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Our objective was to evaluate '®F-FDG PET uptake in patients
with nonmetastatic and metastatic chromaffin-derived tumors.
Methods: Twenty-eight consecutive unrelated patients with
chromaffin tumors, including 9 patients with genetically deter-
mined disease, were studied. A combination of preoperative
imaging work-up, surgical findings, and pathologic analyses
was used to classify the patients into 2 groups: those with non-
metastatic disease (presumed benign, n = 18) and those with
metastatic tumors (n = 10). '8F-FDG PET was performed in all
cases. Visual and quantitative analyses were individually graded
for each tumor. Somatic mutations of the succinate dehydrogen-
ase subunits B and D and Von-Hippel Lindau genes were also
evaluated in 6 benign sporadic tumor samples. Results: All but
2 patients showed significantly increased '8F-FDG uptake on vi-
sual analysis. The maximum standardized uptake value (SUV-
max) ranged from 1.9 to 42 (mean = SD, 8.2 = 9.7; median,
4.6) in nonmetastatic tumors and 2.3 to 29.3 (mean + SD, 9.7 +
8.4; median, 7.4) in metastatic tumors. No statistical difference
was observed between the groups (P = 0.44), but succinate de-
hydrogenase-related tumors were notable in being the most '8F-
FDG-avid tumors (SUVmax, 42, 29.3, 21, 17, and 5.3). Succinate
dehydrogenase and Von-Hippel Lindau-related tumors had a
significantly higher SUVmax than did neurofibromatosis type
1 and multiple endocrine neoplasia type 2A syndrome-related
tumors (P = 0.02). '8F-FDG PET was superior to '3'I-metaiodo-
benzylguanidine in all metastatic patients but one. By contrast,
18F-FDG PET underestimated the extent of the disease, com-
pared with 6-'8F-fluorodopa PET, in 5 patients with metastatic
pheochromocytoma. However, succinate dehydrogenase muta-
tions (germline and somatic) and functional dedifferentiation do
not adequately explain '8F-FDG uptake since most tumors
were highly avid for 8F-FDG. Conclusion: '8F-FDG PET positiv-
ity is almost a constant feature of pheochromocytomas and par-
agangliomas. It may be considered a molecular signature of such
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tumors, although which aspect of the plethora of molecular
changes associated with dedifferentiation, germline genetic de-
fects, or the adaptive response to hypoxia is responsible for this
characteristic requires further elucidation.
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Pheochromocytomas and extraadrenal paragangliomas
are rare tumors of neuroectodermal origin. They belong to
the heterogeneous family of neuroendocrine tumors and
present a spectrum of SPECT- and PET-targetable distinc-
tive phenotypic markers such as amine precursor uptake
and decarboxylation and the overexpression of peptide
receptors. Previously, '8F-FDG PET has not been widely
used in oncoendocrinology because of a lack of specificity
(1). However, the mechanisms that control glucose uptake
are numerous and potentially include molecular changes
involved in neuroendocrine tumors (2).

Endocrine tumors (i.e., follicle-derived thyroid carci-
noma, medullary thyroid carcinomas, and pancreatic tu-
mors) generally exhibit a 2-phase metabolic profile with an
initially low or absent '3F-FDG uptake followed by an
increased '8F-FDG uptake in the later stages of the disease
(3-5). Chromaffin-derived tumors do not appear to follow
this pattern of tracer uptake of other endocrine tumors.

ISF.FDG PET has proved to be an effective tool in the
localization of metastatic succinate dehydrogenase subunit
B (SDHB) paraganglioma (6,7), and our group has reported
that, compared with other imaging modalities alone, '3F-
FDG provides additional information in patients with met-
astatic and multifocal forms of pheochromocytoma (8).
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However, enhanced '8F-FDG uptake has also been reported
in benign pheochromocytomas, without any correlation
with catecholamine levels (9,10).

Despite the growing clinical relevance of '®F-FDG PET,
little is known about the molecular determinants of tracer
uptake in different types of tumors. Enhanced uptake and
metabolism of glucose, a frequent characteristic of most
cancer cells, is associated with an alteration in the intrinsic
energy metabolism causing a shift from oxidative phos-
phorylation to aerobic glycolysis, a change referred to as
the Warburg effect (/7). Because glycolysis is considerably
less efficient than oxidative phosphorylation at producing
adenosine triphosphate, the tumor cell requires an acceler-
ation in the rate of glucose uptake and use. The molecular
mechanisms that underpin metabolic reprogramming of
cancer cells are complex and involve adaptive responses
to the tumor microenvironment, such as hypoxia, or muta-
tions in enzymes or oncogenes that control cell metabolism
(12). Several studies have demonstrated that '8F-FDG
uptake is an indirect reflection of tumor hypoxia (13).

