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In recent years, 6-L-18F-fluorodihydroxyphenylalanine (18F-DOPA)
PET has emerged as a new diagnostic tool for the imaging of neu-
roendocrine tumors. This application is based on the unique prop-
erty of neuroendocrine tumors to produce and secrete various
substances, a process that requires the uptake of metabolic pre-
cursors, which leads to the uptake of 18F-DOPA. This nonsystem-
atic review first describes basic aspects of 18F-DOPA imaging,
including radiosynthesis, factors involved in tracer uptake, and
various aspects of metabolismand imaging. Subsequently, this re-
view provides an overview of current clinical applications in neuro-
endocrine tumors, including carcinoid tumors, pancreatic islet cell
tumors, pheochromocytoma, paraganglioma, medullary thyroid
cancer, hyperinsulinism, and various other clinical entities. The
application of PET/CT in carcinoid tumors has unsurpassed sensi-
tivity. Inmedullary thyroid cancer,pheochromocytoma,and hyper-
insulinism, results are also excellent and contribute significantly to
clinical management. In the remaining conditions, the initial expe-
rience with 18F-DOPA PET indicates that it seems to be less valu-
able, but further study is required.
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With the growing expansion of 18F-FDG PET in the
functional imaging of cancer, the interest in other tracers has
also grown. Although 18F-FDG is unsurpassed for the im-
aging of most tumors, there are a few exceptions. Brain
tumors are less suitable for 18F-FDG PET because of the high

background in normal brain tissue. Radiolabeled amino acid
imaging has partly filled this gap. Because the uptake of 18F-
FDG generally increases with tumor aggressiveness and
growth rates, relatively indolent tumors, such as prostate
cancer, are known to have generally poor 18F-FDG uptake.
In prostate cancer, imaging is further limited by urinary
activity in the bladder. 11C- or 18F-labeled choline and ana-
logs have been developed to overcome these problems (1).

Another tumor type with generally low uptake of 18F-
FDG is the group of neuroendocrine tumors. In recent
years, 6-L-18F-fluorodihydroxyphenylalanine (18F-DOPA)
has emerged as a metabolic tracer, allowing PET of these
tumors. This application is based on the unique property of
neuroendocrine tumors to produce and secrete a large va-
riety of substances, a process that requires the uptake of
metabolic precursors that potentially can be radiolabeled.
Since the first publication on the application of 18F-DOPA
to imaging of the dopaminergic system in the striatum,
numerous studies have been performed to study the appli-
cability in patients with Parkinson’s disease and related
diseases (2,3). However, the application to the imaging of
neuroendocrine tumors is relatively new.

The body of literature focusing on whole-body imaging
with 18F-DOPA PET in endocrine oncology is rapidly
expanding and includes applications not only in various sub-
groups of endocrine cancers but also in benign neuroendo-
crine processes. Therefore, the aim of this review was to
summarize current knowledge on the application of whole-
body imaging with 18F-DOPA PET in neuroendocrine
tumors. For this purpose, we describe basic aspects, with
lessons derived from neurologic applications, and currently
available clinical data.

We performed a nonsystematic review of all publications
on 18F-DOPA PET in neuroendocrine tumors up to early
May 2007. The publications reviewed in this article were
found through a search of the PubMed MEDLINE database.
This search strategy was complex and used combinations
of terms, such as DOPA, F-DOPA, 18F-DOPA, F18-DOPA,
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F18-fluorodopa, 6-fluoro-L-DOPA, and fluor(o)dihydroxy-
phenylalanine as identifiers for the tracer; PET, imaging,
positron emission tomography, and radionuclide imaging as
identifiers for the imaging method; and carcinoid, endocrine,
neuroendocrine, gastroenteropancreatic, medullary thyroid,
paraganglioma, and more as identifiers for tumor types and
subtypes. Publications on other but similar tracers, such as
11C-labeled DOPA analogs or 18F-dopamine, were studied
but were not included in the tables. Only articles published in
the English language were included. Relevant case reports
were also acceptable. Articles on Parkinson’s disease or
related neurologic diseases were excluded by using appro-
priate search terms. The reference lists of all articles were
checked for unknown publications. Review papers without
original data were excluded. We selected the most recent
publications in situations in which the same group had
published more than one article over time and in which it
was highly likely that patient groups had overlapped. As
close followers of the developments in this field over the last
few years, we believe that this search was complete, to the
best of our knowledge.

The full texts of the articles were reviewed, and we tried
to extract and tabulate sensitivity or specificity values as far
as was reasonably feasible. Other important aspects of the
articles were recorded and are discussed.

BASIC ASPECTS

Dihydroxyphenylalanine (DOPA) is an amino acid con-
taining 2 hydroxyl groups on the phenol ring (Fig. 1). It can
be radiolabeled with 18F in various locations in the molecule.
In this review, we focus on DOPA radiolabeled in the 6
position only, 6-L-18F-fluorodihydroxyphenylalanine (18F-
DOPA), because this is the compound that is clinically used.

DOPA is an intermediate in the catecholamine synthesis
pathway (Fig. 2). In this pathway, DOPA is produced after
hydroxylation of the amino acid tyrosine, which may enter
the cell from outside. DOPA may also be derived from
phenylalanine, another essential amino acid. DOPA can be
decarboxylated to dopamine by amino acid decarboxylase
(AADC). It can also be converted by catechol-O-methyl-
transferase to 3,4-dihydroxyphenylacetic acid. The affinity
of radioactive 18F-DOPA for catechol-O-methyltransferase
metabolization appears to be low compared with the affinity
for AADC conversion (4). The resulting products can both be
processed further downstream in the catecholamine pathway.
Intermediates formed in this pathway are also involved in the
biosynthesis of melanin; therefore, 18F-DOPA and analogs
have also been applied in melanoma imaging.

