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We evaluated the amino acid and glucose metabolism of brain
tumors by using PET with 3,4-dihydroxy-6-'8F-fluoro-L-phenyl-
alanine ('8F-FDOPA) and '8F-FDG. Methods: Eighty-one pa-
tients undergoing evaluation for brain tumors were studied.
Initially, 30 patients underwent PET with '8F-FDOPA and
18F-FDG within the same week. Tracer kinetics in normal brain
and tumor tissues were estimated. PET uptake was quantified
by use of standardized uptake values and the ratio of tumor
uptake to normal hemispheric tissue uptake (T/N). In addition,
PET uptake with "8F-FDOPA was quantified by use of ratios of
tumor uptake to striatum uptake (T/S) and of tumor uptake to
white matter uptake. The accuracies of '8F-FDOPA and '8F-
FDG PET were determined by comparing imaging data with
histologic findings and findings of clinical follow-up of up to
31 mo (mean, 20 mo). To further validate the accuracy of
8F-FDOPA PET, '8F-FDOPA PET was performed with an
additional 51 patients undergoing brain tumor evaluation.
Results: Tracer uptake in tumors on '8F-FDOPA scans was
rapid, peaking at approximately 15 min after intravenous in-
jection. Tumor uptake could be distinguished from that of
the striatum by the difference in peak times. Both high-grade
and low-grade tumors were well visualized with "8F-FDOPA.
The sensitivity for identifying tumors was substantially higher
with 18F-FDOPA PET than with '8F-FDG PET at comparable
specificities, as determined by simple visual inspection, espe-
cially for the assessment of low-grade tumors. Using receiver-
operating-characteristic curve analysis, we found the optimal
threshold for '8F-FDOPA to be a T/S of greater than 1.0 (sen-
sitivity, 96%; specificity, 100%) or a T/N of greater than 1.3
(sensitivity, 96%; specificity, 86%). The high diagnostic ac-
curacy of 18F-FDOPA PET at these thresholds was confirmed
with the additional 51 patients (a total of 81 patients: sensitiv-
ity, 98%; specificity, 86%; positive predictive value, 95%;
negative predictive value, 95%). No significant difference in
tumor uptake on '8F-FDOPA scans was seen between low-grade
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and high-grade tumors (P = 0.40) or between contrast-enhancing
and nonenhancing tumors (P = 0.97). Radiation necrosis was gen-
erally distinguishable from tumors on 8F-FDOPA scans (P <
0.00001). Conclusion: '8F-FDOPA PET was more accurate than
18F-FDG PET for imaging of low-grade tumors and evaluating re-
current tumors. '8F-FDOPA PET may prove especially useful for
imaging of recurrent low-grade tumors and for distinguishing tu-
mor recurrence from radiation necrosis.
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Imaging of brain tumors with '8F-FDG was the first
oncologic application of PET (/—4). However, recent studies
demonstrated its diagnostic limitations (5,6). Because of the
high physiologic rate of metabolism of glucose by normal
brain tissue, the detectability of tumors with only modest
increases in glucose metabolism, such as low-grade tumors
and, in some cases, recurrent tumors, is difficult. The best
cutoff level for '8F-FDG uptake in the differentiation of high-
grade from low-grade tumors was reported to be 1.5 for the
ratio of tumor uptake to white matter uptake (T/W) (7). '8F-
FDG uptake of low-grade tumors is usually similar to that of
normal white matter, and high-grade tumor uptake can be
lower than or similar to that of normal gray matter; these
properties decrease the sensitivity of lesion detection.
Further, there can be great variability in '3F-FDG uptake in
that high-grade tumors may actually have uptake that is
only similar to or slightly higher than white matter uptake.
This is especially true in high-grade tumors after treatment
(4,8). Moreover, '8F-FDG uptake can increase in inflamma-
tory lesions, a property that limits the specificity of '®F-FDG
PET for tumor detection.

