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Context: Catecholamine excess is rare, but symptoms may be life threatening.

Objective: The objective of the study was to investigate the sensitivity of 6-[F-18]fluoro-L-dihy-
droxyphenylalanine positron emission tomography (18F-DOPA PET), compared with 123I-metaiodo-
benzylguanidine (123I-MIBG) scintigraphy and computer tomography (CT)/magnetic resonance
imaging (MRI) for tumor localization in patients with catecholamine excess.

Design and Setting: All consecutive patients with catecholamine excess visiting the University Medical
Center Groningen, Groningen, The Netherlands, between March 2003 and January 2008 were eligible.

Patients: Forty-eight patients were included. The final diagnosis was pheochromocytoma in 40,
adrenal hyperplasia in two, paraganglioma in two, ganglioneuroma in one, and unknown in three.

Main Outcome Measures: Sensitivities and discordancy between 18F-DOPA PET, 123I-MIBG, and CT
or MRI were analyzed for individual patients and lesions. Metanephrines and 3-methoxytyramine
in plasma and urine and uptake of 18F-DOPA with PET were measured to determine the whole-body
metabolic burden and correlated with biochemical tumor activity. The gold standard was a com-
posite reference standard.

Results: 18F-DOPA PET showed lesions in 43 patients, 123I-MIBG in 31, and CT/MRI in 32. Patient-based
sensitivity for 18F-DOPA PET, 123I-MIBG, and CT/MRI was 90, 65, and 67% (P � 0.01 for 18F-DOPA PET vs.
both 123I-MIBG and CT/MRI, P � 1.0 123I-MIBG vs. CT/MRI). Lesion-based sensitivities were 73, 48, and
44% (P � 0.001 for 18F-DOPA PET vs. both 123I-MIBG and CT/MRI, P � 0.51 123I-MIBG vs. CT/MRI). The
combination of 18F-DOPA PET with CT/MRI was superior to 123I-MIBG with CT/MRI (93 vs. 76%, P �

0.001). Whole-body metabolic burden measured with 18F-DOPA PET correlated with plasma normeta-
nephrine (r � 0.82), urinary normetanephrine (r � 0.84), and metanephrine (r � 0.57).

Conclusion: To localize tumors causing catecholamine excess, 18F-DOPA PET is superior to 123I-MIBG
scintigraphy and CT/MRI. (J Clin Endocrinol Metab 94: 3922–3930, 2009)
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Catecholamine excess caused by catecholamine-pro-
ducing tumors is rare but clinically important be-

cause its symptoms may be life threatening. Patients can
often be cured by surgical removal of the tumor. The most
frequent catecholamine-producing tumors are pheochro-
mocytomas, which arise from chromaffin cells of the ad-
renal medulla (80–85%) or extraadrenal paraganglia
(15–20%) (1). However, also other tumors such as gan-
glioneuromas can produce the clinical symptoms of cate-
cholamine excess. Catecholamine excess is detected by
measuring catecholamines and their metabolites in plasma
or 24-h urine samples. Imaging techniques are used to
localize the primary tumor and to search for metastases. In
case of pheochromocytomas, most tumors are benign but
10–20% are malignant (1, 2). Ruling out metastatic dis-
ease before initial surgery is important because the pres-
ence of metastases affects treatment.

Computer tomography (CT) and magnetic resonance
imaging (MRI) demonstrate good sensitivities in detecting
adrenal pheochromocytoma but exhibit lower sensitivities
for extraadrenal or metastatic disease (1, 3). Functional
imaging methods allow further characterization of detected
lesions and provide whole-body images. The standard func-
tional imaging technique for catecholamine-producing tu-
mors is scintigraphy with 123/131I-labeled metaiodobenzyl-
guanidine (MIBG), which combines a high sensitivity and
high specificity (1, 4, 5). However, sensitivity is lower for
malignant pheochromocytoma, and small pheochromocy-
tomas may be missed because of limited spatial resolution of
single-photon emission computed tomography (SPECT)
with 123/131I-MIBG (6, 7).

