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Context: Pheochromocytomas (PHEOs) and paragangliomas (PGLs) may be better detected by
18F-fluorodihydroxyphenylalanine-positron emission tomography (FDOPA-PET) than 123I-metaiodo-
benzyl-guanidine (123-I-MIBG) scintigraphy.

Objective: The objective of the study was to correlate functional imaging results with immuno-
histochemical, molecular-genetic, and biochemical findings.

Design and Setting: Thirty consecutive patients with suspected PHEO/PGL presenting at a tertiary
referral centre were investigated in a prospective study.

Patients: Twenty-five patients had confirmed PHEO/PGL. Thirteen of 25 patients had a hereditary
PHEO/PGL syndrome (two multiple endocrine neoplasia II, six succinate dehydrogenase complex,
subunit D, two succinate dehydrogenase complex, subunit B, one von Hippel Lindau tumor sup-
pressor protein, two Neurofibromatosis-1), and 12 of 25 were classified as sporadic. Five patients
had hormonally inactive adrenal incidentalomas.

Main Outcome Measures: In all patients computed tomography scan and/or magnetic resonance
imaging as well as both 123-I-MIBG scintigraphy and FDOPA-PET were performed. Resected tumors
were examined by immunohistochemistry for expression of the vesicular monoamine transporter
(VMAT)-1 and -2 and other markers.

Results: A total of 64 lesions were found with both functional imaging modalities. FDOPA-PET de-
tected 62 lesions, whereas only 34 lesions were detected by 123-I-MIBG scintigraphy. This resulted in an
overall sensitivity and specificity for FDOPA-PET of 98 and 100% and for MIBG of 53 and 91%, respec-
tively. Comparable sensitivities were found for adrenal and extraadrenal abdominal lesions (94 vs.
97%),whereas inthoracic/cervical lesions, thesensitivity for123-I-MIBGscintigraphy(15%)was inferior
to that of FDOPA-PET imaging (100%). Immunohistochemistry demonstrated a lack of VMAT-1 ex-
pression in all MIBG-negative tumors. Clinical predictors for MIBG negativity were a predominant
norepinephrine/normetanephrine secretion, an age less than 45 yr, and a hereditary cause.

Conclusion: FDOPA-PET is superior to 123-I-MIBG scintigraphy in patients with extraadrenal, pre-
dominantly noradrenaline-secreting, and hereditary types of PHEO/PGL. The lack of VMAT-1 ex-
pression predicts negativity for MIBG-scintigraphy. (J Clin Endocrinol Metab 95: 2800–2810, 2010)
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Pheochromocytomas (PHEOs) are rare tumors arising
from chromaffin cells of adrenal medullary or ex-

traadrenal paraganglionic tissue. The World Health Or-
ganization classification of endocrine tumors defines a
pheochromocytoma as an intraadrenal paraganglioma
(PGL), whereas closely related tumors of extraadrenal
sympathetic or parasympathetic paraganglia are classified
as extraadrenal PGLs. Extraadrenal sympathetic PGLs are
most frequently found in the abdomen and pelvis and to a
lesser extent in the thorax, whereas parasympathetic PGLs
are predominantly located in the head and neck region
(1–3). In contrast to parasympathetic PGLs, which rarely
synthesize significant amounts of catecholamines, PHEOs
and extraadrenal sympathetic PGLs produce and secrete
catecholamines and their metabolites.

Up to 25% of patients with PHEO or PGL are carriers of
germline mutations of one of the four so far known genes
predisposing for hereditary, usually multifocal PHEOs and
PGLs like the RET-, VHL-, NF-1- or SDHx gene (4, 5). Be-
cause there are no clinical, imaging, or laboratory criteria
safely predicting multiplicity and/or malignancy in these tu-
mors, all patients with biochemically confirmed PHE/PGL
should be screened for metastatic disease or multiple tumors.
The localization of PHEO/PGL is generally performed by
computed tomography (CT) or magnetic resonance imaging
(MRI), which show a good sensitivity for detecting these
tumors but lack the specificity required to unequivocally
identify a mass as a PHEO or PGL. Although a generally
accepted and cost-effective approach for the diagnostic lo-
calization of PHEO/PGL has yet to be established, there is
clear agreement that functional imaging is useful to detect
multifocal or metastatic disease (6).

Up to now, 123-I-metaiodobenzylguanidine (MIBG)
scintigraphy is the standard functional imaging procedure
to detect multifocal PHEOs or PGLs (7). MIBG is a
guanethidine analog resembling norepinephrine. It is
takenupby sympathomedullary tissuevia thenorepineph-
rine transporter (NET) and deposited in storage granules,
which is mediated by the vesicular monoamine transport-
ers (VMAT) types 1 and 2 (8). Thus, the expression of
vesicular monoamine transporters is assumed to be a pre-
requisite for functional imaging. Recently the expression
of both VMATs has been demonstrated in normal adrenal
medulla and pheochromocytomas (8, 9).