Radiosynthesis

Since the initial report on the application of 18F-DOPA to
the assessment of presynaptic dopaminergic function in the
human brain by PET, several methods have been published
for the radiosynthesis of 18F-DOPA (2,5,6). 18F-labeled
6-fluoro-DOPA can be produced by either nucleophilic
fluorination or electrophilic fluorination.

The nucleophilic method has the advantage that no-carrier-
added 18F-fluoride is readily available in gigabecquerel quan-
tities. However, the synthesis itself is a time-consuming,
multistep procedure.

Regioselective electrophilic fluorination with 18F-F2 or
18F-acetylhypofluorite is done through fluorodemetallation
reactions. In these reactions, regioselectivity is achieved by
prior functionalization of the aromatic ring followed by fluo-
rination. In all cases, the 18F-labeled intermediate is hydro-
lyzed by acid catalysis, and the final product is isolated by
high-performance liquid chromatography. The fluorodeme-
tallation reaction is successful because the carbon–metal
bond is weaker than the carbon–hydrogen bond. As such,
electrophilic attack is regioselective, with relatively high
radiochemical yields. Organic derivatives of silicon, tin, and
mercury have been used for the synthesis of 18F-DOPA. A
remote, semiautomated method for fluorodemercuration and
a fully automated ‘‘one-pot’’ synthesis method for fluoro-
destannylation were reported (7,8). Decay-corrected radio-
chemical yields were 11% and 35%, respectively, on the
basis of the total amount of 18F-F2 collected from the target.
At present, regioselective fluorodestannylation is the most
commonly used method for the routine production of 18F-6-
fluorodopa.

Direct fluorination of fully protected DOPA with 18F-
acetylhypofluorite, followed by deprotection and high-
performance liquid chromatography purification, is a good
alternative for fluorodestannylation (6). The radiochemical
yield (8%) is sufficient to produce useful quantities of 18F-
DOPA for PET in humans. The original and simplest of all
electrophilic fluorinating agents is fluorine gas. It has been
shown that the reactivity of F2 toward organic compounds
can be moderated by diluting it with an inert gas (9). 18F-F2

is produced from a gas target containing 0.01%–0.2% F2

in neon (10–12). It has been shown that anhydrous hydro-
gen fluoride (aHF) or BF3:aHF is an ideal solvent for the
low-temperature radiofluorination of DOPA, producing a
mixture of 18F-labeled 2-fluorodopa, 5-fluorodopa, and
6-fluorodopa (13). During a typical production run, 700 6

75 MBq (18 6 2 mCi) (mean 6 SD) of 6-18F-fluorodopa
can be produced from 5.5 GBq (150 mCi) of 18F-F2 over
60 min of synthesis time (13). However, this method is not
desirable for automation and routine production because of
the hazardous nature of aHF and the specialized fluoroplastic
equipment and expertise required for its handling. Recently,
it was demonstrated that the reactivity and selectivity of F2

toward DOPA in trifluoromethanesulfonic acid (CF3SO3H)
were comparable to those in aHF. Radiofluorination of DOPA
in CF3SO3H resulted in the production of 2-fluorodopa and

FIGURE 1. Chemical struc-
ture of 18F-DOPA.
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6-fluorodopa at a radiochemical (decay-corrected) yield of
17% 6 2% over 55 min of synthesis time (14).

Intracellular Factors Involved in Tumor Uptake

The special property of neuroendocrine cells that distin-
guishes them from other cells includes the uptake and
decarboxylation of monoamine precursors and the secretion
of a large variety of products, of which serotonin is the most
prominent. However, these cells may also produce other
biogenic amines, such as catecholamine and histamine
(15,16). Serotonin is produced after decarboxylation by
AADC of the substrate 5-hydroxytryptophan, which is de-
rived from plasma or from the intracellular hydroxylation of

tryptophan, another essential amino acid. This process of
uptake of amine precursors is described in the amine pre-
cursor uptake and decarboxylation concept (17). The enzyme
AADC is strongly expressed in neuroendocrine cells, and its
activity plays a key role in this concept.

Like other tyrosine-based tracers, such as 11C-tyrosine,
18F-ethyltyrosine, 123I-methyltyrosine, and other analogs,
18F-DOPA enters cells through the amino acid transport
systems for large neutral amino acids, which are present in
nearly all cells (18–21). This process has been validated
by blocking experiments with the neuroendocrine tumor
cell line BON, in which the model substrate 2-amino-
bicyclo-(2,2,1)-heptane-2-carboxylic acid (BCH) nearly

FIGURE 2. Catecholamine and serotonin synthesis pathways. ADR 5 adrenaline; DA 5 dopamine; DBH 5 dopamine-b-
hydroxylase; DOPAC 5 3,4-dihydroxyphenylacetic acid; 5-HIAA 5 5-hydroxyindolacetic acid; 5-HT 5 5-hydroxytryptamine
(serotonin); 5-HTP 5 5-hydroxytryptophan; HVA 5 homovanillic acid; M 5 metanephrine; MAO 5 monoamine oxidase; MHPG 5

3-methoxy-4-hydroxyphenylethylene glycol; 3-MT 5 3-methoxytyramine; NM 5 normetanephrine; NORADR 5 noradrenaline; PHE 5

phenylalanine; PNMT 5 phenylethanolamine N-methyltransferase; TRP 5 tryptophan; TYR 5 tyrosine; VMA 5 vanillylmandelic
acid.
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completely shuts down the cellular uptake of 18F-DOPA
(22).