Amino acid and amino acid analog PET tracers consti-
tute another class of tumor imaging agents (9,70). They are
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particularly attractive for imaging of brain tumors because
of the high uptake in tumor tissue and the low uptake in
normal brain tissue. The best studied amino acid tracer is
1 C-methionine (MET; 11). Because of the short half-life
of ''C (20 min), '8F-labeled aromatic amino acid analogs
have been developed for tumor imaging (/2). Tumor uptake
of 0-2-'8F-fluoroethyl-L-tyrosine and 3,4-dihydroxy-6-
I8F-fluoro-L-phenylalanine ('8F-FDOPA) has been reported
to be similar to that of MET (/3-17). Recently, the
IBF-FDOPA metabolite 3-O-methyl-6-'8F-fluoro-L.-DOPA
('8F-OMFD) also was used for brain tumor imaging by
PET (18).

This study had several aims. First, we evaluated the
amino acid and glucose metabolism of primary, recurrent,
or metastatic brain tumors by using PET with '8F-FDOPA
and '8F-FDG. Second, using histologic and clinical follow-
up findings as gold standards, we determined the diagnostic
accuracies of '8F-FDOPA and '3F-FDG PET. Finally, we
attempted to verify the accuracy of '8F-FDOPA-PET for
brain tumor imaging in a larger population of patients.

MATERIALS AND METHODS

Patients

Initially, 30 patients with brain tumors, newly diagnosed or
previously treated (18 men, 12 women; mean age = SD, 45.2 *
14 y; range, 23-68 y), were prospectively studied. The distribution
of cases on the basis of the World Health Organization histopath-
ologic classification was as follows: 7 patients had newly diag-
nosed gliomas (grade 11, n = 3; grade III, n = 1; grade IV, n = 3),
and 23 had tumors that were previously treated by surgical re-
section or radiation (original primary tumors: grade II, n = 2;
grade III, n = 3; grade IV, n = 15; metastatic brain tumors: n = 3
[breast, lung, and melanoma]). Eleven patients were being treated
with corticosteroids at the time of the PET scans (dexamethasone
at 1-24 mg daily; mean, 11 mg). All patients underwent '8F-
FDOPA PET and '8F-FDG PET within the same week. MRI
studies of the brain, including T2- and T1-weighted images,
before and after the administration of gadolinium-diethylenetria-
minepentaacetic acid, were acquired for all patients within 1 wk
before the PET scans. The accuracies of the imaging data were
validated by histologic findings (15 patients; average time to
surgery, 20 d) or subsequent clinical follow-up findings (15 pa-
tients; mean follow-up time, 20 mo). For clinical follow-up, tumor
progression within 6 mo after the PET study was the criterion used
as clinical evidence of an aggressive tumor. Six patients died, with
an average time to death of 7 mo; all had tumors that progressed
within 6 mo after the PET study. The remaining 9 patients were
alive at 20 mo of follow-up: 3 had radiation necrosis that was found
to be resolved at follow-up MRI without treatment, 5 patients
remained stable at 27 mo, and 1 patient had tumor shrinkage.

ISFE.-FDOPA PET (without '8F-FDG PET) was subsequently
expanded to a larger population of 51 patients (34 men, 17
women). There were 3 newly diagnosed gliomas (grade 11, n = 2;
grade III, n = 1), and 47 patients were evaluated for recurrence
(original primary tumors: grade II, n = 13; grade I, n = 13;
grade IV, n = 21). One newly identified lesion was subsequently
found to be benign reactive changes.

All patients gave written consent to participate in this study,
which was approved by the Office for Protection of Research
Subjects, University of California Los Angeles.

18F-FDOPA Synthesis

I8F-FDOPA synthesis was performed by use of a previously
reported procedure (/9,20). The chemical and radiochemical
purities of the product isolated from the semipreparative high-
pressure liquid chromatography system were further confirmed by
an analytic high-pressure liquid chromatography method (specific
activity, ~18.5 x 10'° Bg/mmol [5 Ci/mmol]) and were both
greater than 99%. The product was made isotonic with sodium
chloride and sterilized by passage through a 0.22-pm Millipore
filter into a sterile multidose vial.