The aim of this study was to ascertain whether '8F-FDG
uptake is associated with malignancy or is related to a
specific metabolic pattern associated with these tumors
irrespective of their clinical behavior.

MATERIALS AND METHODS

Patients

Twenty-eight unrelated patients (20 men, 8§ women; age
range, 25-78 y) with pheochromocytomas or paragangliomas,
including 12 cases of persistent or recurrent disease and 16 cases
of newly diagnosed disease, were included in this retrospective
study.

Four patients had a family history of pheochromocytoma or
paraganglioma, and in 5 additional patients genetic testing iden-
tified predisposing mutations. Four of the patients had SDHB,
1 had succinate dehydrogenase subunit D (SDHD), 1 had multiple
endocrine neoplasia type 2A (MEN-2A), 2 had neurofibromatosis
type 1 (NF1), and 1 had Von-Hippel Lindau (VHL). As the
definition of malignancy may appear ambiguous in paraganglioma
since a primary nonmetastatic tumor may later develop into
metastases, the term malignant was avoided and metastatic pre-
ferred (/4). Using results from preoperative imaging work-up, we
classified patients into 2 groups based on final disease status:
nonmetastatic tumors (n = 18) and metastatic tumors (n = 10).
The first group included 8 patients with unifocal sporadic disease
and 10 with multicentric or genetically predisposed disease.
Imaging work-up comprised at least full-body CT and molecular
imaging studies including '3'I-metaiodobenzylguanidine scintig-
raphy (in 25 patients), !''In-octreotide scintigraphy (somatostatin
receptor scintigraphy) (in 6 patients), 6-'8F-fluorodopa PET (in 19
patients), and *°™Tc-hydroxymethylenediphosphonate bone scin-
tigraphy (in 5 patients) (Table 1).

The patient characteristics are summarized in Table 1. Data
from 8 of these patients have been previously reported in a
preliminary study (8).

In patients with unifocal disease, the tumor diameters ranged
from 12 to 58 mm (median, 34 mm). In patient 15, one of the
pheochromocytomas was associated with hemorrhagic necrosis.

712

Genetic Testing

SDHB, SDHD, and VHL genes were amplified using exon
flanking from DNA isolated from the blood samples of all patients
bearing pheochromocytomas or paragangliomas in the absence of
other lesions suggestive of MEN-2A or NF1 syndrome. The same
primers were used for sequencing using a CEQ 8000 sequencer
(Beckman Coulter) and are available on request. SDHB and
SDHD gene analysis was also performed on 6 frozen tissue
samples (T1, T2, T4-T6, and T8) taken from sporadic tumors
(without germinal mutation).

18F-FDG PET Scanning

Patients fasted for a minimum of 6 h before the tracer injection
(4 MBg/kg), and scanning began 60 min later. Three-dimensional
images were acquired from the skull base to the upper thigh using
a Discovery ST PET/CT scanner (GE Healthcare). CT was
performed first, from the head to the upper thigh, with 140 kV,
80 mA, and a 5-mm section thickness, which matched the PET
section thickness. Immediately after the CT scan, a PET scan was
obtained that covered the identical transverse field of view with an
acquisition time of 3 min per table position. PET image datasets
were reconstructed iteratively (ordered-subsets expectation max-
imization algorithm) using CT data for attenuation correction.
Coregistered images were displayed on a workstation (Xeleris; GE
Healthcare), with 3-dimensional representation as well as axial,
coronal, and sagittal slices.

Image Interpretation and Quantitative Measurements

All '8F-FDG PET/CT scans were interpreted independently by
2 experienced nuclear medicine physicians. The physicians were
unaware of the findings of other imaging studies, including
nuclear and conventional morphologic imaging. Visual and quan-
titative analyses were individually graded for each tumor. In
pheochromocytomas, '8F-FDG uptake was compared qualitatively
between the tumor and the liver. The PET/CT finding was
considered positive if '8F-FDG uptake looked markedly higher
in the adrenal tumor than in the liver and negative if '3F-FDG
uptake in the adrenal tumor looked less than, the same as, or
slightly higher than that in the liver. In paragangliomas, the !8F-
FDG PET finding was considered positive if '8F-FDG uptake was
markedly higher in the tumor than in the surrounding normal
tissue.