The fate of the tracer further downstream in the catechol-
amine pathway is less clear. Metabolites such as 18F-dopa-
mine may subsequently enter intracellular storage vesicles
present in some, but not all, neuroendocrine cells through
transport mechanisms such as the vesicular monoamine
transporter; in this way, they are effectively trapped inside
the cell, at least for the time during which the radioactivity
has not decayed. In cells lacking vesicular storage systems,
the fate of 18F-DOPA is less clear.

Although transmembrane transport is directly responsible
for the high uptake of 18F-DOPA in neuroendocrine tumor
cells, there may be more mechanisms governing uptake. It is
evident that cells producing serotonin or catecholamine have
strongly upregulated their amino acid transporters to cover
the increased demand for precursors in their overactive
metabolic pathways. This process then leads to the high
uptake of 18F-DOPA. However, amino acid tracers using the
same transmembrane transport system, such as 11C-methio-
nine, 11C-tyrosine, and 123I-methyltyrosine, do not localize
to a great extent in neuroendocrine tumor cells (21). This
finding indicates that the increased transmembrane transport
of large amino acids by itself is not the only factor that
governs uptake; similar to the behavior in striatal and brain
tissue (as described later) and similar to observations made
with 11C-labeled DOPA, AADC activity must play an
essential role (23,24). It is possible that only tracers with a
high affinity for AADC and whose metabolic products can
subsequently be stored in intracellular vesicles remain in
cells. Other tracers may enter but may also rapidly leave cells
again. More experimental work clearly needs to be done to
clarify these issues.

Extracellular Factors Involved in Tumor Uptake

Besides the intracellular mechanisms that are involved in
the conversion and metabolization of 18F-DOPA, extracel-
lular factors are also involved in the uptake of this tracer in
neuroendocrine cells. However, most current knowledge is
derived from striatal imaging in Parkinson’s disease and
related diseases.

After intravenous injection, 18F-DOPA is metabolized by
the AADC enzyme activity present in many tissues, includ-
ing the liver and especially the kidneys. Radiolabeled
metabolites include 3-O-methyl-18F-DOPA, 6-18F-fluoro-
dopamine, L-3,4-dihydroxy-6-18F-fluorophenylacetic acid,
and 8-18F-fluorohomovanillic acid (25). In rat brain sections,
the storage of 18F-dopamine in vesicles seemed to occur
rapidly (25). Studies of brain imaging have demonstrated
that many metabolites enter the striatum, cortex, and cere-
bellum to various degrees (26,27). Together with locally
formed metabolites, up to 39%, 73%, and 80% of the tissue
radioactivity at 30–90 min after injection was actually in the
form of 3-O-methyl-18F-DOPA in the striatum, cortex, and
cerebellum, respectively (28,29). In this respect, 3-O-methyl-
18F-DOPA activity in the brain interferes with striatal assess-

ment. However, an initial rapid formation of 18F-dopamine
at early time points after injection appears to decrease over
time (29).

AADC was proven to be the driving force for the increased
striatal uptake in many studies (29). Another interesting
example of this mechanism was the observation of low to
minimal 18F-DOPA uptake in an infant with an inborn
deficiency of AADC (30).

Carbidopa

Carbidopa is routinely used in 18F-DOPA imaging in neu-
rology, because it increases striatal uptake, mainly by in-
creasing the concentration in plasma and decreasing renal
excretion (31,32). Studying the effects of carbidopa in neuro-
endocrine tumors, Orlefors et al. (33) performed PET with
11C-5-hydroxytryptophan before and after carbidopa admin-
istration in 6 patients. Although the results may not be fully
valid for 18F-DOPA, there were strong similarities in clinical
behavior, uptake levels, and uptake mechanisms between
these 2 tracers; these findings make that study relevant to 18F-
DOPA PET as well. Carbidopa greatly reduced the high
levels of uptake present in the renal pelvis and kidneys, by an
average factor of 4 (range, 2–20) (33). Liver uptake increased
slightly, and pancreatic uptake decreased considerably.
The background uptake of 11C-5-hydroxytryptophan without
carbidopa, however, appeared to be considerably higher than
18F-DOPA uptake. Of interest, tumor uptake increased
markedly, with standardized uptake values (SUVs) increas-
ing 10%–30%. These effects clearly improved the overall
image quality and led to the detection of more lesions of
carcinoid tumors (33). Similar studies with pheochromocy-
toma are currently being performed.

Image Acquisition

Whole-body imaging is usually performed in a manner
similar to that of 18F-FDG PET, from the upper legs through
the level of the skull, because lesions outside this area are
infrequently observed. Many centers have used a 90-min
interval between injection and imaging, but shorter intervals,
of as little as 30 min, result in similar image quality. The
required dose of activity varies largely and depends heavily
on the camera, the acquisition protocols, availability, and
costs. Fixed doses of as low as 100 MBq have resulted in
adequate imaging. High doses, such as 5 MBq/kg of body
weight, have also been applied. The tracer should be injected
slowly, to avoid pharmacologic effects, which might induce a
carcinoid crisis, especially when specific activity is low (34).
At present, most studies are performed with PET/CT scan-
ners. The radiation dose in 18F-DOPA PET is estimated to be
about 0.02 mSv/MBq (32).

