
gested for melanoma-specific imaging. Malignant transfor
mation of the melanocyte that produces the pigment mel
anin gives rise to melanoma. The production of melanin
starts by conversion of L-tyrosine to L-dihydroxyphenylala
nine (L-DOPA) by tyrosinase. Melanin precursors, such as
tyrosine labeled with â€œC(15) or its radioiodinated den
yates (16) and DOPA labeled with â€˜8F(17,18) or â€œC(15),
have been used for specific imaging of melanogenesis in
rodents. Melanoma has been visualized with PET and
[â€œC]DOPAor [â€œC]tyrosinein an animal study (15). Car
bon-1 1-methionine (19) and [â€˜â€˜C]alpha-aminoisobutynic
acids (20) that are not specific precursors for melanin

synthesis have been investigated for detecting melanoma.

Gamma imaging with@ â€˜C-methioninewas useful in imaging
tumors in rodents despite elevated activity in the liver,
spleen and kidneys.

L-[methyl-' â€˜C]methionine (â€˜â€˜C-methionine) has been
successful as a tracer in metabolic PET imaging of several
types of cancer (21â€”25).Methionine is a precursor of S
adenosyl-L-methionine, the principal methyl group donor
(26). Unbalanced DNA methylation has been found in

melanoma cells (27â€”29)that need increased amounts of
methionine for cell growth. PET imaging with â€˜â€˜C-methio
nine reflects methionine transport from plasma to tissues
(30). Thisstudyassessesthe feasibilityof â€œC-methionine
PET imaging of malignant melanoma.

METhODS

Patients
We studied ten patientswho had been remitted to our hospital

for oncologic treatment. Written informed consent was obtained
from all patients and the study protocol was approved by the
hospital's Ethical Board.

Two patientswith primarymelanoma (the nasal cavityand the
external ear) and eight patients with metastatic melanoma of the
skin to the lungs, the subcutis or lymph nodes had a total of 27
malignant evaluable lesions (Table 1). All patients underwent a

PET studybefore startingcancertherapyexcept Patient9 who had
ulcerative subcutaneous metastases on the right leg and received
four daily fractions of palliative radiotherapy (total dose 16 Gy) to
most of his lesions before the PET study. Four subcutaneous
metastases were in the field of view, and, since he had an untreated

metastasis on the left groin, only the uptake of the untreated lesion
was taken in the analysis. Patient 10 had more than 20 pulmonary

The purpose of the study was to assess the feasibility of PET
and L-[methyl-11C]methionine (11C-methionine) in the detection
of malignantmelanomaMethods:Tenpatientsdiagnosedwith
malignant melanoma (two with primary melanoma and eight
with metastatic melanoma of the skin) but had no liver metes
tases underwent a PET study before starting cancer therapy.
Dynamic scanning was performed for 40 mm in seven patients
and 10â€”20mm in three patients 25â€”45mm postinjection.
Results: Carbon-11-methionine PET detected all melanoma le
sions greater than 1.5 cm (n = 22) in diameter, whereas five
smallerpulmonary lesionswere not detected.The averagestan
dardized uptake value of the untreated lesions was 6.3 Â±2.1
(n = 19)and the uptake rate @influxconstant)was 0.085 Â±0.041
min@ (n = 16). Conclusion: PETimagingwith@ 1C-methionine
is an effective method for visualizingmelanoma It may also be
usefulin measuringtumormetabolicactivityinvivo.

Key Words: positron emission tomography; melanoma; car
bon-11-methionine
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he incidence of malignant melanoma is rapidly increas
ing in many western countries (1,2), and its prognosis de

pends largely on the stage of the disease at presentation
(2). Surgical excision is curative for early primary mela

noma, but there has been no effective treatment for ad
vanced metastatic disease. Some improvement, however,
may be obtained by combining biological therapy with cy
tostatics (3,4).

In nuclear medicine, malignant melanoma has been stud
ied with monoclonal antibodies (5,6), iodinated radiophar
maceuticals (7,8) and lymphokine-activated killer cells (9)
using planar imaging or SPECT (10,11 ) and recently with
[â€˜8F]fluorodeoxyglucose(FDG) PET (12,13). Whole-body
FDG-PET imaging appears to be more accurate and cost
effective than conventional imaging when evaluating the
extent of metastatic melanoma (14).