A region of interest was drawn on the tumor. Activity counts in
the regions of interest were normalized to injected doses per
kilogram of patient body weight (maximum standardized uptake
value [SUVmax]). We then measured SUVmax in the region of
interest on the PET images.

Statistical Analysis

SUVmax (assessed from the most avid focus, one per patient)
was compared between tumor groups using the Wilcoxon signed-
rank test (SPSS software, version 15.0 [SPSS Inc.], for Win-
dows). A P value of less than 0.05 was considered statistically
significant.

RESULTS

Nonmetastatic Tumors

All but 2 tumors had an increased '8F-FDG uptake on
visual analysis. SUVmax ranged from 1.9 to 42 (mean *
SD, 8.1 £ 9.7; median, 4.6).
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TABLE 1. Patient and Tumor Characteristics

Patient
no.

~NOoO OB~ WN =

(o]

11

12

13

14
15

16
17
18
19
20
21
22
23
24
25

26
27

28

Initia
presentation
Pheo
Pheo
Pheo
Pheo
Pheo
Ab PGL
Ab PGL

Pheo

Pheo

Pheo

Pheo + PGL
Ce PGL

Pheo

Pheo + PGL
Pheo

Pheo
Pheo
Pheo
Pheo
Pheo
Pheo
Pheo
Pheo
PGL

PGL

Pheo
PGL

Pheo

Indication
Initial staging
Initial staging
Initial staging
Initial staging
Initial staging
Initial staging
Initial staging
Initial staging
Initial staging
Recurrence
Initial staging
Initial staging

Recurrence

Recurrence
Initial staging

Initial staging
Initial staging
Recurrence
Recurrence
Recurrence
Recurrence
Recurrence
Recurrence
Recurrence

Recurrence

Initial staging
Recurrence

Initial staging

Age
Sex (y)
F 58
F 30
M 38
M 30
F 26
M 64
F 52
F 30
M 34
M 25
M 34
M 67
M 70
M 56
M 36
M 51
M 45
M 35
F 61
M 75
F 32
M 34
M 43
M 78
F 59
M 63
M 38
M 34

Final

status
Unifocal
Unifocal
Unifocal
Unifocal
Unifocal
Unifocal
Unifocal

Unifocal

Unifocal

Multifocal

Multifocal

Multifocal

Multifocal

Multifocal
Multifocal

Unifocal
Unifocal
Multifocal
Metastatic
Metastatic
Metastatic
Metastatic
Metastatic
Metastatic

Metastatic

Metastatic
Metastatic

Metastatic

18F-FDG
PET foci
Adrenal
Adrenal
Adrenal
Adrenal
Adrenal
Ab PGL
Ab PGL

Adrenal
Adrenal
Adrenal, ab
PGL (renal
pedicle)
Ab and ce
PGL (gl)
Ce PGL
(gl + vagal)
Ce PGL (gl)

Ab PGL

Adrenal
(bilateral)

Adrenal

Adrenal

Adrenal

Lung, me,
carcinosis

Adrenal, Lung,
me, liver, LN

Lung, liver,
bone

Liver, bone

Lung, liver, LN
Ab PGL, bone

Lung, LN,
Bone
Adrenal, Bone
Ab and ce
PGL, LN
Adrenal, Bone

VA SUVmax
Pos S5
Pos 12
Pos 11
Neg 2.1
Pos 9.5
Pos 4.5
Pos 5.7
Pos 3.8
Pos 42
Pos 6
Pos 21
Pos 815
Pos 5.8
Pos 3.9
Pos 3.7
Pos 4.7
Neg 1.9
Pos 2
Pos 4.5
Pos 13.3
Pos 2.3
Pos 9.9
Pos &8
Pos 7
Pos &
Pos 7.8
Pos 29.3
Pos 17

Molecular
imaging
technique

MIBG

MIBG

FDOPA

MIBG, FDOPA

MIBG

MIBG

MIBG, FDOPA,
SRS

FDOPA

MIBG

MIBG, FDOPA,
SRS

MIBG, FDOPA,
SRS
SRS, FDOPA

MIBG, FDOPA,
SRS

MIBG

MIBG

MIBG
MIBG, FDOPA
MIBG
MIBG, FDOPA

MIBG, FDOPA
MIBG, FDOPA

MIBG, FDOPA,
HMDP
MIBG, FDOPA,
HMDP
MIBG, FDOPA,
HMDP
MIBG, FDOPA,
HMDP, SRS
MIBG, FDOPA
MIBG, FDOPA

MIBG, HMDP

Additional foci
on '8F-FDG
PET, compared
with. . .*

ND
ND
No (=)
No (<)
ND
ND
No (=)