Appearance of Normal Whole-Body 18F-DOPA PET
Scan and Pitfalls

The normal appearance includes high uptake in the urinary
excretion systems, including the collecting systems in the
kidneys, ureters, and bladder (Fig. 3). High focal uptake in
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the gallbladder region and, in some cases, the common bile
duct and focal uptake in the ureters may be misinterpreted as
tumor uptake and requires careful comparison with CT or
ultrasound in equivocal cases, in which tumor lesions may be
present in the same region (35,36). Intermediate or low
uptake levels are found in the striatum, myocardium, and
liver. In general, low-level uptake can be observed in the
small intestine and peripheral muscles. In children, some
uptake in the growth plates can be seen. In other tissues, 18F-
DOPA has minimal uptake and therefore provides good
contrast against tumors. Uptake in the pancreas is of special
interest, because it is nearly completely blocked after carbi-
dopa administration. The precise reason for this finding is
currently unclear. It may be based on the lack of vesicular
storage vesicles in endocrine and exocrine pancreatic tissues
in combination with the high level of competitive inhibition
induced by carbidopa. This situation would lead to rapid
pancreatic uptake and rapid efflux. These effects, however,
have not been observed in dynamic imaging.

Of special note—and relevant for the detection of pheo-
chromocytoma—is the minimal uptake in the normal adrenal
medulla, the site of normal catecholamine synthesis. If 18F-
DOPA were indeed a precursor in this pathway, then one
would expect more uptake here. It is possible that this finding
is the result of insufficient spatial resolution.

CLINICAL RESULTS

Carcinoid Tumors

Carcinoid tumors are relatively indolent tumors arising
from neuroendocrine cells. They can produce and secrete a
large variety of products because of their intrinsic ability to
take up, accumulate, and decarboxylate amine precursors
(17). Treatment options for carcinoid tumors include curative
or debulking surgery, radiopeptide therapy, and medical
treatment with somatostatin analogs and interferon (37–

39). For assessment of individual treatment options, knowl-
edge of tumor localization, biochemical activity, and the rate
of progression is essential. The initial work-up for patients
with carcinoid tumors consists of morphologic imaging with
methods such as CT combined with functional whole-body
imaging with somatostatin receptor scintigraphy (SRS) (38–
40). However, CT and MRI of the abdomen have difficulties
in characterizing lesions as tumor deposits and in correctly
distinguishing tumors and mesenteric metastases from in-
testinal structures (41,42).

There are now several reports that have focused on the
application of 18F-DOPA PET in carcinoid tumors; however,
only 3 of these were conducted as prospective studies, and
only 2 specifically included only patients with carcinoid
tumors (Table 1). Most other studies were retrospective and
were often performed with mixed populations. However,
with these drawbacks aside, the cumulative number of
patients described was approximately 120. Sensitivity values
were presented at the level of individual patients, body
regions, individual lesions or, specifically, for primary tu-
mors, organ metastases, and lymph node metastases. There-
fore, the numbers are difficult to compare. In addition, there
is the problem of the optimal reference standard, which is
always difficult when a new technique detects previously
unknown lesions. Various authors have made different
choices in this matter. However, in general, high sensitivity
values, in the range of 65%–96%, have been reported for the
detection of individual lesions, and most of the values were in
the upper half of this range. Examples are presented in
Figures 4 and 5. The most extensive study was performed by
Koopmans et al., who analyzed data at the patient, region,
and lesion levels and found sensitivity values of 100%, 95%,
and 96%, respectively; they used a composite reference
standard consisting of all available imaging, cytologic, and
histologic data (35). Carbidopa premedication was routinely
used. In that study, 18F-DOPA PET alone detected more
positive body regions and lesions than the combination of CT
and SRS. Other authors have found high but somewhat lower
sensitivity values, findings that may be related to different
choices in reference standard methods or the lack of carbi-
dopa pretreatment. Most studies that have included mixed
groups have suggested that within the various subgroups of
neuroendocrine tumor types, the performance of 18F-DOPA
PET is relatively best for carcinoid tumors in comparison
with the other subtypes.

18F-DOPA PET appears to be emerging as an excellent
new staging method for patients with carcinoid tumors.
When PET/CT instrumentation is used, anatomic informa-
tion and whole-body staging information are provided by a
single diagnostic tool; this combination has the potential to
become the sole method for the assessment of carcinoid
tumors. Preliminary studies appear to confirm this notion.

What is the clinical problem in patients with carcinoid
tumors that 18F-DOPA may help to solve? In other words,
what would be the clinical impact? Most studies so far have
focused on patients with a known carcinoid tumor, and often

FIGURE 3. Normal 18F-
DOPA PET projection image
with carbidopa pretreat-
ment, showing major uptake
in kidneys, ureter, and blad-
der and minor uptake in stri-
atum, myocardium, liver,
and muscles.
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such patients had extensive metastatic disease. Although one
could argue that it may not be useful to detect even more
lesions than are already known, in daily practice the impact
has been significant. Detection of extrahepatic disease may
lead to cancellation of planned liver surgery or other
debulking procedures, which are becoming more common
for carcinoid tumors. Detection of disease metastatic to bone,
which is often overlooked in carcinoid tumors, may have an
impact on radiotherapy treatment. Determination of the
amount and type of tumor burden has an impact on medical
treatment choices. A better understanding of the tumor load
in a patient may relate to prognosis, and patient organizations
have reacted positively to these new diagnostic possibilities.
From a diagnostic point of view, 18F-DOPA PET/CT might
obviate SRS, which is relatively expensive, or other imaging
modalities, thus simplifying and shortening the diagnostic
process. In addition, the overall radiation dose may be
decreased with the use of more specifically targeted diag-
nostic tools.

Although, in general, 18F-DOPA PET might replace SRS,
there are situations in which SRS would still be mandatory.

