: uncalculatable, p = 0.018)
were identified as significant predictive factors for FDG avidity (Table 4), whereas other
clinical factors were not associated with FDG avidity.
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Table 4. Univariate logistic regression analysis comparing patients with and without
FDG-avid lesions.

Variable With FDG-avid Lesions Without FDG-avid Lesions OR (95% CI) p-Value
Number 18 7
Sex
Male 9 2 1.620 (0.335-8.230) 0.548
Female 9 5
Age (y), median (range) 61 (23-84) 47 (35-53) 1.047 (0.984-1.128) 0.150
Diagnosis
Pheochromocytoma 12 5 0.800 (0.095-5.071) 0.818
Paraganglioma 6 2
History of chemotherapy 4 4 0.214 (0.030-1.341) 0.100
History of external radiation 7 0 >100 0.018*
Metastatic lesion
Lymph node or soft tissue 12 2 5.000 (0.815-42.97) 0.083
Bone 11 3 2.095 (0.357-13.58) 0.410
Liver 8 4 0.600 (0.098-3.501) 0.568
Lung 8 2 2.000 (0.329-16.67) 0.461
Urine biochemistry
Excess adrenaline secretion 3 0 >100 (0.448-NA) 0.145
Adrenaline (nug/day), median (range) 7.7 (2.3-1080) 3.4 (1.8-18.3) 1.068 (0.999-1.347) 0.110
Excess noradrenaline secretion 17 3 22.66 (2.399-541.7) 0.005 *
Noradrenaline (ug/day), median (range) 726.25 (155-4020.1) 166.3 (59.1-273.9) 1.013 (1.002-1.039) 0.001 *
Excess dopamine secretion 10 3 1.667 (0.286-10.66) 0.568
Dopamine (ug/day), median (range) 1050.3 (379.7-3187.5) 819.4 (249.9-1426.3) 1.001 (1.000-1.004) 0.145

CI, confidence interval; NA, not available; OR, odds ratio. * p < 0.05.

The optimal cutoff value for urinary noradrenaline to predict FDG avidity was de-
termined using ROC curve analysis (Figure 4). Urinary noradrenaline levels predicted
FDG avidity with an area under the curve (AUC) of 0.849; a cutoff value of 647.5 ng/day
achieved 55.6% sensitivity and 100% specificity.

1.00 ___J
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0.60 _I_

0.50

0.40

Sensitivity

0.30
0.20

0.10
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1-specificity

Figure 4. Receiver operating characteristic curves for urinary noradrenaline levels. The cutoff value
is 647.5 ng/day (area under the curve: 0.849), with a sensitivity of 55.6% and a specificity of 100.0%.

Urinary noradrenaline levels showed significant correlations with SUVmax (p = 0.527,
p = 0.007), MTV (p = 0.541, p = 0.004), and TLG (p = 0.557, p = 0.004). No statistically
significant correlations were observed between other catecholamines and any combination
of semiquantitative FDG-PET parameters (Figure 5, Table 5).
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Figure 5. Scatter plots with regression lines illustrating the relationships between urinary nora-
drenaline levels and (a) SUVmax, (b) MTV, and (c) TLG. Urinary noradrenaline levels showed
significant correlations with SUVmax (p = 0.527, p = 0.007), MTV (p = 0.541, p = 0.004), and TLG
(p =0.557, p = 0.004).

Table 5. FDG-PET semiquantitative parameters.

Urine Biochemistry P p-Value
SUVmax Adrenaline 0.246 0.236
Noradrenaline 0.527 0.007 *
Dopamine 0.369 0.069
MTV Adrenaline 0.274 0.185
Noradrenaline 0.541 0.004 *
Dopamine 0.299 0.147
TLG Adrenaline 0.296 0.151
Noradrenaline 0.557 0.004 *
Dopamine 0.336 0.101

¥p<0.05.

4. Discussion

In this retrospective analysis of 25 patients with PPGLs, we investigated the clinical
factors predicting FDG avidity. Our findings provide insights that may help to avoid
unnecessary FDG-PET imaging of patients with PPGLs.