Several amino acids and their analogs have been sug
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PatientMethodsforno.
Age Sex BMI P/MLesion site Lesionsize(cm) localization

TABLEI
PatientCharacteristics

M CeMcallymphnode
M Subcutis
M Lung(n=2)
P Nasalcavity
M Subcutis
P Externalear
M CeMcallymphnodes(n =2)
M Lung
M Axillarynode
M lnguinallymphnode
M Subcufis(n = 4)*
M Lungs(n> 20)t

1 69 F 21.1
2 44 F 26.7

3 60 M 35.7
4 77 M 26.3
5 26 M 25.2

6 65 M 32.8
7 68 M 29.4
8 70 F 25.0
9 89 M 25.3

10 80 F 28.4

4x5
6x7

0.5-1x 0.5-1
1.5x 4

2 x 2.5
2x3

1-1.2x 1-1.4
3 x 3.5
4x5
4x5

1.5-2x 1.5-3
0.5-4 x 0.5-5

us, palpation
Palpation
Chestradiograph
us,CT,MRI
Palpation
us,CT,MRI

Chestradiograph
PalpatiOn
CT,palpation
Palpation
Chestradiograph

subcutaneousmetastasesin thefieldof rnew,oneof whichwasuntreated.
tMu@fjp@elungmetastases,11 of whichwereinthefieldof view.
BMI = bodymassindex(kg/ma)(@ 27.6);P/M = prirnarj/rnetastasis;US = ultrasound;CT = computedtomography;MAI = magnetic

resonanceimaging.

metastases, 11 of which were in the field of view. No patient had
liver metastases on conventional imaging studies.

All patients underwentcarefulphysicalexaminationand were
subjected to chest and/or skeletal radiography, abdominal US,
cervical US (n = 3) Cl' (n = 3) and MRI (n = 2). The nutritional
state of the patient was measured as the body mass index (BMI,
the body weight divided by the square of the length given in
meters). The primary diagnosis was confirmed histologicallyfor all
patients. The nature of all lymph node and subcutaneous metas
tases was confirmed histologically after surgical biopsy, except for
Patient 9 who had subcutaneous tumors that were confirmed by
fine-needle aspiration biopsy. The nature of the lung metastases
was confirmed by clinical follow-up and histological diagnosis at
autopsy.

PET
We used a tomograph that simultaneously produces 15

contiguous slices (8 direct and 7 cross-planes) with a slice
thickness of 6.7 mm and an transaxial resolution of 6.1 mm
FWHM in the center of the field of view. All data were
reconstructed in a 256 X 256 image matrix. The final in
plane resolution in reconstructed and Hann-filtered images
was 8 mm FWHM.

Carbon-i 1-methionine was synthesized as described by
LAngstrom et at. with slight modifications (31 ). The radio

chemical purity (32) was 97.4% Â±1.9% (mean Â±s.d.). The
impurities were â€˜â€˜C-methioninesulfoxide and D-' â€˜C-methi
onine, which were present in about equal amounts.

Prior to imaging, patients fasted for 3â€”4hr. The target
area was selected to encompass the malignant lesion and
the regional lymph nodes. Transmission scanning to correct
for attenuation was performed with a removable @Gering
source (total counts 15-30 X 106 per plane). Immediately
after the transmission scan,@ â€˜C-methionine(250 Â±80
MBq) was injected as a bolus into an antecubitalvein and
dynamic scanning was carried out for 40 mm (four 30-see,
three 60-sec, five 180-sec and four 300-sec scans). Patients

1, 6 and 9 were scanned for 10â€”20mm (two to three
300â€”600-secscans) 25â€”45mm postinjection.

Venous blood sampling from the contralateral arm was
performed in seven patients to measure the input function.
Labeled methionine metabolites were considered by sepa
rating the plasma low molecular weight fraction (LMWF)
byfast-gel filtration(33). The radioactivityconcentrationof
, â€˜Cmethionine initially increases rapidly, becomes con

stant from 25 to 40 mm postinjection and then declines
slightly (34). In this study, the plasma input curve was
obtained from total plasma radioactivity concentration dur
ing the first 15 mm and subsequently after correction for
labeled metabolites. When radioactivityconcentration of
plasma LMWF taken at 20, 40 and 60 mm postinjection is
used as the input function, a straight slope reflecting uni
directional transport of@ â€˜C-methionineinto tumor tissue is
obtained for a 40-mm scan time.