PET Imaging

PET was performed with a high-resolution full-ring scanner
(ECAT HR or ECAT HR+; Siemens/CTI), which acquired 47 or
63 contiguous slices simultaneously. For '8F-FDOPA PET, pa-
tients were instructed to consume a low-protein diet after the
previous evening meal. '3F-FDOPA PET and '8F-FDG PET were
performed in the same week for 30 patients. Patients were instructed
to drink plenty of water before and after PET to accelerate renal
tracer excretion.

For '8F-FDOPA PET, a dynamic emission acquisition sequence
in the 3-dimensional mode over 75 min (8 X 15 s, 2 X 30 s, 2 X 60
s, 14 x 300 s) was started with an intravenous injection of !8F-
FDOPA at 3.5 MBqg/kg. This dynamic acquisition was used to
characterize the time—activity curve of '8F-FDOPA uptake and for
kinetic modeling (Christiaan Schiepers et al., unpublished data,
2005). After an intravenous injection of '8F-FDG at 2.4 MBg/kg
and after an uptake period of 60 min, static '®F-FDG PET images
were acquired for 30 min. To minimize a patient’s head motion,
hypoallergenic medical tape was applied across the forehead and
head cushion before the PET acquisition. To correct for photon
attenuation, 5-min transmission scans were acquired after the
ISE.FDOPA and '8F-FDG emission scans for all patients. PET
emission data corrected for photon attenuation, photon scatter,
and random coincidences were reconstructed by use of iterative
reconstruction with ordered-subset expectation maximization and
a gaussian filter with a full width at half maximum of 4 mm.
IF-FDOPA PET images were summed from 10 to 30 min after
tracer injection. For '8F-FDG PET, one 30-min static image was
obtained 60 min after tracer injection.

Image Analysis

Standard visual image interpretation was performed indepen-
dently by 2 nuclear medicine physicians for 'SF-FDOPA PET and
I8F-FDG PET studies with MRI as a reference. Clinical informa-
tion was available to the interpreting physicians. Any tracer
activities above background levels were considered abnormal for
both '8F-FDOPA PET and '8F-FDG PET scans.

For semiquantitative image analysis (region of interest [ROI]),
ROIs were drawn over 3 consecutive slices. Tumor ROIs were
placed on the summed scans by drawing an 80% peak-voxel-
intensity isocontour on the slices with maximal tumor uptake to
avoid cysts and resection cavities. For tumors that did not show
visible PET uptake, MRI was used as a reference through image
fusion (MIM Workstation; MIMVISTA) of T1-weighted gadolinium-
enhanced MR images for lesions that were contrast enhancing and
T2-weighted MR images for lesions that were not contrast
enhancing.
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The normal reference brain region was defined by drawing an
ROI involving the entire contralateral hemisphere at the level of the
centrum semiovale. For the determination of tracer uptake in normal
gray matter and white matter, 3 circular ROIs with 8-mm diameters
were placed along the cortical band of the contralateral frontal and
parietal cortices (gray matter) and in the centrum semiovale (white
matter) (7). The ROIs from the frontal and parietal cortices then
were averaged to generate the gray matter data. ROIs also were
drawn over the contralateral striatum and the entire cerebellum.

Activity counts in the ROIs were normalized to injected dose
per kilogram of patient body weight (standardized uptake value
[SUV]). The peak pixel SUV (SUV,,.x) and the mean SUV of the
voxels falling within the 80% peak-voxel-intensity isocontour
(SUVnax20) were generated. Ratios of tumor uptake to normal
tissue uptake were generated by dividing the tumor SUV .00 by
the SUV of the contralateral normal hemispheric brain tissue (T/N),
the normal striatum (T/S), and the normal white matter (T/W).

To determine the time course of tracer uptake in tumor ROIs
and the time to reach the optimal ratio of tumor activity to
background activity, time—activity curves over the entire acquisi-
tion period were generated. ROIs were copied to dynamic '8F-
FDOPA PET image sets. Uptake curves for the tumor, cerebellum
(as the blood-pool reference), normal gray and white matter, and
the striatum were generated over the 75 min after injection.