Positron emission tomography (PET) imaging with a va-
riety of different tracers has shown that 6-[F-18]fluorode-
oxyglucose (FDG)hasahighsensitivity inasubsetofpatients
with metastatic disease and underlying succinate dehydro-
genase D (SDHD) mutation but limited sensitivity and spec-
ificity in the more common benign pheochromocytomas (6,
8–10). More specific imaging of catecholamine-producing
tumors is possible with the catecholamine precursor 6-[F-
18]fluoro-L-dihydroxyphenylalanine (18F-DOPA) or the
catecholamine 18F-fluorodopamine. Small studies have con-
firmed the feasibility of 18F-DOPA as tracer for staging of
pheochromocytomas (10–13). 18F-fluorodopamine showed
anexcellent sensitivity superior to 123I-MIBG, ina retrospec-
tive study in53patientswithknownor suspectedbenignand
malignant pheochromocytomas (14). In a small study in
12 pheochromocytoma patients 18F-DOPA PET has also
showngoodperformancerelative to 123I-MIBGscintigraphy

(10). However, most studies in the past based inclusion of
patientsonthe (suspected)presenceofapheochromocytoma
or paraganglioma. They have not addressed this issue from
the even more basic clinical relevant question: a patient pre-
senting with catecholamine excess.

The aim of this prospective study was to investigate the
sensitivity of 18F-DOPA PET to visualize lesions in a large
group of patients with catecholamine excess compared
with 123I-MIBG scintigraphy and CT/MRI. In addition,
we correlated 18F-DOPA PET findings with catechol-
amine plasma and urine markers.

Patients and Methods

All consecutive patients with proven catecholamine excess
who visited the University Medical Center Groningen (UMCG),
Groningen, The Netherlands, between March 2003 and January
2008 were asked to participate in this study (Fig. 1). Each patient
underwent extensive biochemical analysis and conventional im-
aging with CT and/or MRI and 123I-MIBG in the UMCG or the
referring hospital and an 18F-DOPA PET scan in the UMCG.
Data for age, gender, medication, biochemical measurements,
the presence of genetic mutations [succinate dehydrogenase B
(SDHB), SDHD, von Hippel Lindau, neurofibromatosis type 1,
and the rearranged during transfection gene], and histology were
collected. Patients were classified as having malignant disease in
case of recurrence or presence of metastases. The study was ap-
proved by the local medical ethics committee. All patients or their
legal representatives gave written informed consent.

123I-MIBG and 18F-DOPA PET imaging
123I-MIBG imaging was performed according to guidelines of

the Dutch Society of Nuclear Medicine (15). In brief, before
administration of 123I-MIBG (200–370 MBq) medication inter-
fering with 123I-MIBG-uptake has to be stopped and thyroid
uptake of possibly formed free 123I is blocked with sodium or
potassium iodide or perchlorate. Planar whole-body images are
acquired 24 h after injection of 123I-MIBG but can additionally
be performed at 4 and 48 h after injection. In case SPECT images
are performed, this is done at 24 h after injection.

18F-DOPA was locally produced as described previously (16).
Patients, allowed to continue all medication, fasted for 6 h before
the examination. Whole-body two-dimensional PET images
were acquired 60 min after the iv administration of 18F-DOPA
(180 � 50 MBq), on an ECAT HR� positron camera (Siemens,
Knoxville, TN) with attenuation correction (seven to 10 bed
positions of 5 min emission and 3 min transmission scan, total
scanning time approximately 60 min). Images were recon-
structed using the ordered subset expectation maximization al-
gorithm, eight subsets, two iterations. For the reduction of tracer
decarboxylation and subsequent renal clearance and to increase
tracer uptake in tumor cells, patients received 2 mg/kg carbi-
dopa orally as pretreatment 1 h before the 18F-DOPA injection
(12, 17, 18).
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CT/MRI
In all patients either CT or MRI was performed, based on the

preferences of the treating physician. CT examinations were per-
formed using a spiral or multislice scanner, both before and after
administration of iv contrast agent. MRI examinations were per-
formed on a 1.5 Tesla scanner using various T1- and T2-
weighted sequences, including series after administration of an iv
gadolinium agent. In the majority of MRI examinations in- and
opposed-phase T1-weighted sequences were available. Recon-
structed slice thickness varied between 3 and 10 mm. In accor-
dance with current clinical practice and to keep radiation expo-
sure low, all patients had their upper abdomen scanned, and if
there was suspicion of lesions elsewhere, the involved body re-
gion was also analyzed.