This is the case in patients for whom radiopeptide treatment
would be an option; an octreotide scan would still be required
to study the uptake level and the feasibility of such treatment.
However, in general, the relationship between metabolic
information and somatostatin receptor expression is not
clear. It is not a strict one-to-one relationship, because there
are examples in which some tumor regions have apparently
lost receptor expression while retaining 18F-DOPA avidity
(Fig. 6). It will be intriguing to study the relationship between
18F-DOPA and PET-based variants of octreotide, such as
68Ga-DOTA-NOC (tetraazacyclododecane-tetracetic acid,
[1-NaI3]-octreotide), once these have become more gener-
ally available (59).These agents have also led to the detection
of significantly more lesions. A comparison of 2 PET-based
imaging studies will also be more meaningful than a com-
parison with SPECT-based octreotide scanning, with its
inherent limitation of spatial resolution.

An issue that has not yet been systematically studied is
assessment of the response to treatment. It is well known that
effective treatment often does not result in a detectable
volume decrease, although clinical and biochemical param-
eters may indicate an adequate response (60). Similar to the
application of 18F-FDG PET as an adjunct in response
assessment, the metabolic information provided by 18F-
DOPA PET may help in determining the results of treatment
with, for example, existing or new drug regimens or radio-
therapeutic or radiopeptide regimens.

Besides data for applications in patients with metastatic
disease, few data are currently available on the application of
18F-DOPA PET in patients with only a suspected carcinoid
tumor or similar neuroendocrine tumor, for example, patients
with specific complaints and positive biochemistry results,
such as increased chromogranin-A, 5-hydroxyindoleacetic
acid, or catecholamine metabolite levels. It is predicted, and
seems to be confirmed by clinical experience, that in this
more difficult clinical situation, diagnostic accuracy param-
eters will be worse. Tumors may be too small to detect in such
a situation. Although not explicitly published, the detection
threshold will be on the order of a few millimeters, given the
tremendous uptake of this tracer in carcinoid tissue.

Specificity, another important parameter, has not yet been
established. To date, there have been no publications with
clear false-positive findings, consistent with our clinical
experience with several hundred cases. As with all diagnostic

FIGURE 4. 18F-DOPA PET
projection image with carbi-
dopa pretreatment in patient
with carcinoid in several lo-
cations (abdomen, liver, me-
diastinum, and skeleton),
confirming intense uptake
and visualization even of
very small lesions.

FIGURE 5. 18F-DOPA PET (A), CT (B),
and fused PET/CT (C) in patient with
unusually large liver mass (thin arrows)
with central necrosis, which was revealed
to be carcinoid. PET also detected pri-
mary tumor (thick arrows) in lower left
abdomen.
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tools, there may be misinterpretations of borderline positive
uptake versus background uptake. In addition, there have
been cases in which a carcinoid tumor was accompanied by
another tumor, with only the carcinoid tumor taking up 18F-
DOPA and only the other (e.g., colorectal) tumor showing a
positive 18F-FDG PET result.

Although theoretically a relationship between 18F-DOPA
uptake and metabolic activity seems obvious, such a rela-
tionship has not been proven. Published evidence suggests
the presence in both functioning and nonfunctioning tumors
of uptake that is independent of the type of substance pro-
duced, for example, in both serotonin-and catecholamine-
producing tumors (35). Diagnostic performance in foregut
tumors, however, appears to be poorer than that in midgut
tumors, a result that also suggests a relationship with meta-
bolic activity.

In conclusion, 18F-DOPA PET has emerged as a new and
exquisite new diagnostic tool for patients with carcinoid
tumors; this tool adds important data for both clinicians and
patients.

Pancreatic Islet Cell Tumors, Excluding Insulinoma

Islet cell tumors consist of different subtypes because they
arise from various cells within the pancreas. The most
common types are insulinoma (discussed later) and gastrin-
oma. Vasoactive intestinal peptide–secreting tumors, gluca-
gonoma, and somatostatinoma are other, relatively less
frequent subtypes. Carcinoid of the pancreas is rare. All of
these tumors may exhibit malignant behavior and may
dedifferentiate and metastasize. Up to 85% secrete biologi-
cally active products that may result in more or less specific
clinical syndromes and that often aid in establishing the
diagnosis.

Islet cell tumors can be very small. They nearly always
express somatostatin receptors. Therefore, diagnostic imag-
ing usually relies on morphologic imaging together with

SRS. Imaging is directed at finding the primary tumor for
curative surgery whenever possible, but in the presence of
metastatic disease, staging is necessary to determine the
optimal treatment (such as chemotherapy, palliative surgery,
radioablation, or observation) and to determine prognosis.
An important imaging tool is endoscopic ultrasound (EUS),
which may be able to detect tumors as small as 2–3 mm and
which has sensitivity, specificity, and accuracy values of
82%, 95%, and 95%, respectively (61–63). Drawbacks are its
operator dependency and the limited visualization of the
pancreatic tail. MRI and especially CT have also shown
generally good performance in detecting tumors as well as
hepatic metastases, although the isodensity of pancreatic or
hepatic lesions may limit applicability.

SRS and SPECT may identify many small tumors with
adequate sensitivity, on the same order as or better than that of
CT, MRI, or angiography. In addition, the acquisition of
concomitant whole-body imaging helps in the assessment of
extrapancreatic disease. However, for the frequently occur-
ring hepatic metastases, CT and MRI may be more suitable.

18F-DOPA PET imaging appears to be less sensitive for
these tumors than is SRS and to be less sensitive for these
tumors than for carcinoid tumors, although in some cases it
adds important staging information (Fig. 7). Although stud-
ies aimed specifically at this tumor type are lacking, they
were included in nearly all studies focusing on mixed groups.
The inferior results for these tumors relative to carcinoid
tumors were consistently described in all of those studies
(45–47).