Statistical Analysis

I8F-FDG and '8F-FDOPA PET scan parameters were compared
by use of the Wilcoxon nonparametric test. The Student ¢ test
was used to compare the '8F-FDG and 'F-FDOPA SUVs of high-
grade versus low-grade tumors, contrast-enhancing versus non-
enhancing tumors, and tumors versus radiation necrosis. Sensitivity
and specificity were calculated by comparing the PET data with
histologic and clinical follow-up data. Data are presented with 95%
confidence intervals (Cls). Receiver-operating-characteristic (ROC)
curve analysis for the first group of 30 patients undergoing 'SF-
FDOPA PET was used to determine the optimal thresholds for the
uptake ratios (T/N, T/S, and T/W). The optimal thresholds identi-
fied then were applied and tested with the second 'SF-FDOPA study
patient population (n = 51) as well as with the entire population
(the first and second groups of patients together; n = 81).

RESULTS

Time-Activity Curves for '8F-FDOPA PET Scans
Representative decay-corrected time—activity curves for
the tumor, the cerebellum, and the striatum were averaged

over the first 11 patients undergoing '8F-FDOPA PET (Fig.
1A). This information was used in this study to select the
time window for obtaining the highest tumor uptake while
maintaining a good ratio of tumor uptake to normal tissue
uptake. The highest tracer uptake in the tumor and cere-
bellum generally occurred between 10 min and 30 min after
injection. SUVs (mean * SD) were 3.24 = 0.39 at 15 min.
Mean tumor uptake reached 98% of peak activity (SUV,
3.17 = 0.41) at 10 min and still averaged 93% of peak
activity (SUV, 3.00 = 0.30) at 30 min. There was no dif-
ference in time—activity curve patterns between high-grade
and low-grade tumors. The cerebellum had lower uptake
than tumor (peak SUV, 1.92 = 0.11). At the end of the
study at 75 min, tumor uptake had declined to 73% of its
peak activity (SUV, 2.35 £ 0.26), and cerebellar uptake had
declined to 67% of its peak activity (SUV, 1.28 = 0.09).
Tracer activity in the striatum did not reach a peak until 50
min after injection (SUV, 2.93 * 0.70), and there was no
significant decline at 75 min after injection (SUV, 2.86 =
0.70; 98% peak activity). Thus, tumor uptake from 10-30
min after injection is nearly maximal and occurs suffi-
ciently early to avoid peak uptake in the striatum. SUVs
were higher in normal gray matter (SUV, 1.69 = 0.11) than
in normal white matter (SUV, 1.21 = 0.07) (P = 0.0001)
(Fig. 1B). Gray matter uptake declined to 67% of peak
activity at 75 min, whereas white matter uptake declined to
83% of peak activity at 75 min.

Visual Image Analysis

With the criterion that any tracer activity above the
background should be considered abnormal, 22 of 23 high-
grade and low-grade tumors were visualized by '8 F-FDOPA
PET (Fig. 2); there was 1 false-negative result in a patient
with a residual low-grade tumor. All 3 patients without
active disease (in long-term remission) lacked any visible
uptake on '8F-FDOPA PET scans. Four patients with radi-
ation necrosis had very low but visible '8F-FDOPA uptake.
Thus, '8F-FDOPA had a sensitivity of 96%, a specificity of
43%, and an overall accuracy of 83% (95% CI, 70%-97%).
These data corresponded to a positive predictive value
(PPV) of 85% and a negative predictive value (NPV) of
75% (Table 1).
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FIGURE 2. MRI (left), "8F-FDG PET (middle), and '8F-FDOPA
PET (right) of newly diagnosed tumors. (A) Glioblastoma. (B)
Grade |l oligodendroglioma.

Using the same visual criterion, 14 of 23 tumors were
visualized by '8F-FDG PET (sensitivity, 61%) (Table 1).
Eight of the 9 tumors that were negative on '8F-FDG scans
were clearly visible on '83F-FDOPA scans (Fig. 3). One of
these patients had had a grade II oligodendroglioma re-
sected 5 y before and began experiencing seizures. '8F-
FDOPA PET demonstrated the recurrent tumor, which was
subsequently localized by intraoperative electroencepha-
lography and resected (Fig. 3B). The other 7 patients
suffered tumor progression within 1-3 mo after the PET
study. Similar to the results obtained for '®F-FDOPA uptake,
there was no visible '8F-FDG uptake in 3 stable patients
in long-term remission, and there was low-level '3F-FDG
uptake in 4 patients with radiation necrosis (specificity,
43%). These data corresponded to a PPV for '8F-FDG of
78%, an NPV of 25%, and an overall accuracy of 57% (95%
CI, 39%-74%). Thus, '8F-FDOPA PET was more sensitive
(sensitivity, 96%; 95% CI, 87%—100%) in identifying tumors