Image interpretation
One nuclear medicine physician (A.H.B.), blinded for other

imaging and biochemical information, interpreted the 123I-
MIBG scans and 18F-DOPA PET scans during separate reading
sessions. Lesions were graded semiquantitatively using liver up-
take (LU) as reference (scores: 0, uptake absent; 1, uptake less
than LU; 2, equal to LU; 3, moderately more intense than LU; 4,
markedly more intense than LU) (19). Lesions were classified as
positive using the following criteria: adrenal uptake more intense
than LU (score 3–4) and any nonphysiological extraadrenal fo-
cal uptake. Scans were considered positive if at least one positive
lesion was found.

We determined a whole-body metabolic burden (WBMB) to
serve as an image-derived index for overall tumor activity per
patient (20). To make the WBMB independent of body weight
and injected dose, standardized uptake values (SUVs) were used
(21). For each tumor lesion, the metabolic burden (MB) was
calculated as: MB � SUVmean � volume.

The WBMB was calculated as the sum of the MB of each
tumor lesion in the PET image. Both SUVmean and tumor volume
were obtained from the PET image using a volume of interest that
was defined as the tumor volume enclosed by a 40% isodensity
surface (22).

All CT and MRI scans were assessed by a radiologist (M.E.J.P.)
blinded for all other imaging and biochemical data. Adrenals
were classified as normal, hyperplastic, or suspect for pheo-
chromocytoma. Other lesions were graded as benign or met-
astatic tumor. Criteria for classifying a lesion as pheochro-
mocytoma were a hyperintense signal on T2-weighted MRI
images, strong enhancement after gadolinium administration,
enhancement with iv contrast on CT, localization, size (of
adrenal gland or lymph node), and infiltrative growth pattern
(4). Enhancement at CT and MRI was visually noted, com-
paring the series before and after administration of the con-
trast agent. Level of certainty was expressed on a scale of 1–5
(1, not tumor; 2, probably not tumor; 3, equivocal; 4, prob-
ably tumor; 5, definitely tumor). Lesions with scores of 4 and
5 were regarded as positive findings. CT and MRI data were
analyzed together.

Composite reference standard
As a composite reference standard for presence of tumor le-

sions, all available clinical information on cytology, histology,
follow-up, and imaging (CT/MRI, 123I-MIBG, and 18F-DOPA
PET) was used (23, 24). This is considered the optimal gold
standard because cytological or histological verification of every
lesion is neither feasible nor justifiable in these patients. When-
ever possible, new findings on PET were verified with additional
investigations.

FIG. 1. Flow diagram schematically showing patient recruitment.
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Biochemical markers
Concentrations of markers of catecholamine metabolism, i.e.

normetanephrine, metanephrine, and 3-methoxytyramine, were
determined in plasma (free fractions) and a 24-h urine sample
(total fractionated metanephrines) (upper reference limits of
metanephrine, normetanephrine, 3-methoxytyramine are 1.07,
0.33, 0.17 nmol/liter in plasma and 260, 99, 197 �mol/mol cre-
atinine in urine, respectively) as described earlier (25, 26). Serum
concentrations of chromogranin A were measured using a RIA
(Cga-React; Cis Bio International, Marcoule, France) (upper
limit 100 mg/liter).

Catecholamine-producing tumors can produce either pre-
dominantly norepinephrine or epinephrine. Metanephrine con-
centrations in plasma and urine were used to determine cate-
cholamine-secretion phenotype, as described earlier (27).

Effect on treatment
All imaging modalities were considered for treatment deci-

sions, and all treatments were documented. In particular, it was
evaluated whether additional information provided by 18F-
DOPA PET had changed treatment decisions. Treatment for
pheochromocytoma and paraganglioma consisted of surgery for
benign pheochromocytomas or solitary recurrence, according to
international guidelines (5, 28). Surgical debulking of malignant
tumors was performed if technically possible, and additional
palliative medical treatment was given, including 131I-MIBG ad-
ministration for metastatic MIBG-positive lesions (5).