123-I-MIBG scintigraphy has been widely used for
more than 25 yr and has a reported sensitivity of approx-
imately 83–100% and a specificity of 85–100%. How-
ever, 123-I-MIBG scintigraphy has several major disad-

vantages. It has a low spatial resolution, long duration of
the procedure (48 h), necessity to block thyroid accumu-
lation, interference with medications, and a significant
tracer-uptake in the normal adrenal medulla (8). Recently
published data indicate that its sensitivity is far less than
previously reported, especially for the detection of extraa-
drenal or metastatic disease, in which the sensitivities do
not exceed 65%. Additionally, with the distinction of spo-
radic and hereditary PHEO syndromes, 123-I-MIBG scin-
tigraphy was found to have a highly variable positivity in
a subset of pheochromocytoma patients (8, 10, 11). There-
fore, new radiotracers, in particular for positron emission
tomography (PET), have been developed. Recently the
18F-labeled catecholamine fluorine-18-fluorodopamine
(18F-FDA) and the catecholamine precursor fluorine-18-
dihydroxyphenylalanine (18F-FDOPA) have been used as
PET tracers for imaging of neuroendocrine tumors, espe-
cially PHEOs and PGLs (12–15).

These compounds have been developed based on the ca-
pability of neuroendocrine cells for specific uptake and sub-
sequent decarboxylation of amino acids. DOPA can be de-
carboxylated to dopamine by the enzyme L-amino acid
decarboxylase, which is strongly expressed in neuroendo-
crine cells and shows high affinity to 18F-FDOPA. After de-
carboxylationof18F-FDOPAto18F-FDA, it is transportedto
and stored in intracellular vesicles in which it can be visual-
ized for imaging purposes (16). The advantages of this tech-
nique are a quick performance within 2 h, a superior spatial
resolution, no interference with medications, and in general
no relevant physiological tracer uptake in normal adrenal
medulla (at least for 18F-FDOPA). Several smaller studies
showedanexcellent sensitivityequivalentorsuperior to123-
I-MIBG scintigraphy in patients with known or suspected
benignandmalignantPHEOsandPGLs (17–20). It hasbeen
suggested that 18F-FDA PET or 18F-FDOPA-PET might be a
superior functional imaging modality in patients with adre-
nal PHEOs associated with the von Hippel-Lindau syn-
drome and patients with extraadrenal PGLs associated with
mutations in the SDHD gene (21, 22).

In a recently published larger prospective study in 48 pa-
tients with proven catecholamine excess, FDOPA-PET was
superior to both 123-I-MIBG scintigraphy and CT/MRI for
the localization of catecholamine-producing tumors (23).
However, in this study almost exclusively adrenal PHEOs
and no relevant number of extraadrenal tumors have been
investigated. Additional shortcomings of all the aforemen-
tioned studies are the lack of a histological verification of the
investigated lesions. Furthermore, nothing is known so far
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about the molecular basis of the different sensitivities of
FDOPA-PET and 123-I-MIBG scintigraphy found in pa-
tients with sporadic and hereditary PHEOs or PGLs.

The aim of this prospective study was therefore to com-
pare the sensitivity and specificity of FDOPA-PET with that
of 123-I-MIBG scintigraphy in a series of patients with spo-
radic and familial PHEOs/PGLs of different locations and
the functional imaging results with clinical, immunohisto-
chemical, molecular genetic, and laboratory parameters.

Subjects and Methods

Subjects
For biochemical evaluation, 24-h urinary fracA total of 30 con-

secutive patients (16 female, 14 male) with biochemical catechol-
amine excess (n � 24), proven hereditary PHEO/PGL syndrome
(n � 1), or an adrenal incidentaloma greater than 5 cm (n � 5) who
presented at the outpatient clinic of the university medical center
Mainz between January 2005 and June 2007 were included in this
study. Twenty-four patients had increased catecholamine secretion
(elevated 24 h urinary free meta-/normetanephrines and/or 24 h
urinary epinephrine, norepinephrine, and dopamine levels in at
least one of three consecutive 24 h urine samples), and one patient
was previously diagnosed having a mutation in the SDHD
gene after molecular-genetic counseling of an affected family
member with consecutive mutation screening (without bio-
chemical catecholamine excess). Twenty-five patients (15
male, 10 female) had histologically confirmed PHEO/PGL. Thir-
teen patients had hereditary PHEO/PGL syndromes [two multiple
endocrine neoplasia (MEN) II, six succinate dehydrogenase com-
plex, subunit D (SDHD), two succinate dehydrogenase complex,
subunit B (SDHB), one von Hippel Lindau tumor suppressor pro-
tein (VHL), two Neurofibromatosis-1 (NF)-1, mean age 39.5 yr];
theremaining12(meanage44.1yr)wereclassifiedassporadic.Five
patients with biochemically excluded diagnosis of pheochromocy-
toma had an adrenal incidentaloma greater than 5 cm and served as
controls.Histologicalanalysis revealedadrenocorticaladenomas in
all cases.

After biochemical evaluation, all patients were further inves-
tigated using both 123-I-MIBG scintigraphy and FDOPA-PET,
respectively. In all patients with a detected lesion by functional
imaging (n � 26), the respective body region was additionally
examined with MRI or CT scan, and images were correlated with
functional imaging results. In case of a proven catecholamine
excess and/or a positive functional imaging procedure (n � 26)
or in case of an adrenal incidentaloma with a size greater than 5
cm (n � 5), the patients underwent surgical removal of the tu-
mor. All surgically removed tumors were examined for expres-
sion of the VMAT-1 and -2, tyrosine hydroxylase (TH), chro-
mogranin A, synaptophysin, and KI-67. Imaging results were
correlated with immunohistochemical, molecular-genetic, and
biochemical findings (see Table 1). The study was performed
according to the guidelines of the local ethical committee and all
patients or their legal representatives gave written informed
consent.