TABLE 1
Sensitivity and Specificity of '8F-FDOPA and '8F-FDG,
as Determined by Simple Visual Analysis

Histopathology or
clinical follow-up

Comparison Positive Negative
18F-FDOPA positive 22 4
18F-FDOPA negative 1 3
18F-FDG positive 14 4
18F-FDG negative 9 3

For 8F-FDOPA, sensitivity was 96%, specificity was 43%, PPV
was 85%, and NPV was 75%. For '8F-FDG, sensitivity was 61%,
specificity was 43%, PPV was 78%, and NPV was 25%.

ISE_.FDOPA PET or BraiNn Tumors * Chen et al.

overall than '8F-FDG PET (sensitivity, 61%; 95% CI, 41%-—
81%).

Four patients were evaluated for radiation necrosis
suspected by clinical assessment (3 with metastatic cancers:
breast, lung, and melanoma; 1 with grade III glioma). Three
of these patients were determined to have radiation necrosis
on the basis of the observation of spontaneous regression of
contrast-enhanced lesions in the subsequent months without
treatment; 1 was found to have a recurrent tumor (breast can-
cer) on the basis of biopsy and was subsequently treated.
I8F.FDOPA correctly identified the recurrent tumor, and
IBE-FDG yielded false-negative results.

Comparison of 18F-FDOPA and '8F-FDG PET Scans for
High-Grade and Low-Grade Tumors

For the 23 confirmed tumors, '8F-FDOPA had an
SUVux of 439 = 2.10 and a T/N of 2.50 = 0.73 for
high-grade tumors (n = 18) and an SUV,,x of 3.07 = 1.65
and a T/N of 1.95 = 0.69 for low-grade tumors (n = 5)
(Table 2). The 7 patients with changes after treatment had
an SUV,.x of 1.50 = 0.35 and a T/N of 1.11 = 0.25.
Among these 7 patients, the 4 radiation necrosis lesions had
an SUV,.. of 1.57 = 0.47 and a T/N of 1.25 = 0.23.

I8F_FDG had higher absolute SUVs than '3F-FDOPA,
with SUV .« values of 5.49 * 3.16 and 2.48 = 0.85 for the
19 high-grade and 5 low-grade tumors. However, the T/N
values of '8F-FDG were 1.23 * 0.69 for high-grade tumors
and 0.66 = 0.33 for low-grade tumors. Thus, the contrast
for imaging of tumors was higher with '8F-FDOPA. The
difference between 'SF-FDOPA and '8F-FDG T/N values
was statistically significant (P < 0.001).

ROC Analysis of '8F-FDOPA Sensitivity and Specificity
As described above, standard visual analysis of 'S8F-

FDOPA PET seemed adequate in that it provided a high

sensitivity for identifying tumors. However, the specificity

FIGURE 3. MRI (left), ®F-FDG PET (middle), and '®F-FDOPA
PET (right) for evaluating recurrent tumors. (A) Recurrent
glioblastoma. (B) Recurrent grade Il oliogodendroglioma.
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TABLE 2
18F-FDOPA and '8F-FDG Parameters in High-Grade and Low-Grade Tumors and Post-Treatment Changes

Tumor grade or post-treatment '8F-FDOPA '°F-FDG

changes (no. of tumors) SUVnax T/N SUVnax T/N
High grade (n = 18) 4.39 = 2.10 2.50 = 0.73 5.49 * 3.16 1.23 = 0.69
Low grade (n = 5) 3.07 = 1.65 1.95 + 0.69 2.48 = 0.85 0.66 = 0.33
Post-treatment changes (n = 7) 1.50 = 0.35 1.11 = 0.25 3.13 £ 1.27 0.74 = 0.09

Data are reported as mean = SD.

was low, as radiation necrosis lesions all had low but visible
tracer uptake. Therefore, ROC analysis was used to identify
the optimal thresholds for various ratios of tumor uptake to
normal tissue uptake: T/N, T/S, and T/W.