No (=)

ND
ND
No (=)

Yes Yes

No (=) No (=)
No (=) No (=)

ND
ND

Yes
No (=)

No (=) ND
No (=) No (<)
No (=) ND
Yes No (=)

Yes Yes

Yes No (<)
No (<) No (<)
Yes No (<)
Yes Yes
Yes No (<)

Yes
Yes

No (<)
Yes

Yes ND

Germline
SPECT FDOPA mutation

Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
SDHB
VHL
SDHD
Absent
SDHB

ND
Absent

NF1

NF1

RET

Absent
Absent
Absent
Absent
Absent
Absent
Absent

ND
SDHB

SDHB

VA = visual analysis; FDOPA = 6-'8F-fluorodopa PET; pheo = pheochromocytoma; pos = positive; MIBG = 131|-MIBG; ND = not
done; ab = abdominal; PGL = paraganglioma; SRS = somatostatin receptor scintigraphy; ce = cervical; gl = glomic; neg = negative;
RET = RET protooncogene; me = mediastinal; LN = lymph node; HMIDP = ®®mTc-HMDP; HMDP = hydroxymethylenediphosphonate.

*Comparison between '8F-FDG PET and SPECT ('3'|-metaiodobenzylguanidine [MIBG] or SRS) and 6-'8F-fluorodopa PET studies in
terms of number of tumor sites. = indicates equivalent number of tumor sites on '8F-FDG PET; < indicates lower number of tumor sites
on '8F-FDG PET; > indicates higher number of tumor sites on '8F-FDG PET.

The first false-negative result corresponded to a pheo-
chromocytoma with a 12-mm diameter and a SUVmax
ratio (tumor to liver) of 1.2 (patient 4). The second false-
negative result (SUVmax of 1.9 and ratio of 1.3) corre-
sponded to a 15-mm-diameter NF1-associated mixed neoplasm
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composed of a combined pheochromocytoma and ganglio-
neuroma (patient 17). Interestingly, both tumors had neg-
ative '3'I-metaiodobenzylguanidine findings but were
positive on 6-'8F-fluorodopa PET. The other tumors had
positive '3F-FDG PET findings, including a 10-mm MEN-
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2A-related pheochromocytoma (patient 18). In patient 12,
despite the large volume of the glomic paraganglioma and
in comparison with a unifocal pheochromocytoma, SUV-
max was lower than expected. In patient 11 (SDHD-
positive), the SUVmax was higher in the abdominal foci
than in the neck, 21 versus 8.1, respectively. Compared
with 13![-metaiodobenzylguanidine scanning and 6-'8F-
fluorodopa PET, '8F-FDG PET identified additional lesions
in 3 and 1 patients, respectively, with multifocal disease.
Some examples are illustrated in Figure 1.

Metastatic Tumors

All patients had positive '8F-FDG PET findings. The
SUVmax ranged from 2.3 to 29.3 (mean * SD, 9.7 * 8.4;
median, 7.4) (Figs. 1 and 2). Compared with !'3'I-meta-
iodobenzylguanidine scanning, '|F-FDG PET identified
additional tumor sites in all patients but one. By contrast,
I8F.FDG PET underestimated the extent of the disease,
compared with 6-!'3F-fluorodopa PET, in 5 patients with
metastatic pheochromocytoma (patients 21, 22, 23, 25, and
26) (Fig. 3). These tumors corresponded to the most
differentiated lesions on the basis on the molecular imaging
procedures performed.