123-I-MIBG scintigraphy and FDOPA-PET imaging
Medication known to interfere with 123I-MIBG scintigraphy

was withdrawn and patients received 250 MBq 123I-MIBG after

thyroid blocking with perchlorate (300 mg twice a day). For
�-imaging a triple-head camera (IRIX; Philips, Cleveland, OH)
was used, and anterior and posterior body scans were performed
4 and 24 h after injection with a 256- � 1024-pixel matrix; for
comparison with CT scans additional single photon emission
computed tomography data were acquired at the same time
points: 120 views per three, 45 sec/view, 128 � 128 matrix,
iterative reconstruction. PET imaging was done with the ECAT
EXACT 922 scanner (Siemens/CTI, Knoxville, TN) in three-
dimensional mode starting 60–80 min after the injection of 238
MBq (range 160–253 MBq) 18F-DOPA with attenuation cor-
rection: six to eight bed positions of 6 min emission and 2-min
transmission scans. Images were reconstructed by ordered subset
expectation maximization algorithm with two iterations and
eight subsets on a Sun workstation using ECAT standard
software.

For both imaging modalities, adrenal uptake and extraadre-
nal nonphysiological lesions were compared with physiological
liver uptake. A lesion was considered to be positive if its tracer
uptake exceeded that of the liver. Imaging interpretation was
performed by one experienced nuclear medicine physician,
blinded for any other clinical or biochemical information. Inter-
pretation of 123-I-MIBG scintigraphy and FDOPA-PET scans
was performed during separate reading sessions.

CT/MRI
All lesions found with functional imaging underwent CT or

MRI imaging before surgical removal to determine the appro-
priate surgical procedure. CT or MRI was chosen depending on
the body region to be examined and individual patient require-
ments or based on the preference of the treating physician and the
surgeon. CT examinations were performed using a multislice
scanner, both before and after administration of iv contrast
agent. MRI examination was performed on a 1.0 Tesla scanner
using T1- and T2-weighted sequences, including series after ad-
ministration of an iv contrast agent. Reconstructed slice thick-
ness varied between 2 and 10 mm.

Biochemical markers
For biochemical evaluation, 24-h urinary fractionated meta-

nephrines/normetanephrines were determined. Urinary fraction-
ated metanephrines (reference range 20–345 �g/d) and normeta-
nephrines (reference range30–440 �g/d) andserumchromogranin
A (CgA; reference range �98 ng/ml) were analyzed by RIAs [Met-
CombiRIA(urine), IBLInternationalGmbH,Hamburg,Germany;
CGA-RIA CT, Cis Bio International, Sorgues, France].

Immunohistochemistry
Immunohistochemical analysis was performed as described

previously (24). Briefly, serial tissue sections from formalin-fixed
paraffin specimens were stained with hematoxylin and eosin and
for immunohistochemical analysis with the following antibod-
ies: CgA LK 2H10 (Boehringer, Mannheim, Germany) 1:200,
mouse monoclonal; Synaptophysin M0010 (Dako, Hamburg,
Germany), 1:50; rabbit polyclonal VMAT1 [PNAS 93:5166–
5171 (29)], 1:3000; rabbit polyclonal VMAT2, 0182 [PNAS
93:5166–5171 (29)]; 1:3000 rabbit polyclonal TH, 2/40/15
(Boehringer) 1:80, mouse monoclonal. Deparaffinized tissue sec-
tions were rehydrated and subjected to heat-induced epitope re-
trieval procedures as described previously. After blocking with
nonimmune serum, the sections were incubated with the primary

2802 Fottner et al. Functional Imaging of Pheochromocytomas and Paragangliomas J Clin Endocrinol Metab, June 2010, 95(6):2800–2810

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/95/6/2800/2598501 by guest on 20 August 2022



TA
B

LE
1.

C
lin

ic
al

an
d

im
m

un
oh

is
to

ch
em

ic
al

ch
ar

ac
te

ris
tic

s
of

25
pa

tie
nt

s
w

ith
hi

st
ol

og
ic

al
ly

pr
ov

en
PH

EO
s

an
d

PG
Ls

Pa
ti

en
t

A
g

e
(y

r)
G

en
d

er
G

en
et

ic
s

Tu
m

o
r

ty
p

e
Si

ze
/l

es
io

n
s

(c
m

/n
)

M
et

as
ta

si
s

C
lin

ic
al

ev
al

u
at

io
n

H
is

to
lo

g
ic

al
ev

al
u

at
io

n

Se
ru

m
C

g
A

(�
U

LN
)

M
et

an
ep

h
ri

n
e

(�
U

LN
)

N
o

rm
et

an
ep

h
ri

n
(�

U
LN

)
M

IB
G

FD
O

PA
-P

ET
V

M
A

T-
1

V
M

A
T-

2
TH

C
g

A
Sy

n
K

I-
67

1
57

�
Sp

or
ad

ic
PH

EO
2.