Pheochromocytoma and Paraganglioma

Pheochromocytomas are rare catecholamine-producing
neuroendocrine tumors arising from chromaffin cells of the
adrenal medulla (in 80%–85% of cases) or from extraadrenal
chromaffin tissues (in 15%–20% of cases), such as the
paraganglia. They often produce typical clinical symptoms,

FIGURE 6. 18F-DOPA coronal view after carbidopa pretreat-
ment in patient with metastasized carcinoid, showing heteroge-
neity of receptor expression and metabolic activity. (A) 18F-DOPA
PET showing high uptake in entire process. (B) Considerably
heterogeneous 111In-octreotide uptake. Apparently, medial part
of this tumor (arrows) had lost most of its somatostatin receptor
expression while retaining metabolic activity and 18F-DOPA
uptake.

FIGURE 7. 18F-DOPA PET
projection image with carbi-
dopa pretreatment in patient
with primary malignant islet
cell tumor located in tail of
pancreas and several liver
metastases.
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such as paroxysmal headaches, tachycardia, sweating, and
hypertension. Malignant behavior can be found in 10%–20%
of cases (64). The suggestion of a pheochromocytoma is
usually based on these symptoms and increased catechol-
amine metabolite levels in urine or blood. Although this
testing is quite sensitive, false-positive test results still occur;
because of the rarity of this disease, they may exceed true-
positive test results, especially when the increases in the
levels of these metabolites are mild (64).

Besides biochemical testing, imaging of a suspected tumor
contributes to arriving at a diagnosis and localizing the
disease. CT and MRI have similar sensitivities for detecting
the tumors, which are usually located in the adrenal glands;
however, specificity is low (65). Scintigraphy with 123I-
labeled metaiodobenzylguanidine (MIBG) is a very specific
test (specificity, 95%–100%) and is frequently used to visu-
alize pheochromocytomas, especially to search for extra-
adrenal disease (66). Small pheochromocytomas, however,
may be missed by MIBG scintigraphy, and in some (espe-
cially malignant) cases, the tumors do not take up MIBG.

In the head and neck region, paragangliomas may arise
from similar neural crest cells and lead to the development
of tumors at the carotid body, the jugular bulb, the tympanic
plexus, and the vagus nerve. Patients frequently present with a
painless neck mass. Biochemical activity is generally much
less frequent in paragangliomas than in pheochromocytomas.

18F-DOPA PET has been used to a limited extent for
pheochromocytomas. Hoegerle et al. found complete con-
cordance between MRI and 18F-DOPA PET results in 17
patients, with significantly better performance of 18F-DOPA
PET imaging than of MIBG imaging, which missed small
tumors in 4 of 17 patients (48). The same group also found
good results for paragangliomas of the head and neck region.
MRI and PET results were concordant in 7 of 10 patients,
showed partial agreement in 2 patients, and showed dis-
agreement in 1 patient, in whom MRI could not confirm a
lesion seen clearly on PET. All tumors diagnosed by MRI
were found positive by PET; however, correlation of MRI and
PET yielded an additional 3 lesions (49). A case report by
Brink et al. confirmed the value of whole-body staging (50).

This finding was confirmed by our own experience (Fig. 8),
but no additional original studies have been reported. In
particular, uptake in malignant and metastatic lesions has not
been confirmed.

Another PET tracer closely related to 18F-DOPA is 18F-
fluorodopamine. It is currently unknown whether this radio-
pharmaceutical will be diagnostically superior or inferior to
18F-DOPA. Ilias et al. (67) and Pacak et al. (68) reported
better sensitivity of 18F-fluorodopamine PET than of MIBG
scanning, especially for malignant tumors. 18F-Fluorodopa-
mine, however, is difficult to produce, and its specific activity
is low. In addition, its uptake mechanism appears to be
different, because it enters cells through the epinephrine
transporter instead of a general amino acid transporter. In
addition, it is in a more downstream position in the biochem-
ical pathway, after AADC, and this position may result in
different behaviors. Because paragangliomas usually express
somatostatin receptors, 68Ga-based octreotide PET may be
helpful in the work-up of patients with these tumors (69).

In conclusion, preliminary evidence indicates that 18F-
DOPA PET could be a sensitive and specific tool for detecting
pheochromocytomas, paragangliomas, and related tumors. It
is probably more suitable than MIBG and may be used for
whole-body staging, characterization of lesions, and early
detection of tumors in patients who have SDHD mutations or
von Hippel–Lindau disease and therefore are at increased risk.

Medullary Thyroid Cancer

Medullary thyroid cancer arises from the C cells in the
thyroid and may be either sporadic or genetic in cases of
multiple endocrine neoplasia, with rearrangement of the RET
gene. Genetic testing now allows early detection and thy-
roidectomy at a young age. However, in many sporadic and
older familial cases, calcitonin or carcinoembryonic antigen
levels may rise shortly or many years after surgery, indicating
residual or recurrent disease. Despite the use of many
radiologic and nuclear medicine techniques to find the lo-
cation of disease in such cases, detection remains difficult.

Attempts to use 18F-DOPA have produced reasonable
results. Hoegerle et al. found an overall sensitivity of 63%

FIGURE 8. 18F-DOPA PET with CT,
showing PET projection (A) and trans-
verse PET (B), coronal PET (C), trans-
verse CT (D), and coronal CT (E) views of
patient with biochemical evidence of
recurrent pheochromocytoma after pre-
vious adrenalectomy. Uptake can be
seen in very ventrally located rounded
lesion. Only after PET was combined with
previously acquired CT (D and E) could
this lesion (arrows) be clearly identified as
site of recurrence.