PPGLs are categorized into three main molecular clusters: pseudohypoxia cluster 1
(subdivided into 1A and 1B), kinase signaling cluster 2, and Wnt signaling cluster 3. The
Wnt signaling cluster 3 is relatively rare; thus, its clinical, pathological, and genetic char-
acteristics are often discussed in comparison with those of the pseudohypoxia cluster 1
(1A and 1B) and the kinase signaling cluster 2 [4]. It has been suggested that patients with
cluster 1 PPGLs not only exhibit a higher frequency of metastasis [8], but also have a poorer
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prognosis [41]. Pseudohypoxia cluster 1 is further divided into clusters 1A and 1B, based on
the location of the genetic mutation. Mutations related to the Krebs cycle, such as SDH and
IDH mutations, are classified as cluster 1A, whereas mutations in hypoxia-signaling path-
ways, such as VHL mutations, are classified as cluster 1B. In cluster 1A, defects in the Krebs
cycle lead to an increased expression of glycolytic enzymes [36]. In cluster 1B, stabilization
of HIF-1 by the hypoxia-signaling pathway activates glycolysis and suppresses the Krebs
cycle [4,38]. Consequently, the PPGLs in clusters 1A and 1B are more FDG-avid than those
in cluster 2 [4,33]. Clinically, most cluster 1 PPGLs exhibit a noradrenergic phenotype, and
cluster 1A PPGLs produce not only noradrenaline but also dopamine [9], which aligns with
our finding that FDG avidity is significantly associated with urinary noradrenaline levels.
However, a previous study reported a significant relationship between metanephrine (a
metabolite of adrenaline) levels and SUV [33]. Furthermore, some studies have indicated
that FDG avidity is not associated with patterns of catecholamine production [42]. These
findings are inconsistent with our results, and may be attributed to the inclusion of a large
number of primary tumor cases. This discrepancy might be explained by differences in
catecholamine production patterns between primary tumors and metastases, even within
the same patient [43].

Moreover, we demonstrated that MTV and TLG, which are indicators of tumor vol-
ume, were significantly associated with urinary noradrenaline levels. We have previously
reported that the group with higher MTV/TLG has a poorer prognosis [34]. MTV/TLG are
considered to reflect not only simple tumor volume, but also the pseudohypoxia cluster.
However, the correlation between noradrenaline and MTV /TLG was not strong, suggest-
ing that FDG-PET and catecholamine measurements were complementary. Therefore, our
findings indicate that FDG-PET and catecholamine levels should be evaluated separately.

In our study, noradrenaline emerged as a useful indicator for predicting FDG avidity,
with the optimal cutoff value achieving 55.6% sensitivity and 100% specificity. Patients with
a history of PPGL require lifelong follow-up [4]. In addition to imaging, periodic biochemi-
cal monitoring—particularly catecholamine assessment—is essential. Our findings suggest
that in the absence of elevated noradrenaline levels, FDG-PET may be unnecessary, poten-
tially avoiding superfluous radiation exposure and reducing the number of unwarranted
imaging examinations.

However, the false-negative rate was relatively high. Patients in the false-negative
group tended to exhibit higher dopamine levels (median: 1409 ng/mL, range: 444.6-3187.5)
compared to patients with FDG-avid tumors (median: 880.9 ng/mL, range: 249.9-2115.9).
Although dopamine levels may also influence FDG avidity, this study did not provide
definitive evidence to support this association because additional analyses could not be
performed, owing to the limited sample size and the issue of multiple comparisons.

FDG-avid lesions can be evaluated following PRRT and [131IMIBG therapy [35,37].
Notably, bone metastases often cannot be assessed using RECIST criteria [44]. Moreover,
changes in FDG uptake in response to ['*'IJMIBG treatment may become apparent earlier
than changes in tumor size observed on CT [45]. Therefore, FDG avidity plays a crucial
role in the early assessment of treatment response.

In this study, a higher proportion of patients in the FDG-avid group had a history
of external beam radiation therapy than those in the non-avid group. This finding is
likely associated with an increased risk of skeletal-related events (SREs). Previous studies
have indicated that a history of ['*'IJ]MIBG radionuclide therapy and the absence of liver
metastases are factors that reduce the SRE risk [46]. SREs are estimated to be linked to
classification within poor prognosis groups such as cluster 1; however, specific predictive
factors for SRE have not yet been clearly identified [47]. A history of radiation therapy is
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considered to be associated with more aggressive tumor behavior, which may correlate
with the presence of FDG-avid lesions.