0,
2

�
19

36
(1

9.
76

)
12

00
(3

.4
8)

15
61

(3
.5

5)
Po

s.
Po

s.
6�

6�
6�

6�
6�

10
%

2
48

�
Sp

or
ad

ic
PH

EO
5.

6
�

10
61

(1
0.

83
)

12
00

(3
.4

8)
42

00
(9

.5
5)

Po
s.

Po
s.

5�
6�

6�
6�

6�
2%

3
39

�
Sp

or
ad

ic
PH

EO
6.

0
�

27
7

(2
.8

3)
30

00
(8

.7
0)

25
6

(9
.6

7)
Po

s.
Po

s.
6�

6�
6�

6�
6�

2%
4

26
�

Sp
or

ad
ic

PH
EO

5.
3

�
12

0
(1

.2
2)

12
96

8
(3

7.
59

)
10

56
0

(2
4.

0)
Po

s.
Po

s.
6�

6�
6�

6�
6�

2%
5

66
�

Sp
or

ad
ic

PH
EO

2.
8

�
24

6
(2

.5
1)

10
3

(0
.3

0)
58

9
(1

.3
4)

Po
s.

Po
s.

6�
6�

6�
6�

6�
2%

6
41

�
Sp

or
ad

ic
PH

EO
4.

0
�

95
(0

.9
7)

58
0

(1
.6

8)
68

75
(1

5.
63

)
N

eg
.

Po
s.

1�
6�

6�
6�

6�
2%

7
41

�
Sp

or
ad

ic
PH

EO
8.

0,
7

�
69

97
(7

1.
40

)
39

30
(1

1.
39

)
97

05
(2

2.
06

)
Po

s.
Po

s.
6�

6�
n.

a.
n.

a.
6�

n.
a.

8
52

�
Sp

or
ad

ic
PH

EO
4.

0
�

14
10

(1
4.

39
)

17
7

(0
.5

1)
26

18
(5

.9
5)

N
eg

.
Po

s.
1�

6�
6�

1�
6�

5%
9

28
�

Sp
or

ad
ic

PH
EO

7.
0

�
17

98
(1

8.
35

)
22

00
(6

.3
8)

34
49

(7
.8

4)
Po

s.
Po

s.
5�

6�
6�

6�
6�

2%
10

48
�

Sp
or

ad
ic

PH
EO

4.
0

�
14

1
(1

.4
4)

18
01

(5
.2

)
12

48
(2

.8
4)

Po
s.

Po
s.

6�
6�

6�
6�

6�
�

2%
11

36
�

Sp
or

ad
ic

PH
EO

5.
0

�
21

4
(2

.1
8)

10
92

(3
.1

7)
15

60
(3

.5
5)

Po
s.

Po
s.

6�
6�

6�
6�

6�
2%

12
47

�
Sp

or
ad

ic
PH

EO
6.

0,
6

�
38

1
(3

.8
9)

11
11

(3
.2

2)
18

45
(4

.1
9)

Po
s.

Po
s.

6�
6�

6�
6�

6�
10

%
13

66
�

M
EN

IIa
PH

EO
3.

0
�

19
8

(2
.0

2)
14

86
(4

.3
1)

12
50

(2
.8

4)
Po

s.
Po

s.
6�

6�
6�

6�
6�

2%
14

38
�

M
EN

IIa
PH

EO
4.

0
�

15
4

(1
.5

7)
51

2
(1

.4
8)

88
8

(2
.0

2)
Po

s.
Po

s.
6�

6�
6�

6�
6�

1%
15

28
�

V
H

L
Bi

la
te

ra
lP

H
EO

7.
0,

2
�

16
9

(1
.7

2)
53

(0
.1

5)
15

84
(3

.6
0)

Po
s.

Po
s.

6�
6�

6�
6�

6�
2%

16
57

�
N

F-
1

PH
EO

3.
5,

2
�

15
8

(1
.6

1)
57

1
(1

.6
6)

85
5

(1
.9

4)
Po

s.
Po

s.
6�

6�
6�

6�
6�

5%
17

52
�

N
F-

1
PH

EO
2.

0
�

13
2

(1
.3

5)
55

2
(1

.6
0)

16
19

(3
.6

8)
Po

s.
Po

s.
6�

6�
6�

6�
6�

2%
18

45
�

SD
H

D
Bi

la
te

ra
lP

H
EO

2.
5,

2
�

13
0

(1
.3

3)
94

(0
.2

7)
15

11
(3

.4
3)

Po
s.

Po
s.

6�
6�

6�
5�

6�
2%

19
46

�
SD

H
D

PG
L

(t
ho

ra
ci

c/
ce

rv
ic

al
)

3.
0,

4
�

48
(0

.4
9)

44
1

(1
.2

8)
48

3
(1

.1
0)

N
eg

.
Po

s.
1�

6�
0

1�
6�

2%
20

29
�

SD
H

D
PG

L
(t

ho
ra

ci
c/

ce
rv

ic
al

)
2.

0,
6

�
35

(0
.3

6)
11

6
(0

.3
4)

19
2

(0
.4

4)
N

eg
.

Po
s.