18F-DOPA PET IN NEUROENDOCRINE TUMORS • Jager et al. 581



for 18F-DOPA PET in 11 patients; this sensitivity was lower
than that of CT/MRI but better than those of 18F-FDG PET
and SRS (52). There may have been a bias toward the other
modalities in that study, however, because only the findings
of 18F-DOPA PET required histologic confirmation. In
instances of discrepancies between CT/MRI and 18F-DOPA
PET, PET correctly detected additional lesions in 6 patients.
Reanalysis of these data appears to indicate that 18F-DOPA
PET was superior to 18F-FDG in 4 of 11 cases, similar in 6
cases, and inferior in 1 case. PET was superior to SRS in 6 of
11 cases, similar in 3 of 11 cases, and inferior in 2 of 11 cases.
In comparison with morphologic modalities, 18F-DOPA PET
was superior in 3 of 11 cases, similar in 5 of 11 cases, and
inferior in 3 of 11 cases. These data could lead to a prelim-
inary conclusion that 18F-DOPA is a useful complementary
tool for patients with medullary thyroid carcinoma.

In a retrospective analysis of 18F-DOPA PET in 15 patients
with medullary thyroid carcinoma and increased levels of
tumor markers, Beuthien-Baumann et al. found similar
performances for 18F-FDG and 18F-DOPA; both yielded
positive results in 7 of 15 patients, with lesions in the neck,
mediastinum, abdomen, or bone (53). However, this was a
retrospective study, with the problems inherent in such a
study, and verification was available for only 2 patients. It is
difficult to reach a conclusion from these findings, but they
may suggest complementary roles for the 2 PET modalities.
Interestingly, the authors observed minor adrenal uptake in
5 patients, which is not normally seen on 18F-DOPA PET.
Preliminary findings from our own research suggested that
18F-DOPA PET was superior to 18F-FDG PET in patients
with medullary thyroid carcinoma, especially when tumor
marker progression rates were low. An example of our own
experience is shown in Figure 9.

In conclusion, the limited available data suggest a poten-
tially useful role for 18F-DOPA PET as a better or at least
complementary modality that can add information to existing
tests.

Hyperinsulinism

Derived from the application of 18F-DOPA in general
neuroendocrine tumors, this new PET method has also been
applied in newborn babies with hyperinsulinism. This is a
life-threatening, rather variable disease caused by dysregu-
lation of insulin production, which may result in recurrent
and persistent hypoglycemia, which in turn may lead to
neurologic damage. Several, generally sporadic mutations in
the genes encoding or regulating potassium channel proteins
have been described as the underlying causes for this condi-
tion. Histologically, there are 2 subtypes, a focal form and a
more diffuse form. Identification of the focal form is critical,
as this subtype can be cured by limited partial pancreatec-
tomy. In some children, however, medical therapy can be
effective. Spontaneous regression has also been described.
Current methods for identifying the focal subtype include
complex and selective intrahepatic, intrapancreatic portal
venous sampling. Other tests are arterial calcium stimulation

and insulin response testing with venous sampling. Apart
from being very complex, these tests require meticulous
preparation of the baby and are far from perfect in accuracy.
In some cases, blind 95% subtotal pancreatectomies are per-
formed with the hope of curing the diffuse form of the disease,
with acceptance of the high chance of inducing diabetes.

18F-DOPA PET has recently emerged as a new and
promising modality for differentiating the histologic forms
of this disease (Table 2). CT and MRI are generally less
suitable, presumably because of the small size of the lesions
and the similarity to normal tissue. There are now several
articles describing the utility of 18F-DOPA PET for nearly 80
patients (Table 2), of which more than 50 underwent surgery.
In 3 studies, the rate of prediction of the presence of the focal
form by PETwas 100% correct. In the largest study, by Hardy
et al., there was one false-negative result, but sensitivity was
still 96% (75). Because this is a very rare condition, inves-
tigators from several centers have proposed a standard
protocol for performing the procedure (76). Medication
(e.g., diazoxide, octreotide, and glucagon) should be discon-
tinued for at least 2 d. Patients should fast for 6 h. A glucose
infusion can be used to maintain euglycemia. The use of
carbidopa is not recommended, because it may block both
overall pancreatic uptake and uptake in the diseased area.
Imaging should encompass at least the upper abdomen and
middle abdomen and preferably be fused with CT. The
distance between the pancreatic hilum and the ‘‘hot spot’’
is important to assist in surgical planning for tumors in the tail
region of the pancreas. For interpretation, a ratio of the SUV
for the suspected area to the mean for the entire pancreas of
greater than 1.5 is strongly suggestive of disease.

A recent study focused on the localization of insulinomas
in adult patients, which can also be quite difficult with

FIGURE 9. 18F-DOPA PET in patient with suspected recurrent
medullary thyroid cancer, based on increased calcitonin level.
18F-DOPA PET (A) and 18F-FDG PET (B) showed clear 18F-
DOPA uptake in liver metastases in absence of 18F-FDG
uptake. Small area of 18F-FDG uptake in left supraclavicular
region was result of nonspecific muscle activity.
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existing techniques, such as CT, EUS, MRI, or venous
sampling (73). In the study of Kauhanen et al., in 10 patients
with negative CT, EUS, or MRI results, 18F-DOPA PET
localized a lesion in 9 patients, including 7 solid insulinomas,
1 malignant insulinoma, and 1 hepatic metastasis (73). These
findings are in line with our own observations: both focal
lesions and diffuse pancreatic uptake were noted in these
patients. Diffuse uptake may be the result of nesidioblastosis,
in which there is continued formation of new Langerhans’
islands that produce insulin (Fig. 10).

Because all published studies have reported similar results
and the conclusions of experts from different centers were
uniformly positive, it seems safe to conclude that 18F-DOPA
PET should be performed in all children affected by this
condition and in whom surgery is being considered. In
selected adult insulinomas, the method may also be useful,
but more data are needed.