AT/S of 075 or 1.0, a T/N of 1.3, and a T/W of 1.6 were
found to provide the best sensitivity and specificity (Table 3).
A T/S of 0.75 provided a sensitivity of 100% and a spec-
ificity of 86%, a T/S of 1.0 provided a sensitivity of 96%
and a specificity of 100%, a T/N of 1.3 provided a sensi-
tivity of 96% and a specificity of 86%, and a T/W of 1.6
provided a sensitivity of 96% and a specificity of 86%.

Prospective Application of Thresholds to Larger
Patient Population

An additional 51 patients were studied by '8F-FDOPA
PET to test the thresholds for sensitivity and specificity
generated from the ROC analysis of the first group of 30 pa-
tients studied. This second group of patients included more
post-treatment patients being monitored for disease status
(n = 47) (Table 4). '8F-FDOPA data were compared with
pathology findings (10 patients; mean time to surgery: 25 d)
and clinical follow-up findings (41 patients; mean follow-up
time: 11 mo). Fourteen patients died during the follow-up
period, with the mean time to death of 4.5 mo.

AT/S of 075 or 1.0, a T/N of 1.3, and a T/W of 1.6 were
used in this group of patients to evaluate sensitivity, speci-
ficity, PPV, and NPV (Table 5). As shown in Table 5, a T/S
of 0.75 provided a similar sensitivity (97% vs. 100%) and
the same specificity (86%) for the second group of patients
as for the first group of patients. Likewise, a T/N of 1.3
provided a similar sensitivity (95% vs. 96%) and the same
specificity (86%) for the second group of patients as for the
first group of patients. When the 2 groups of patients were

TABLE 3
ROC Analysis of 30 '8F-FDOPA PET Studies to Generate
Optimal Thresholds for Sensitivity and Specificity

% Sensitivity % Specificity

Ratio (95% Cl) 95% Cl) % PPV % NPV
T/S>1.0 96 (87-100) 100 (100-100) 100 88
T/S > 0.75 100 (100-100) 86 (60-100) 9% 100
T/N>1.3 96 (87-100) 86 (60-100) 96 86
T/W > 1.6 96 (87-100) 86 (60-100) 96 86

considered together (n = 81), a T/S of 0.75 and a T/N of
1.3 again yielded the best diagnostic accuracy (T/S of 0.75:
sensitivity, 98%; specificity, 86%; PPV, 95%; NPV, 95%;
accuracy, 95%; T/N of 1.3: sensitivity, 95%; specificity,
86%; PPV, 95%; NPV, 86%; accuracy, 93%).

There was no statistically significant difference between
uptake levels in 48 high-grade tumors and 18 low-grade
tumors (P = 0.40) (Fig. 4A). Furthermore, contrast-enhancing
tumors (n = 37) and nonenhancing tumors (n = 23) had
similar SUV ..« values (3.57 £ 1.74 versus 2.88 *= 1.14)
(P = 0.97) (Fig. 4B), supporting the notion that a blood—
brain barrier breakdown is not a prerequisite for uptake into
tumors. There was a statistically significant difference in
uptake levels between contrast-enhancing tumors and radi-
ation necrosis lesions (n = 4) (P < 0.00001).

DISCUSSION

To our knowledge, this is the first clinical study to
systematically compare 'SF-FDOPA PET with '8F-FDG
PET of brain tumors and to evaluate the diagnostic accuracy
of 13F-FDOPA PET for a relatively large number of patients
with pathologic and clinical follow-up findings. Our results
suggest that '8F-FDOPA PET is superior to '8F-FDG PET