1�
6�

0
3�

6�
4%

21
43

�
SD

H
D

PG
L

(t
ho

ra
ci

c/
ce

rv
ic

al
)

4.
0,

4
�

70
(0

.7
1)

14
4

(0
.4

2)
59

0
(1

.3
4)

N
eg

.
Po

s.
1�

6�
0

1�
6�

2%
22

28
�

SD
H

D
PH

EO
�

PG
L

(e
xt

ra
ad

r.
ab

d.
)

3.
4,

5
�

20
8

(2
.1

2)
39

8
(1

.1
5)

48
32

(1
0.

98
)

Po
s.

N
eg

.
6�

6�
6�

6�
6�

�
2%

23
14

�
SD

H
D

PG
L

(e
xt

ra
ad

r.
ab

d.
)

3.
0,

4
�

21
3

(2
.1

7)
32

6
(0

.9
4)

11
14

(2
.5

3)
Po

s.
Po

s.
6�

6�
6�

6�
6�

2%
24

30
�

SD
H

B
PG

L
(e

xt
ra

ad
r.

ab
d.

)
2.

3,
4

�
54

7
(5

.5
8)

29
9

(0
.8

7)
44

51
(1

0.
12

)
Po

s.
Po

s.
6�

6�
6�

6�
6�

1%
25

38
�

SD
H

B
PG

L
(e

xt
ra

ad
r.

ab
d.

)
3.

4,
4

�
21

6
(2

.2
0)

39
8

(1
.1

5)
48

32
(1

0.
98

)
Po

s.
Po

s.
6�

6�
6�

6�
6�

2%

Im
m

un
oh

is
to

ch
em

ic
al

ev
al

ua
tio

n
of

m
ar

ke
r-

ex
pr

es
si

on
:�

,0
%

;�
,l

es
s

th
an

10
%

;2
�

,1
0

to
gr

ea
te

r
th

an
20

%
;3

�
,2

0
to

le
ss

th
an

40
%

;4
�

,4
0

to
le

ss
th

an
60

%
;5

�
,6

0
to

le
ss

th
an

80
%

;6
�

,
80

–1
00

%
.S

yn
,S

yn
ap

to
ph

ys
in

;K
i-6

7,
M

IB
1

pr
ol

ife
ra

tio
n

in
de

x;
U

LN
,u

pp
er

lim
it

of
no

rm
al

;P
os

,p
os

iti
ve

;N
eg

,n
eg

at
iv

e;
n.

a.
,n

ot
av

ai
la

bl
e;

ex
tr

aa
dr

.a
bd

.,
ex

tr
aa

dr
en

al
ab

do
m

in
al

.

J Clin Endocrinol Metab, June 2010, 95(6):2800–2810 jcem.endojournals.org 2803

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/95/6/2800/2598501 by guest on 20 August 2022



antibody (45 min), followed by species-specific biotinylated sec-
ondary antibodies (45 min; Dianova, Hamburg, Germany). Af-
ter being washed, the slides were incubated with the ABC
reagents for 30 min (Vectastain Elite ABC kit; Boehringer,
Ingelheim, Germany). The immunoreaction was visualized
with 3�3-diaminobenzidine (Sigma, Deisenhofen, Germany)
and counterstained with hematoxylin. Sections were analyzed
and photographed with an Axioskop 50 microscope (Zeiss,
Oberkochen, Germany). The number of VMAT-1 and VMAT-
2-immunoreactive cells in tumors was estimated semiquantita-
tively and scored on a scale from � (absent); �, less than 10%;
2�, 10 to greater than 20%; 3�, 20 to less than 40%; 4�, 40 to
less than 60%; 5�, 60 to less than 80%; 6�, 80–100%. As
positive controls normal tissue of human adrenal glands has been
used.

Data and statistical analysis
Arithmetic means and SDs were calculated using SPSS Soft-

ware, package version 14.0 (SPSS Inc., Chicago, IL). Data were
analyzed using f test for testing the variance of the probability
distribution and Student’s t test for unpaired samples. Statistical
significance was defined as P � 0.05 unless otherwise mentioned.
The following computing formulas were used for evaluation
of sensitivities and specificities [true negative (TN), true pos-
itive (TP), false positive (FN), false negative (FN)]: sensitivity
[TP/(TP � FN)], specificity [TN/(TN � FP)], positive predictive
value (PPV) [TP/(TP � FP)], negative predictive value (NPV)
[TN/(TN � FN)], accuracy [(TP � TN)/(TP � TN � FN � FP)],
rate of FN [FN/(FN � TP)], and rate of FP [FP/(FP � TN)].
Analysis was performed at the level of individual lesions to cal-
culate lesion-based sensitivities. As reference standard for the
presence of tumor lesions, a composite reference standard was
used as previously described by Koopmans et al. (25). This in-
cluded all available histological and follow-up findings as well as
morphological imaging data because histological evaluation of
every lesion was not feasible due to five patients with metastatic
PHEO/PGL. However, in all patients included in this study, at
least one tumor sample was available for histological evaluation.
In most patients with hereditary PHEO/PGL syndromes or met-
astatic PHEO, multiple lesions (up to five) were available for
histological evaluation. To prove the diagnosis of a PHEO/PGL
and for correlation with functional imaging studies, only the
histological verified lesions were included for the calculation of
the lesion-based sensitivities and specificities and to qualify le-
sions as true-positive or -negative.