Comparison of ®F-FDG Uptake Between Tumors

All but 2 patients had significantly increased '8F-FDG
uptake on visual analysis without a statistical difference in
SUVmax between nonmetastatic tumors (presumed benign)
and metastatic tumors (P = 0.44) (Fig. 4). Interestingly,
SDH-related tumors were notable in being the most '3F-
FDG-avid tumors (SUVmax, 42, 29.3, 21, 17, and 5.3).
SDH- and VHL-related tumors had a significantly higher

FIGURE 1. (A) Cervical paraganglioma
(patients 13 and 12): Patient 13 is SDHB
patient with right glomic paraganglioma
(arrow), as seen on coronal '8F-FDG
PET (left) and fusion imaging (middle).
Patient 12 has bilateral cervical para-
ganglioma, as seen on coronal '8F-FDG
PET (right). (B) Left pheochromocytoma
(patient 3), as seen on axial '8F-FDG
PET (top) and fusion imaging (bottom).
(C) Abdominal nonmetastatic tumors
(patients 7 and 10): Patient 7 has
abdominal right paraganglioma, as seen
on coronal 8F-FDG PET (left). Patient
10 is VHL patient with left pheochromo-
cytoma (top right) and paraganglioma at
left renal hilum (bottom right), as seen
on axial fusion imaging. (D) Metastatic
pheochromocytoma (patients 19 and 28):
Patient 19 has recurrent pheochromo-
cytoma, as seen on maximum-intensity-
projection image (left). Patient 28 is
SDHB patient with metastatic pheo-
chromocytoma, as seen on maximum-
intensity-projection image (right).
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SUVmax than did tumors related to NF1 and MEN-2A
syndromes (P = 0.02).

Somatic Mutation Analyses
No somatic mutations of the SDHB, SDHD, or VHL
genes were detected in tissue samples.

DISCUSSION

Our series of 28 patients had just 2 tumors without
significant '8F-FDG uptake on visual analysis. In keeping
with previous reports, we confirm that '8F-FDG PET adds
value to other molecular imaging techniques in some cases
of multifocal or metastatic disease (6-8). We strongly
recommend that '8F-FDG PET be performed in cases of
metastatic or non—SDH-related tumors.

It is noteworthy that, even in benign tumors, SUVmax
was as high as is usually observed in primary or secondary
malignant adrenal tumors (/5). We are unaware of any
other benign tumor with such high levels of glucose uptake.
In one of the negative (on visual imaging) '8F-FDG PET
patients, the tumor demonstrated nonclassic clinicopatho-
logic features, with a mixed pheochromocytoma and
ganglioneuroma neoplasm in the context of an NF1-related
tumor.

Paragangliomas, because they derive from neuroectoder-
mal cells, would be expected to share a functional glucose-
metabolic pattern in common with active neurons. However,
in contrast to normal cerebral cortex, normal adrenal glands
are rarely visualized by PET despite the 4- to 6-mm spatial
resolution achieved with the bismuth germanate-based GE
Discovery ST PET/CT scanner.

Although we concur with the view of Timmers et al. (6)
that in cases of metastatic disease '8F-FDG PET should be
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FIGURE 2. Metastatic SDHB-related pheochromocytoma
(patient 27): multiple abdominal paraganglioma seen on axial
CT (top), axial 6-'8F-fluorodopa PET (middle), and axial '8F-FDG
PET (bottom) (A); 6-'8F-fluorodopa PET (coronal whole-body
axial images) (B); and '8F-FDG PET (coronal whole-body
axial images) (C). Compared with 6-'8F-fluorodopa PET, 18F-
FDG PET detected additional tumor sites and '8F-FDG PET
avidity was higher (arrow).

considered a marker of functional dedifferentiation, func-
tional dedifferentiation alone does not explain '®F-FDG
uptake in all cases because benign pheochromocytomas are
highly '8F-FDG-avid. Indeed, the series of Timmers et al.
included SDHB-related tumors, in which such mutations
can participate in the metabolic reprogramming that is
known to occur in tumor cells.

Our findings and data from the related literature may
support 2 additional alternative explanations: that an early
metabolic switch related to genetic defects occurs (pseudo-
hypoxia model) or that an adaptive response to hypoxia
occurs. These possibilities would explain why the '®F-FDG
avidity of pheochromocytomas and paragangliomas seems
to be different from that of other neuroendocrine tumors, in
which 18F-FDG uptake tends to be related to dedifferenti-
ation and aggressiveness, such as in thyroid cancers and
endocrine pancreatic tumors.

We hypothesize that the amount of glucose uptake in
chromaffin-derived tumors results from the severe impair-
ment of oxidative phosphorylation in tumor cells. One
theory that links pheochromocytomas and increased !8F-
FDG uptake is based on a pseudohypoxia model. In support
of this theory is the fact that these tumors are also highly
vascularized—a hallmark of a hypoxic response. Some
pheochromocytomas are caused by a germline mutation in
VHL or SDH tumor suppressor genes (SDHB, SDHC, and

ISE_.FDG PET N CHROMAFFIN-DERIVED TuMoRs * Taieb et al.