Data and statistical analysis
The routine clinical use of 18F-DOPA PET was considered

to be of relevance in case sensitivity would increase from 71%
[estimated sensitivity for 123I-MIBG based on the comparative
study by Hoegerle (10)] to 95% with 18F-DOPA PET, using
McNemar’s test for comparison with 90% power, with a dis-
cordancy rate of 24% 18F-DOPA PET-positive but 123I-MIBG-
negative patients and 2% of patients positive on 123I-MIBG scin-
tigraphy but negative on 18F-DOPA PET and P �0.05 (two
sided). The required number to study this was calculated to be at
least 43 patients.

Analysis was performed at the level of individual patients and
individual lesions, for both the total group of patients and sub-
groups based on benign vs. malignant pheochromocytoma and
hereditary vs. nonhereditary tumors. If the number of lesions in
one region exceeded five, the number of lesions was truncated at
five lesions for that region to avoid bias when calculating sen-
sitivity (23, 24). 18F-DOPA PET and 123I-MIBG scintigraphy are
whole-body modalities, whereas CT and MRI are primarily di-
rected at the areas of clinical interest. To eliminate bias toward
whole-body imaging methods, only body areas for which all
three imaging modalities were available have been evaluated for
sensitivity calculations.

Patient-based sensitivity was determined as the number of
patients with a positive test (at least one lesion detected) divided
by the total number of patients. Lesion-based sensitivity was
calculated as the number of positive lesions by an individual
technique divided by the total number of lesions using the com-
posite reference standard, for both the total group of patients and
subgroups. For correlations, Spearman’s r test was calculated. A
P value was considered significant in case of values �0.05, two
sided. Statistical tests were performed using the SPSS package
version 14.0 (SPSS Inc., Chicago, IL).

Results

Patient characteristics
Forty-eight patients were screened and included (Fig. 1

and Table 1). In 43 patients SPECT 123I-MIBG was per-
formed. No patients used medication known to interfere
with 123I-MIBG uptake around the time of imaging (29).
Median time between 18F-DOPA PET and 123I-MIBG was
19 d. All scans were performed within 3 months, except
for one patient with a 121-d interval. In addition to CT/
MRI of the upper abdomen, CT/MRI of the lower abdo-
men was performed in 40 patients and CT/MRI of the
thorax in 14 and the head and neck in three. Genetic test-
ing was performed in 32 patients.

Patient-based analysis
18F-DOPA PET was positive in 43 patients, 123I-MIBG

in 31, and CT/MRI in 32.
Patient-based analysis showed 18F-DOPA PET to be

superior in identifying affected patients compared with
123I-MIBG (P � 0.01) and CT/MRI (P � 0.01) because it
had the highest sensitivity (Table 2). A representative pa-
tient is shown in Fig. 2. There was no statistically signif-
icant difference between the sensitivity of 123I-MIBG and
CT/MRI (P � 1.0). Lesions were solely demonstrated by
18F-DOPA PET in nine patients and by 123I-MIBG in one.
The clinical and biochemical characteristics, including ra-
tios of the biochemical markers, of the three patients in

TABLE 1. Patient characteristics (n � 48)

Characteristics Value
Sex (n of patients) male/female 20/28
Median age in years (range) 46 (5–79)
MEN2a/VHL/NF1/SDHD/SDHB

(n of patients with genetic mutation)
7/3/2/1/2

Suspected tumor/known tumor 30/18
Adrenal/extraadrenal tumor

(n of patients)
42/3

Benign/malignant tumor (n of patients) 24/21
Adrenergic/noradrenergic phenotype

(n of patients)
32/16

Biochemical analysis (median, range)
Urinary normetanephrine (�mol/mol)

(n � 44)
540 (44–18,704)

Urinary metanephrine (�mol/mol)
(n � 44)

200 (14–9,229)

Urinary 3-methoxytyramine (�mol/mol)
(n � 36)

184 (47–3,708)

Plasma-free normetanephrine
(nmol/liter) (n � 30)

3.8 (0.17–70.1)

Plasma-free metanephrine (nmol/liter)
(n � 30)

0.72 (0.01–27.5)

Plasma-free 3-methoxytyramine
(nmol/liter) (n � 25)

0.15 (0.01–6.8)

Chromogranin A (mg/liter) (n � 28) 87 (15–4,250)

MEN, Multiple endocrine neoplasia; NF1, neurofibromatosis type 1;
VHL, von Hippel Lindau.
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whom all imaging modalities were negative were in the
same range as from the patients with positive scans.