Results

Functional imaging (MIBG scintigraphy and
FDOPA-PET)

In 26 of 30 patients, a total number of 64 lesions could
be found with both functional imaging modalities.
FDOPA-PET was positive in all patients but one with two
extraadrenal abdominal paragangliomas with a diameter
of 10 mm, whereas in contrast, five patients had negative
123-I-MIBG scintigraphy. All adrenal and 75% of extraa-
drenal abdominal lesions could be visualized by both
FDOPA-PET and 123-I-MIBG scintigraphy. In contrast,
only one of 19 extraadrenal thoracic and head and neck
paragangliomas were positive on 123-I-MIBG scintigra-
phy, whereas all of them could be easily detected with
FDOPA-PET. This resulted in an overall sensitivity and
specificity for FDOPA-PET of 98 and 100% and of 53 and
91% for 123-I-MIBG scintigraphy, respectively (Table 2).
When sensitivities and specificities were stratified by tu-
mor localization, comparable results for both imaging mo-
dalities were found for adrenal and extraadrenal abdom-
inal lesions (123-I-MIBG scintigraphy, 97 and 91%;
FDOPA-PET, 94 and 100%). In extraadrenal thoracic
and cervical lesions, however, the sensitivity for 123-I-
MIBG scintigraphy (15%) was significantly inferior to
that found for FDOPA-PET imaging (100%), whereas
both functional imaging procedures showed an equal high
specificity (100%).

Anatomical imaging
In this study, morphological imaging with either CT or

MRI was used after functional imaging mainly for preop-
erative staging of the patients and determination of ade-
quate surgical procedure. Even though it was not the aim
of the study to compare the diagnostic utility of functional
imaging vs. morphological imaging using CT/MRI,
FDOPA-PET not only detected significantly more lesions
(n � 64) than 123-I-MIBG scintigraphy (n � 34) but also
identified significantly more lesions than CT or MRI. With

TABLE 2. Calculated sensitivities and specificities (percent) of functional imaging of PHEOs and PGLs with
123-I-MIBG scintigraphy and FDOPA-PET: correlation with tumor localization

MIBG
All

FDOPA-PET
All

MIBG
Adrenal/extraadrenal

abdominal

FDOPA-PET
Adrenal/extraadrenal

abdominal

MIBG
Extraadrenal

cervical/thoracic

FDOPA-PET
Extraadrenal

cervical/thoracic
Sensitivity 53 98 97 94 15 100
Specificity 91 100 91 100 100 100
PPV 97 100 97 100 100 100
NPV 25 92 91 85 28 100
Accuracy 59 99 95 95 36 100
Rate of FN 47 2 3 6 85 0
Rate of FP 9 0 9 0 0 0

FN, False negative; FP, false positive.
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CT/MRI, only 35 lesions were detected and especially
small extraadrenal abdominal and thoracic paraganglio-
mas failed the detection with morphological imaging
studies.

Immunohistochemistry
On histological examination of the 25 operated patients

with biochemically proven PHEO/PGL, all lesions found
with 123-I-MIBG scintigraphy or FDOPA-PET imaging
were shown to be PHEOs or PGLs, with metastasis in five
cases. One of the additionally evaluated patients with an
adrenal incidentaloma and borderline elevation of urinary
catecholamines had a positive 123-I-MIBG scintigraphy but

proved to be a cortical adenoma on histological examina-
tion. Immunohistochemically, all tumors were strongly pos-
itive for synaptophysin, whereas a positive CgA immuno-
staining was found in only 80% of the investigated tumors.
The CgA-negative tumors were exclusively parasympathetic
cervical or thoracic PGLs that failed to show an expression
of the TH on immunohistochemical analysis. Interestingly,
inall patientswithCgA-negative tumors,normalCgAserum
levels were found, even in patients with a high tumor burden
due to metastatic disease. Evaluation of VMAT-1 and -2
expression in the tumors showed a strong expression of
VMAT-2 in all investigated PHEOs/PGLs (Fig. 1). In con-
trast, VMAT-1 immunostaining was very weak (�10%) or

FIG. 1. Sporadic VMAT-1-positive adrenal PHEO. Functional imaging of a patient with nonsyndromic adrenal PHEO. Both 123-I-MIBG scintigraphy
and FDOPA-PET are able to detect the right-sided PHEO. The resected tumor showed the immunohistochemical features of adrenal PHEO with
strong expression of CgA and synaptophysin. In correlation with significantly elevated urinary free metanephrine and normetanephrine levels, the
tumor expressed TH and both VMATs (VMAT-1/2).
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absent in all MIBG-negative tumors (Figs. 2 and 3). Most of
the VMAT-1-negative tumors showed extraadrenal local-
ization and were parasympathetic PGLs (Fig. 2) with the
exceptionof twolargesporadicadrenalPHEOsthatalsohad
a negative 123-I-MIBG scintigraphy and did not stain for
VMAT-1 (Fig. 3). Only two sympathetic extraadrenal ab-
dominal PGLs were not detected with FDOPA-PET imaging
but showed a strong signal with 123-I-MIBG scintigraphy
(Fig. 4). These tumors expressed both VMAT-1 and -2 but
were small tumors with a diameter of 10 mm.