Regions of interest (ROIs) were drawn on sites metabol
ically representing the most active areas in tumorous and
normal tissues, so that the relative standard deviation of the
measured radioactivity concentration in the ROl was at
ways smaller than 14% in the last frame. Tracer uptake was
measured as the standardized uptake value (SUV):

SUV â€”Radioactivityconcentration in ROI [Bq cm3]
â€” Injected dose [Bq]/Patient's weight [g]

The ROl with the maximumaverage radioactivityconcen
tration 35â€”40mm postinjection, corrected for calibration
and decay, was chosen for SUV analysis. The tracer uptake
rate was calculated as influx constants (K1 values) using
Patlak graphical analysis (35). The last seven data points
representing the time between 11 and 40 mm postinjection
were used to produce the influx curve.

PETand Carbon-i 1-Methionine in Malanomaâ€¢Lindholm et al. 1807



Patientno.
P/M SUVl@ value(min1)1

M7.5â€”2
M(before@*5.80.090(@ft@)*

8.20.1763
P8.60.0794
M5.60.0555
P3.90.069M
3.80.065M

2.80.0466
M(I@f@)*5.2â€”(after)*

5.20.0677
M12.70.2148
M6.90.1259
M7@3@10
M(n= 8) 5.0â€”7.40.052-0.107(mean

6.2)(mean0.077)Total

n = 19 6.3Â±2.10.085 Â±0.041min1(mean
Â±s.d.)(mean Â±s.d)*Before

and after the firstcourse oftherapy.@Value
foranuntreatedmetastasis.P/M

= primarymetatasis.

TABLE2
Uptake of Carbon-i 1-Methionine in Malignant Melanoma

FIGURE 1. Primary
melanoma of the na
sal cavity (Patient3) is
clearly visualized by
PET and r1Cmethi
onine.

Patients 2 and 6 were studied both before and 4 wk after
the first chemotherapy course. Chemotherapy consisted of
interferon, dacarbazine, vincristine, bleomycin and lomus
tine (3). There was no change in the size of their metastases
at the time of the second PET study. The SUV of a subcu
taneous metastasis increased 43%, from 5.8 to 8.2, and the
influx constant increased twofold, from 0.090 to 0.176
min@ in Patient 2, who had progressive disease. Carbon
11-methionine uptake in a pulmonary metastasis remained
unchanged 1 mo after Patient 6 started chemotherapy.
There was partial response only after 7 mo of therapy.

AAll 22 malignant lesions larger than 1.5 cm in diameter
were visualized (sensitivity 100%), and 22 of 27 lesions of
any size were detected with PET and@ â€˜C-methionine(sen
sitivity 81%). There were no false-positive findings. Five of
the 14 pulmonary metastases, all 0.5â€”1.0cm in diameter,
were not visualized (sensitivity 64%), obviously because of
the scanner's resolution limitations, partial volume effects
and respiratory movements.

The average SUV in untreated melanoma was 6.3 Â±2.1
(median 6.2; range 2.8â€”12.7,n = 19) and the influx con
stant 0.085 Â±0.041 min' (median, 0.072; range 0.046â€”
0.214, n = 16, Table 2). Linearity of the Patlak curves was
excellent (r2 = 0.97â€”0.99),except in one study (Patient 4,
r2 = 0.71). The SUVs of the three irradiated lesions of
Patient 9 ranged from 3.3 to 4.1, whereas an untreated
metastasis had an SUV of 7.3.

In normal tissues, the highest SUVs were measured in
the liver (12.6 Â±3.6, mean Â±s.d.; median 12.1; range
7.7â€”15.4,n = 4). Myocardial SUV varied from 5.8 to 6.8
(n = 2), while the mean uptake in the salivary glands was
5.9 Â± 1.3 (median 6.0; range 4.4â€”6.6, n = 3), and 6.3 Â± 1.3

(median 6.0; range 4.6â€”8.3,n = 9) in the bone marrow.
Image quality was generally good (Fig. 1â€”3).Metastatic

melanoma to the inguinal and iliac nodes was successfully
imaged (Patients 8 and 9), and PET image analysis was not
impaired despite the close proximity of the tumors to the
bladder (Patient 8, Fig. 3B). Tumor detection was impaired
in Patient 4, however, who had a subcutaneous metastasis
(2 x 2.5 cm) next to the myocardium and in the same axial
plane as the liver.