Lesion-based analysis
A total of 124 lesions were detected by all imaging

methods together. Seventeen patients had one lesion, eight
had two, three had four, and four patients had five or more
lesions. In lesion-based analysis, 18F-DOPA PET had the
highest sensitivity compared with the other imaging mo-
dalities (Table 3) [18F-DOPA PET (P � 0.001) vs. 123I-
MIBG and vs. CT/MRI (P � 0.001)]. Performance of 123I-
MIBG and CT/MRI did not differ (P � 0.51). In addition,
the combination of 18F-DOPA PET and CT/MRI had the
highest sensitivity (93%) for detecting tumor lesions be-
cause CT/MRI detected lesions missed by nuclear medi-
cine techniques and vice versa. The sensitivity of the 18F-
DOPA PET/CT/MRI combination was higher than the
combination of 123I-MIBG and CT/MRI (sensitivity 94 vs.
76%, P � 0.001).

18F-DOPA PET showed more lesions in 23 patients,
whereas 123I-MIBG performed better in three patients, all
three with malignant pheochromocytoma. In 18 patients
both methods showed the same number of lesions. We
observed no difference in regional sensitivity for the de-
tection of metastases for the different techniques. Lesions
missed by 18F-DOPA PET were mostly abdominally or

retroperitoneally located, size ranging from 12 to 24 mm.
Except for one adrenal pheochromocytoma of 18 mm,
none of these lesions was histologically verified. CT/MRI
missed mainly adrenal lesions less than 2 cm, especially in
patients with hereditary disease or local recurrence, and
ossal lesions.

Sensitivities in subgroups of patients with benign or
malignant pheochromocytoma and in patients with he-
reditary or nonhereditary disease showed that 18F-DOPA
PET is superior to 123I-MIBG or CT/MRI in all subgroups
(Table 3). The performance of imaging modalities did not
differ significantly between benign and malignant pheo-
chromocytoma and hereditary and nonhereditary pheo-
chromocytoma. The clinical and biochemical charac-
teristics, including ratios of the separate biochemical
markers, of the three patients in whom 123I-MIBG was
superior to 18F-DOPA PET were not different from the
other patients with malignant pheochromocytoma. Nei-
ther catecholamine-secretion phenotype nor serum chro-
mogranin-level predicted scan performance.

Treatment consisted of surgical resection of primary
tumor (n � 27) or metastases (n � 5) in a total of 32
patients and surgery combined with 131I-MIBG-therapy in
three, 131I-MIBG-therapy alone in three, chemotherapy in
one, symptomatic medical therapy in three, and watchful
waiting in six. Final diagnosis (by histology) was pheo-
chromocytoma in 40 patients, adrenal hyperplasia in two,
paraganglioma in two, ganglioneuroma in one, and re-
mained unknown in three because no lesions were de-
tected. The latter three patients presented with typical
complaints of pheochromocytoma and a catecholamine
excess, but until now no tumor could be localized.

Imaging with 18F-DOPA PET influenced treatment de-
cisions in 14 patients (29%). It localized solitary tumors
(n � 7), indicated the neuroendocrine nature of inconclu-
sive lesions on CT/MRI (n � 2) or inconclusive uptake on

FIG. 2. Imaging of a patient with a known metastatic pheochromocytoma. A, 18F-DOPA PET shows increased uptake in the left adrenal gland and
three lesions in the spine (arrows). B, Fusion image of 18F-DOPA PET and CT shows uptake in the region of the left adrenal gland, without
anatomical substrate. C, CT image of the region of the left adrenal gland. 123I-MIBG imaging was negative (not shown).

TABLE 2. Patient-based analysis of imaging
performances

Number of patients
with positive lesions/

total number of
patients

Sensitivity
% (95% CI)

CT/MRI 32/48 67% (52–80)
18F-DOPA PET 43/48 90% (77–97)
123I-MIBG 31/48 65% (49–78)

CI, Confidence interval.
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123I-MIBG (n � 2), resulting in the decision to proceed to
surgical resection (Fig. 3). In three patients surgery was
canceled because of multiple otherwise unknown metas-
tases. Removed lesions (n � 7) that were only visible on
18F-DOPA PET were all histopathologically confirmed to
be neuroendocrine tumor.