FIGURE 3. Metastatic sporadic pheochromocytoma (pa-
tient 23): 6-'8F-fluorodopa PET maximume-intensity-projection
image (A), '8F-FDG PET maximum-intensity-projection image
(B), attenuation-uncorrected 6-'8F-fluorodopa PET coronal
image (C), and attenuation-uncorrected '8F-FDG PET coronal
image (D). Compared with 6-'8F-fluorodopa PET, '8F-FDG
PET underestimated extent of disease.

SDHD) (16). The pseudohypoxia model implies a link
between inactivation of SDH and VHL and induction of a
hypoxic response under normal oxygen conditions (/7), a
response mediated by the oxygen-regulated transcription
factor hypoxia-inducible factor la. Under normal oxygen
conditions, hypoxia-inducible factor la is rapidly degraded
by the ubiquitin-proteasome system, which is mediated by
the VHL-E3 ubiquitin ligase pathway. In addition, VHL
recognizes hypoxia-inducible factor la only after prolyl
hydroxylations by a family of dioxygenases, termed prolyl
hydroxylase domain proteins, that use oxygen as a cosub-
strate. Thus, VHL inactivation or prolyl hydroxylase do-
main protein inhibition could lead to the stabilization of
hypoxia-inducible factor 1a, which in turn activates target
glycolytic enzyme genes and inhibits the tricarboxylic acid
cycle. SDH mutations have been reported to inhibit prolyl
hydroxylase domain proteins via an overproduction of
reactive oxygen species and an accumulation of succinate
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FIGURE 4. Comparison of SUVmax between nonmetastatic
and metastatic tumors. Distributed values of SUVmax are
represented. Mean SUVmax was not significantly different
between tumors (P = 0.44). SDHB-related tumors were notable
in being most '8F-FDG-avid tumors (SUVmax, 42,29.3, 21, and
17).

(18,19). This report would explain what occurs in tumors
that carry mutations in VHL or SDH genes. New genetic
defects involved in paraganglioma that potentially modu-
late tumor metabolism need to be identified (20-22).
However, genetically predisposed pheochromocytomas
do not occur in all patients, and somatic mutations are
uncommon in such tumors (23,24). In our series, no
somatic mutation was found in unifocal, sporadic disease.
Furthermore, all but one patient without any germinal
mutation had increased '8F-FDG, and glucose avidity was
as intense in benign pheochromocytomas as in multifocal
benign disease, which is at a higher risk of being associated
with predisposing genetic events. However, there remain
familial clusters of pheochromocytomas for which the
primary genetic mutation has not yet been identified, the
implication being that unknown potential genes involved in
glucose metabolism could have been mutated in our pa-
tients (25,26). Furthermore, posttranslational protein mod-
ifications such as impairment in alternative splicing or
variation in protein expression or activities are also possible
and require evaluation in further basic science research (27).
Another hypothesis to explain such an SUVmax in
pheochromocytomas is that a high rate of glycolysis is
advantageous to tumor growth in this particular microen-
vironment. It has been well described that, as in our patient
15, pheochromocytomas can be associated with hemor-
rhagic remodeling caused by ischemia. The preferential
use of glycolysis by tumor cells may provide cells with a
competitive advantage under conditions of hypoxia (28).
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Even if '8F-FDG does not correlate with secretory status, it
is remarkable that some pheochromocytomas exhibit such
a high SUVmax. We also know that catecholamine tonus
fluctuates both quantitatively and qualitatively in pheo-
chromocytomas. Thus, pheochromocytomas can survive
and thrive in conditions of fluctuating oxygen tension
resulting from unstable blood vessel hemodynamics that
would be lethal for tumor cells relying on oxidative
phosphorylation alone to generate adenosine triphosphate (2).

CONCLUSION

The present study highlights the relationship between
genotype-specific metabolite analysis in paraganglioma and
functional imaging characteristics. We found that '8F-FDG
uptake is remarkably common in pheochromocytomas and
paragangliomas and should be considered a new molecular
imaging hallmark. The metabolic pattern is probably com-
plex and most likely involves dedifferentiation (in meta-
static patients), specific genetic defects (in inherited forms),
and adaptive responses to hypoxia (in sporadic pheochro-
mocytomas). Further basic science studies and imaging
research using tumor hypoxia imaging tracers are needed
before conclusions can be drawn about the exact mecha-
nisms responsible.
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