FDG-PET imaging is generally useful for detecting metastases in patients with PPGLs
that are not clearly identified by conventional imaging modalities (such as CT or MRI) or
by other functional imaging techniques (such as MIBG or SSTR-PET). Based on our obser-
vations, patients with normal urinary noradrenaline levels may derive less benefit from
FDG-PET imaging compared to those with elevated levels. However, it remains unclear
whether gene mutations associated with FDG avidity directly stimulate noradrenaline
production. Catecholamines are synthesized via a cascade of enzymatic reactions, begin-
ning with the conversion of tyrosine to DOPA, followed by sequential transformation into
dopamine, noradrenaline, and adrenaline [48]. Based on their biochemical profiles, PPGLs
can be divided into adrenergic, noradrenergic, and dopaminergic phenotypes. The nora-
drenergic and dopaminergic phenotypes likely correspond to the pseudohypoxia cluster 1,
which is associated with enzyme defects and is considered less mature than the adrenergic
phenotype [15,48,49]. However, these gene mutations are not known to directly cause
enzyme defects.

[°8Ga]/[6*Cu]DOTATATE PET is currently the first-choice imaging modality for detect-
ing metastases because of its high sensitivity and specificity [4,21,36]. FDG-PET, which has a
comparatively lower sensitivity and specificity, is recommended only when SSTR-PET is un-
available. Furthermore, SSTR-PET is essential for planning and performing PRRT [4,36,50].
Additional imaging modalities, including ['>*I]MIBG scintigraphy [4,27,29,51], [***T]MIBG-
PET [52], and ['8F]MFBG-PET [53] are valuable for detecting metastases and determining
their suitability for therapy. Although FDG-PET cannot determine the eligibility for ra-
dionuclide therapy and has a lower sensitivity and specificity than SSTR-PET, it remains
crucial for PPGLs because of its wide availability. Additionally, FDG-PET may be useful for
classifying cluster 1 tumors and differentiating them from tumors of other clusters.

Study Limitations

This study was a single-center retrospective analysis with a limited sample size (n = 25),
collected over a 20-year period. The extended duration was necessary due to the extreme
rarity of PPGLs, particularly those that are unresectable or metastatic. The small number
of cases limited statistical power and precluded the use of multivariate analysis. Further
multicenter studies are required to validate these findings and enhance the reliability of the
diagnostic and monitoring strategies for PPGLs.

Only patients scheduled to undergo ['3'T]MIBG therapy were included. In Japan,
MIBG therapy has long been the first-line treatment for unresectable and metastatic MIBG-
avid PPGLs. Therefore, we believe that most cases were covered, with the exception of
those facing barriers to accessing treatment.

Semiquantitative parameters from multiple PET scanners were analyzed without
standardization or harmonization, as some of the scanners were no longer available at our
institution. To mitigate interscanner variability, liver uptake was used as a reference to
determine FDG avidity, thereby minimizing differences in semiquantitative measurements
as much as possible.

Catecholamine metabolites, including metanephrine, normetanephrine, and
3-methoxytyramine, were not assessed in this study. These metabolites are continuously
produced by PPGLs and exhibit fewer physiological fluctuations than catecholamines.
Consequently, they are considered reliable biomarkers for the diagnosis and monitoring of
PPGLs [4,54,55]. However, the measurement of 3-methoxytyramine is still clinically un-
available in Japan, and metanephrine and normetanephrine were not analyzed in this study
owing to significant missing data as their measurements were not approved until 2019.
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Genetic mutations such as SDH and VHL mutations were not evaluated in this study
because of the ethical and practical challenges associated with examining germline mu-
tations. These findings may carry important implications for both patients and their
blood relatives. Future studies should address these limitations to enhance the validity of
our findings.

5. Conclusions

Our findings indicate that it may be possible to estimate FDG avidity by using urine
noradrenaline levels in patients with PPGLs. FDG-PET might be unnecessary in PPGL
patients with low urinary noradrenaline levels. In the future, it may be possible to determine
FDG indications in patients with PPGLs without examining germline mutations.
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Abbreviations

The following abbreviations are used in this manuscript:

AUC area under the curve

CT computed tomography

DOPA dihydroxyphenylalanine

FDG [18F]ﬂuor0deoxyglucose

FH fumarate hydratase

HIF-1 hypoxia-inducible factor-1

IDH isocitrate dehydrogenase

IOR interquartile range

MIBG metaiodobenzylguanidine

MRI magnetic resonance imaging

MTV total metabolic tumor volume

OSEM ordered subset expectation maximization
PET positron emission tomography

PHD prolyl hydroxylase domain-containing protein
PPGLs pheochromocytomas and paragangliomas

PRRT peptide receptor radionuclide therapy
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ROC receiver operating characteristic

SD standard deviation

SDH succinate dehydrogenase

SRE skeletal-related event

SSTR somatostatin receptor

Suv standardized uptake value

SUVmax  maximum standardized uptake value
TCA tricarboxylic acid

TLG total tumor lesion glycolysis

VHL von Hippel-Lindau
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