Correlations between PET imaging and
catecholamine metabolism

Biochemical characteristics (Table 1), including ratios
of the biochemical markers, did not differ between pa-
tients with benign and malignant pheochromocytoma.

Median SUVmax was 3.2 (range 1.3–31.9), whereas me-
dian SUVmean was 2.2 (0.88–19.8). Median total tumor
volume was 11.3 cm3 (0–515 cm3). Together they resulted
in a median WBMB of 65 (0–3229) cm3.

The WBMB correlated with the 24-h urinary excretion
of total (free�conjugated) normetanephrine (r � 0.84,
P � 0.001), metanephrine (r � 0.57, P � 0.01), and 3-me-
thoxytyramine (r � 0.65, P � 0.01) as well as plasma free
levels of normetanephrine (r � 0.82, P � 0.001), 3-me-
thoxytyramine (r � 0.51, P � 0.01), and chromogranin A
(r � 0.49, P � 0.01).

Discussion

This study compared the performance of 18F-DOPA PET
and 123I-MIBG scintigraphy and CT/MRI in patients with
catecholamine excess and found that 18F-DOPA PET was
superior to all other modalities. In addition, 18F-DOPA
PET plus CT/MRI was superior to 123I-MIBG scintigra-
phy plus CT/MRI. 18F-DOPA PET plus CT/MRI was
found to be the optimal combination of imaging proce-
dures to localize catecholamine-producing tumors. Fur-
thermore, we showed that WBMB, measured with 18F-
DOPA PET, correlated with metabolic tumor activity,
determined with biochemical markers.

In this study we have addressed the problem of imaging
of catecholamine-producing tumors from the most basic
clinical relevant question. Therefore, we included all pa-
tients with proven catecholamine excess and not just pa-
tients with a (suspected) pheochromocytoma or paragan-
glioma.Themost commonfinaldiagnosis inour studywas
pheochromocytoma, whereas only a few patients had an-
other diagnosis. Because all diagnostic techniques have
their limitations, it is possible that tumor lesions in the
three patients with negative imaging studies were still too
small to be visualized or that the biochemical tests were
false positive (30). As pheochromocytoma and paragan-
glioma together constitute the majority of catecholamine-
producing tumors, most imaging studies are performed inTA
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patients with known pheochromocytoma and paragan-
glioma. To our knowledge, no studies investigating PET
imaging in ganglioneuroma have been performed (31).

Previous small studies (nine to 25 patients) have re-
ported sensitivities ranging from 50 to 100% for 18F-
DOPA PET in pheochromocytoma and paraganglioma
(10–13). In the present study, in the patients with benign
(n � 21) and malignant (n � 19) pheochromocytoma,
both on a patient- and lesion-based level, we observed
excellent sensitivities for 18F-DOPA PET (95% patient
based and 85% lesion based). This contrasts with previous
studies in nine to 30 patients that reported lower sensitiv-
ity for PET with 18F-DOPA or 18F-fluorodopamine in met-
astatic pheochromocytoma and paraganglioma (6, 11,
12). These previous findings stimulated the use of the
broader imaging tracer 18F-FDG PET, which visualizes
glucose metabolism, and 18F-FDG PET has been suggested
to be superior for imaging of metastatic pheochromocy-
toma or paraganglioma, especially for patients with an
underlying SDHB mutation. It has been demonstrated
that 18F-FDG PET can detect malignant pheochromocy-
toma and paraganglioma lesions that are missed on im-
aging with more specific tracers like 18F-DOPA (6, 11).
However, 18F-FDG PET is not suitable as first-line tracer
in patients presenting with catecholamine excess, in
view of a low sensitivity (58% in 12 benign pheochro-
mocytoma) (8). In addition, although 18F-FDG PET was
found to be superior to 18F-fluorodopamine PET in two
groups of 30 patients with a SDHB mutation, the latter
performed better in 41 metastatic SDHB-negative pa-
tients (6, 32). The excellent sensitivity of 18F-DOPA
PET for metastatic disease in our study may be due to the
fact that only two patients were SDHB mutation positive in

our study, compared with 45–100% of the patients in pre-
vious studies (6, 12).