B

FiGURES 2. Malignant melanoma metastatic to the lungs
(meanSUV,6.2; range,5.0-7.4, Patient10)was studied by chest
radiography (A)and (B) r1C]methionine PET.Thoracic vertebra
(SUV8.2), rib cage (SIN 5.2) and sternum (SUV5.8) are mdi
cated by arrows in the PETscan.
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A
which impairs detection of metastases with limited tracer
uptake in these organs. Because â€˜â€˜C-methionineaccumu
lates in the bone marrow, its sensitivity in detecting bone

metastases needs to be evaluated in further studies.

None of our patients had clinically evident inflammatory
or scar tissue in the field of view. In an animal study (40),
â€˜â€˜C-methionine uptake in aseptic inflammation was signif

icantly lower than in cancer, but some â€˜â€˜C-methionineup
take was found in lung granulomas (41 ) and breast (24)
and brain (42) abscesses. Inflammation may also limit the
use of FDG (43,44) as a tumor-seeking agent. We found

â€˜â€˜C-methionine PET to be useful in distinguishing persis

tent head and neck cancer from benign irradiation-induced
R changes(45).

Although the incidence of melanoma has been increas
ing, especially during the past two decades, most new cases

@@ are diagnosed at an early stage when it is still curable by

4@ surgery. Clinical evaluation of such patients may under

estimate the extent of metastatic disease and actual tumor
burden (2). Accurate staging is of importance, since the
number of metastatic nodes is one of the most significant
prognostic factors in nondisseminated melanoma (2).

Malignant melanoma has been studied with iodinated
benzamides and different monoclonal antibodies using pla
nan or SPECT imaging (7,8, 10,11 ), but high tracer accumu
lation in various organs may limit the usefulness of these
techniques. Due to its superior contrast resolution and
quantitation over conventional nuclear imaging methods,
PET scanning with â€œC-methioninemay provide a noninva
sive tool for detection and regional staging of malignant

melanoma in patients who have locally advanced disease,
because this method might reveal malignant lesions not
detected during clinical examination.

There is some evidence that â€˜â€˜C-methioninePET could
be used to evaluate treatment response in breast (46) and
lung (47) cancer. In one of our patients with clinically
progressive melanoma, tracer uptake clearly increased dur
ing the first month of therapy but remained constant in
another patient who achieved a partial response after sev
eral months of therapy. Although these findings are anec
dotal, Huovinen et al. (46) and Kubota Ct al. (47) found an
association between change in â€˜â€˜C-methionine uptake and

treatment response.

CONCLUSION

PET and â€˜â€˜C-methioninecan be used in metabolic im
aging of malignant melanoma. Metastases larger than 1.5
cm in diameter were always visualized. Predicting response
to treatment from early changes in â€œC-methionineuptake
deserves further study.
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FIGURES3. Metastatic melanoma (Patient8)to the leftingui
nal lymph nodes studied by (A)CT and (B)[11C]methioninePET.
Pubic, iliac and the sacral bones are clearly visible in the PET
scan.

DISCUSSION

In this investigation, the mean SUV in primary and
metastatic melanoma varied between 2.8 and 12.7 (6.3 Â±
2.1, mean Â±s.d.), which corresponds to the mean SUV
reported in non-Hodgkin's lymphoma (6.7 Â±2.8) (23) but
is slightly higher than that found in non-small-cell lung

cancer (36); it is lower than the mean SUV of breast cancer
(8.5 Â±3.3) (24) or head and neck cancer(8.5 Â±3.5) (25).

Five small (0.5â€”1.0cm in diameter) pulmonary metasta
ses were the only malignant lesions not detected by@ â€˜C-

methionine PET. Our results agree with those of Gnitters et
al. (13) who found FDG-PET unsuccessful in imaging small
(<1.0 cm in size) lung lesions. In their study, average FDG
uptake for melanoma lesions >1.5 cm in diameter (7.2 Â±
1.2; s.e.) was somewhat higher than the average uptake of
â€œC-methionine found in our study.

In animal studies, melanoma has been identified as a
heterogenous disease regarding its biological properties

and metastatic potential (37). We also found that â€˜â€˜C-
methionine uptake in malignant melanoma varied consid
erably. This should be considered when imaging melanoma
metastases in the upper abdominal area.

According to Syrota Ct al. (38), the major problem with
using â€˜â€˜C-methionine PET in this region is the impossibility
to differentiate between cancer and pancreatitis. Olkawa et
al. (39) found FDG to be better than â€œC-methioninein
distinguishing pancreatic cancer from benign diseases. Up

take of â€˜â€˜C-methioninein the liver and the pancreas is high,

PET and Carbon-11-Methionine in Melanoma â€¢Lindholm et al. 1809
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