Molecular genetics and biochemical markers
Because all extraadrenal PHEOs/PGLs (except two pa-

tients with sporadic but metastasized PHEO) were found

can presented with a predominant norepinephin patients
with hereditary pheochromocytoma syndromes, func-
tional imaging with FDOPA-PET had a significantly
higher sensitivity (96%) than 123-I-MIBG scintigraphy
(40%) in patients with hereditary PHEO syndromes (Ta-
ble 3). Three of five MIBG-negative patients had extraa-
drenal PGLs as part of a familial PGL syndrome with
proven mutations in the SDHD gene. All of them presented
with multifocal extraadrenal cervical and thoracic PGLs.
One patient had proven metastatic disease with multiple
bone, liver, lung, and lymph node metastases. The remain-
ing two MIBG-negative patients had sporadic adrenal
PHEOs. All patients who had a negative MIBG scan pre-
sented with a predominant norepinephrine and normeta-

FIG. 2. VMAT-1-negative parasympathetic PGL. Functional imaging was of a patient with familial PGL syndrome type 3 and a metastatic cervical
PGL with multiple lesions in the bone, liver, lung, and lymph nodes. None of the four resected lesions (two cervical head and neck PGLs and
biopsies from the liver and the bone) were detected with 123-I-MIBG scintigraphy, whereas FDOPA-PET recognized even small metastatic lesions
with excellent spatial resolution. Immunohistochemically the tumor specimens were negative for CgA but strongly positive for synaptophysin. In
accordance with the negative catecholamine excretion, the tumor did not express TH and was therefore classified as parasympathetic PGL.
Because it was found to be characteristic for MIBG-negative PGLs, no VMAT-1 was expressed.
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nephrine secretion on biochemical evaluation. In these pa-
tients the normetanephrine levels were on average 4.89-
fold above the upper limit of normal, whereas the
metanephrine levels did show no relevant elevation (on
average 1.17-fold above the upper limit of normal). Apart
from its better sensitivity, another major advantage of
FDOPA-PET imaging was its superior spatial resolution
allowing the detection of small and metastatic lesions and
even the identification of two synchronous intraadrenal
PHEOs in a MEN II patient.

Discussion

Previous studies have indicated that 18F-FDOPA-PET may
be superior to 123-I-MIBG scintigraphy as a functional
imaging technique in patients with PHEOs or PGLs (15,
16). However, so far, nothing is known about the molec-
ular mechanisms explaining these differences. This study

is the first to demonstrate that the differ-
ential expression of VMATs is closely
correlated with the two functional imag-
ing modalities. For a positive functional
imaging by 123-I-MIBG scintigraphy,
the expression of VMAT-1 was found to
be essential because all tumors negative
for VMAT-1 on immunohistochemical
analysis remained undetected with 123-
I-MIBG scintigraphy. In contrast, for
visualization of PHEOs/PGLs with
FDOPA-PET,theexpressionofVMAT-2
alone was sufficient because even in the
absence of VMAT-1, all MIBG-negative
tumors could easily be detected by
FDOPA-PET imaging.

VMATs translocate monoamines
from the cytosol into the secretory vesi-
cles of monoaminergic neurons and neu-
roendocrine cells along an ATPase-gen-
erated proton gradient. In mammals, two
closely related isoforms of the mono-
amine transporters termed VMAT-1 and
VMAT-2 were identified (26, 27).
VMAT-1 and VMAT-2 differ in their tis-
sue distribution. VMAT-1 is usually
strongly expressed in adrenal chromaffin
cells. However, some adrenal chromaffin
cells also express VMAT-2, but the
amount of VMAT-2 relative to VMAT-1
appears much lower (28, 29). In contrast,
sympathetic ganglion cells and parasym-
pathetic paraganglia express predomi-
nantly VMAT-2 (30). This has recently

been demonstrated in a large series of neuroendocrine tu-
mors, in which all investigated PHEOs (six of six) and PGLs
(12 of 12) did show a strong expression of VMAT-2 (9).

These physiological data are in good accordance with
our findings, showing that all parasympathetic PGLs of
the head and neck and additionally one PGL of the sym-
pathetic trunk were VMAT-1 negative and failed to be
detected by 123-I-MIBG scintigraphy. The majority of the
adrenal PHEOs, on the contrary, were VMAT-1 positive
and thus easily detectable by 123-I-MIBG scintigraphy,
resulting in similar overall sensitivities for both functional
imaging modalities. Only two of 19 PHEOs proved to be
VMAT-1 negative, and these tumors consequently were
also missed by 123-I-MIBG scintigraphy. These data for
the first time provide a molecular explanation for the dif-
ferent sensitivities found for both imaging techniques be-
cause VMAT-1 expression was necessary for functional
imaging of PHEO/PGL with 123-I MIBG scintigraphy.

FIG. 3. Sporadic VMAT-1-negative adrenal PHEO. Functional imaging was of a patient with
nonsyndromic adrenal PHEO. In contrast to FDOPA-PET imaging, the right-sided PHEO was
not detected by 123-I-MIBG scintigraphy. The tumor specimen showed classical
immunohistochemical features of an adrenal PHEO with strong expression of CgA and
synaptophysin. In correlation with the significantly elevated urinary free metanephrines and
normetanephrines, the tumor expressed TH. In contrast to MIBG-positive adrenal PHEO, this
MIBG-negative PHEO expressed only VMAT-2.
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However, MIBG is a guanethidine analog resembling
norepinephrine. Before its deposition in storage gran-
ules via VMATs, it is taken up by sympathomedullary
tissue via the NET. Recent data show differences in NET

expression in pheochromocytomas of VHL and MEN II
patients (31); thus, a low or absent NET expression in
PHEOs could be at least another theoretical reason for
MIBG negativity.