Handling of the tracer by the tumor cell may well ex-
plain why 18F-DOPA is a more suitable tracer for cate-
cholamine-producing tumors than 18F-fluorodopamine.
18F-DOPA is transported into the cell by the large amino
acid transporter 2 (LAT2), than decarboxylated by aro-
matic-L-amino acid decarboxylase to 18F-fluorodopamine
and transported into storage vesicles by vesicular mono-
amine transporter (VMAT). This pathway is active in
many neuroendocrine tumors, making 18F-DOPA suitable
to image a wide range of neuroendocrine tumors. 18F-
fluorodopamine is transported into the cell not by LAT2
but by the dopamine transporter and thereafter immedi-
ately transported into storage vesicles by VMAT. The fact
that LAT2 is constitutionally expressed in all cells and
aromatic-L-amino acid decarboxylase is highly expressed
by most neuroendocrine tumors, whereas VMAT and
DAT are variably expressed, potentially explains why 18F-
DOPA could perform superior to 18F-fluorodopamine
(33–35). In our study 18F-DOPA PET improved staging by
detecting 36 unknown lesions and changed treatment de-
cision in 14 patients. This suggests that routine implemen-
tation of 18F-DOPA PET in patients with catecholamine
excess is likely to influence patient management.

Pretreatment with carbidopa has been shown to in-
crease the tumor to background ratio of tracer uptake (12,
18, 19). This has lead to an enhanced sensitivity of 18F-
DOPA PET for pheochromocytomas and paragangliomas
(12). In the other studies of 18F-DOPA PET in pheochro-
mocytomas and paragangliomas, no carbidopa pretreat-
ment was given (10, 11) or only in a small number of
patients without mentioning the effect of carbidopa in

FIG. 3. Patient with bilateral pheochromocytoma. A, 18F-DOPA PET shows increased uptake in both adrenal glands. B, 123I-MIBG imaging:
asymmetric 123I uptake in the adrenals: the left adrenal shows markedly increased uptake, whereas uptake in the right adrenal can easily be
mistaken as physiological. C, Fusion of 18F-DOPA PET and MRI shows uptake in both adrenal glands. D, MRI showing the left adrenal
pheochromocytoma.
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these patients (13). We feel that all studies with 18F-DOPA
PET should be performed with carbidopa to maximize the
potential of this imaging technique.

The correlation between WBMB measured with 18F-
DOPA PET and biochemical activity of catecholamine-
producing tumors, as determined with biochemical mark-
ers, confirms that uptake of the catecholamine precursor
18F-DOPA is enhanced by overactivity of the catechol-
amine synthesis pathway and illustrates the tumor burden
(36). Noradrenergic tumors secrete more catecholamines
than adrenergic tumors of comparable size (27, 37). This
might explain why we found stronger correlations be-
tween tumor burden and normetanephrine than meta-
nephrine, in accordance with previous studies, which used
tumor diameter (27) and tumor mass (37) as a measure of
tumor burden. However, one recent study did not find a
correlation between SUVmax and biochemical markers
(13). In our opinion, this is not surprising because SUVmax

is not a marker that represents total tumor burden but a
single measurement point, representing the maximum up-
take in one single voxel. Biochemical markers, on the other
hand, do represent a total tumor burden. WBMB, as used
in our study, is a more real marker of tumor burden, than
SUVmax. Therefore, it is not surprising to find a correlation
between biochemical markers and WBMB.

Shortcomings of this study are the fact that only three
patients with extraadrenal tumors were included. Further-
more, not all lesions were histologically verified, which
would be the optimal gold standard because we feel his-
tological verification of every lesion is neither feasible nor
justifiable in these patients.

In conclusion, 18F-DOPA PET is superior to both 123I-
MIBG scintigraphy and CT/MRI for the localization of
catecholamine-producing tumors. The combination of
18F-DOPA PET and CT/MRI is most informative in the
diagnostic work-up of patients with catecholamine excess.
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