Although empirically clear, the driving force behind the
relatively strong 18F-DOPA uptake in hyperinsulinistic tissue
is less clear. Is it simply the increased amino acid transport
activity induced by protein synthesis or insulin activity itself
(77)? In that case, other radiolabeled amino acids should also
be feasible.

Miscellaneous Conditions

Small Cell Lung Cancer. Because this tumor type may
express neuroendocrine markers, Jacob et al. performed a
very small study in 4 patients with small cell lung cancer and
compared 18F-FDG and 18F-DOPA imaging (54). The per-
formance of 18F-DOPA was relatively poor compared with
that of 18F-FDG PET and conventional imaging, because
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FIGURE 10. 18F-DOPA PET projection image (A) and trans-
verse slice through pancreas (B) without carbidopa pretreat-
ment in infant with congenital hyperinsulinism. PET suggested
focal lesion (arrows) in body of pancreas, which was confirmed
surgically.
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18F-DOPA missed several lesions and the tumor uptake of
18F-DOPA (without carbidopa) was significantly lower than
the uptake of 18F-FDG (median SUVs: 1.9 for 18F-DOPA and
5.9 for 18F-FDG). In their 4 patients, a relationship between
neuroendocrine markers and 18F-DOPA uptake was absent.
The authors suggested that 18F-DOPA uptake may reflect
better differentiation of these tumors, but more data are
required for this tumor type.

Melanoma. Dimitrakopoulou-Strauss et al. performed
dynamic imaging in pretreated patients with melanomas
and found a lesion-based sensitivity of 64% (14/22), whereas
18F-FDG detected 19 (86%) of the 22 lesions in 11 patients
(55). In addition, the uptake of 18F-FDG was higher than the
uptake of 18F-DOPA in 18 of 22 lesions, although in 4 liver
lesions, the uptake of 18F-DOPA was higher. Seshadri et al.
described a case in which avid uptake of both 18F-DOPA and
18F-FDG was noted in large bilateral adrenal melanoma
metastases that were found negative by MIBG (56).

Merkel Cell Tumors. Talbot et al. found agreement among
SRS, 18F-FDG PET, and 18F-DOPA PET in 3 patients (58). In
2 patients, 18F-FDG and 18F-DOPA appeared to be taken up
by the tumor, although the tumor uptake of 18F-FDG was
higher. In a case of recurrent Merkel cell tumor, SRS results
were repeatedly positive, whereas 18F-DOPA PET results
were negative and may have been correct.

Hyperparathyroidism. In none of 8 patients with surgi-
cally proven hyperparathyroidism, 18F-DOPA uptake was
noted, whereas ultrasound or 99mTc-MIBI imaging results
were positive (57). Our own unpublished experience indi-
cates similar findings, although with slightly better results,
but basically there appears to be no added value of 18F-DOPA
PET for this entity.

Neuroblastoma. On the basis of the good results of 18F-
DOPA imaging for pheochromocytomas, it is predictable that
results for neuroblastomas should also be good. No series
have been published so far. In a single infant, however, with a
suspected residual neuroblastoma that could not be localized
by MRI, we performed 18F-DOPA PET and found a large
retrovesical lesion that was difficult to recognize with MRI
but proved to be residual disease.

Brain Tumors. 18F-DOPA PET has also been applied in
brain tumors and performed better than 18F-FDG in demon-
strating low-grade tumors and differentiating between recur-
rences and posttreatment scarring (78). However, this uptake
was presumably based on the general amino acid nature of 18F-
DOPA and not on its specific neuroendocrine tumor avidity.

Difficult Clinical Cases. 18F-DOPA PET is frequently
used to study a large variety of unclear clinical conditions in
which biochemical or clinical evidence indicates the pres-
ence of an endocrine disorder. Although there is no structured
analysis of such cases available in current literature, many
centers share this experience. An example is a case derived
from our own experience, in a patient with severe Cushing’s
disease based on metastatic prostate cancer with neuroendo-
crine differentiation. All imaging had failed to identify the
source of corticotropin overproduction; finally, 18F-DOPA

was performed and demonstrated diffuse uptake in the
vertebral column. A subsequent biopsy demonstrated pros-
tate cancer with neuroendocrine differentiation (Fig. 11).

CONCLUSION

18F-DOPA PET is a new diagnostic tool for the imaging of
various neuroendocrine tumors. This amino acid tracer is
taken up through ubiquitous transmembrane amino acid
transporter systems that are significantly upregulated in
neuroendocrine tumors. This upregulation is presumably
secondary to the increased activity of metabolic pathways
involving the enzyme AADC, the key enzyme in substance
secretion, which is a specific property of these tumors. Most
experience exists in the field of carcinoid tumors, for which it
has been demonstrated that 18F-DOPA PET has excellent
sensitivity and detects significantly more disease than all
other currently applied modalities, with a significant effect
on patient management. In other conditions, such as medul-
lary thyroid cancer, paraganglioma, and pheochromocytoma,
experience is more limited, but current results suggest very
good performance. In hyperinsulinic states, especially in
newborns, 18F-DOPA PET has become the method of choice
for differentiating between focal and diffuse pancreatic
disease origins, with a direct impact on management. In
pancreatic islet cells, results are less favorable and are similar
to those obtained with currently used modalities. Very little
information is available on application in hyperparathyroid-
ism, small cell lung cancer, and melanoma, but these appear
to be less favorable applications. Finally, 18F-DOPA PET, in
general, frequently solves diagnostic problems in difficult
clinical cases, which are frequently encountered in the work-
up of proven and suspected neuroendocrine tumors.
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