TABLE 3. Calculated sensitivities and specificities (percent) of functional imaging of PHEOs and PGLs with
123-I-MIBG scintigraphy and FDOPA-PET: molecular genetic and biochemical characteristics

MIBG
Sporadic

FDOPA-PET
Sporadic

MIBG
Hereditary

FDOPA-PET
Hereditary

MIBG
M/NM >1.5

FDOPA-PET
M/NM >1.5

Sensitivity 94 100 40 96 29 96
Specificity 91 100 91 100 100 100
PPV 94 100 95 100 100 10
NPV 91 100 26 85 24 85
Accuracy 93 100 49 97 42 97
Rate of FN 6 0 60 4 71 4
Rate of FP 9 0 9 0 0.00 0

M, Metanephrine; NM, normetanephrine.

FIG. 4. Visualization of VMAT-1-positive sympathetic PGL. Functional imaging of a patient with familial PGL syndrome type 3 and multiple extraadrenal
abdominal PGLs. In contrast to 123-I-MIBG scintigraphy, which detected all three paraaortal PGLs, FDOPA-PET detected only one of three PGLs.
Immunohistochemically the tumor specimen showed strong expression of CgA and synaptophysin. In correlation with the significantly elevated urinary
free normetanephrine levels, the tumor expressed TH and was therefore classified as sympathetic PGL. Both VMATs (VMAT-1/2) were expressed with no
significant difference.
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In our study a predominant norepinephrine/normeta-
nephrine secretion was found in PHEOs/PGLs that were
negative on 123-I-MIBG scintigraphy. Thus, a preferen-
tial norepinephrine/normetanephrine secretion in con-
junction with an absent or low epinephrine/metanephrine
production was a strong predictor for a negative MIBG
scan. This was not only true for extraadrenal PHEOs and
PGLs which are known to predominantly secrete norepi-
nephrine, but also applied for the two MIBG-negative ad-
renal PHEOs. This is supported by previous studies that
demonstrated a significantly lower VMAT-1 expression in
adrenergic vs. noradrenergic PHEOs on both the protein
and mRNA level (31).

Even though FDOPA-PET was clearly superior in de-
tecting PHEOs/PGLs than 123-I-MIBG scintigraphy and
morphological imaging with CT/MRI, which is in good
accordance with previously published data (24), overall
sensitivity did not reach 100%. In our study two sympa-
thetic extraadrenal PGLs remained undetected with
FDOPA-PET imaging but have been identified with 123-
I-MIBG scintigraphy. These small tumors had a diameter
of 10 mm. It is unlikely that the size of these tumors was
below the detection limit of this method. The spatial res-
olution of FDOPA-PET is usually excellent and lies less
than 10 mm. In this study even small parasympathetic
head and neck PGLs with a minimal diameter of 6 mm
have been clearly visualized, whereas the maximum spa-
tial resolution of 123-I-MIBG scintigraphy in this study
was 10 mm. Because these FDOPA-PET-negative tumors
both showed a strong VMAT-1 and -2 expression, other
factors in addition to VMATs might be responsible for the
observed FDOPA-PET negativity. Before 18F-FDOPA is
translocated via VMATs to the storage vesicles, it enters
the cells via specific amino acid transporters and is sub-
sequently decarboxylated to dopamine by the enzyme
L-amino acid decarboxylase, which is strongly ex-
pressed in neuroendocrine cells and shows high affinity
to 18F-FDOPA (8). A low or absent expression of this
enzyme or the amino acid transporters regulating tracer
uptake in PHEOs/PGLs could be an explanation for the
observed FDOPA-PET negativity.

The characterization of a differentiated VMAT expres-
sion pattern of the PGLs investigated in this study allowed
a clear separation of sympathetic from parasympathetic
PGLs. All parasympathetic PGLs were VMAT-1 negative
and did not express TH. The literature only suggests the
use of TH to differentiate between chromaffin and non-
chromaffin paragangliomas (32). The additional staining
for VMAT-1 provides an easy way for a histological clas-
sification of paragangliomas. Interestingly, CgA immuno-
staining was very weak or absent in all parasympathetic
PGLs. This correlated with a normal serum CgA in all of

these patients, indicating that CgA is not an appropriate
tumor marker in patients with parasympathetic PGLs. In
accordance with other studies, immunohistochemical
evaluation of the proliferation marker Ki-67 was not help-
ful to determine malignancy (32, 33).

In summary, these results suggest that for classical ad-
renal PHEOs FDOPA-PET and 123-I-MIBG scintigraphy
show equal sensitivities. However, for the localization of
extraadrenal PHEOs/PGLs and in patients with hereditary
PHEO syndromes, FDOPA-PET is the functional imaging
modality of choice. A predominant secretion of norepi-
nephrine/normetanephrine can be used as clinical indica-
tor that in these patients 123-I-MIBG scintigraphy most
likely fails to detect PHEOs and PGLs and FDOPA-PET
has to be used for functional imaging.
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