TABLE 4
Clinical Characteristics of Group 1 and Group 2 Patients

Group 1 Group 2 Combining
patients patients 2 groups
Clinical disease status (n=380) (h=51) (n=281)
Newly diagnosed patients
Grade I 3 2 5
Grade llI 1 1 2
Grade IV 3 0 3
Nontumor 0 1 1
Clinically stable patients
Grade I 2 6 8
Grade llI 1 7 8
Grade IV 6 5 11
Post-treatment patients
Recurrent: Grade Il 1 4 5
Grade Il 2 1 3
Grade IV 5 15 20
Post-treatment changes 3 8 11
Long-term remission 3 1
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TABLE 5
Diagnostic Accuracy of '8F-FDOPA PET at Various
Thresholds for Ratios of Tumor Uptake to Normal
Tissue Uptake in Group 1 and Group 2 Patients

Threshold for
ratio of tumor Group 1 Group 2 Combining
uptake to normal Parameter patients patients 2 groups

tissue uptake (%) (n=30) (h=51) (n=81)
T/S > 0.75 Sensitivity 100 97 98
Specificity 86 86 86
Accuracy 97 94 95
PPV 96 95 95
NPV 100 92 95
T/S>1.0 Sensitivity 96 86 92
Specificity 100 93 95
Accuracy 97 88 93
PPV 100 94 98
NPV 88 75 80
T/N > 1.3 Sensitivity 96 95 95
Specificity 86 86 86
Accuracy 93 94 93
PPV 96 95 95
NPV 86 92 86
T/W > 1.6 Sensitivity 96 92 93
Specificity 86 86 86
Accuracy 93 84 91
PPV 96 87 95
NPV 86 75 82

for visualizing low-grade tumors, evaluating recurrent tumors,
and differentiating tumor recurrence from radiation necrosis.

I8E-FDOPA PET of gliomas demonstrated lower SUVs
than did '8F-FDG PET. However, the contrast between
tumor tissue and normal tissue was higher with '8F-FDOPA
than with '8F-FDG because of the low normal brain tissue
uptake in '8F-FDOPA PET scans. This property proved
useful in detecting low-grade tumors as well as recurrent
tumors. For example, 8 of 9 patients with recurrent tumors
had negative '®F-FDG PET results but positive '8F-FDOPA

PET results. Of these 9 patients, 5 had low-grade tumors
and 4 had high-grade tumors. If only high-grade tumors
were considered, then '8F-FDG sensitivity for detecting
recurrent tumors would be 78% (14/18) rather than 61%
(14/23), compared with 96% (22/23) for '8F-FDOPA. Eleven
of 30 patients were receiving various doses of dexamethasone
at the time of '"8F-FDG PET. This treatment could very well
decrease '8F-FDG uptake (27). However, because steroids are
commonly used in clinical settings, this finding further indi-
cates the difficulty of using '8F-FDG for brain tumor patients.
I8F.FDOPA PET therefore may help to detect low-grade and
recurrent tumors with greater sensitivity than '8F-FDG PET.

It was shown previously that 'SF-FDG SUVs in brain
tumors were not a reliable measure for grading or evalu-
ating recurrent tumors (22); we obtained similar findings in
the present study. In addition, it was also shown that there
was an overlap of '®F-FDG uptake in recurrent tumors and
radiation necrosis, in that even high-grade recurrent tumors
could have uptake similar to or slightly above that of white
matter and that necrosis could have uptake higher than that
of normal white matter (5,6). In the present study, standard
visual inspection of images with the criterion that any
uptake above the background should be considered abnor-
mal provided a higher sensitivity with 'SF-FDOPA PET
than with '8F-FDG PET. However, the specificity of
I8F-FDOPA PET was as poor as that of '3F-FDG PET with
the visual criterion.

We used ROC analysis to identify optimal ratios of tumor
uptake to normal tissue uptake that would give the best
sensitivity and specificity for '3F-FDOPA and applied these
thresholds to a second, larger group of patients. Our results
showed that the specificity of '8F-FDOPA brain tumor
imaging could be greatly increased by using the following
thresholds: T/S of 0.75 or 1.0, T/N of 1.3, and T/W of 1.6.

Although a T/S of 0.75 resulted in a slightly higher
accuracy of 95% and a sensitivity of 98%, a ratio of 1.0
provided a slightly lower sensitivity of 92% but a higher
specificity of 95%. The latter is clinically more practical, as

FIGURE 4. (A) Box plots of '8F-FDOPA
T/N values in high-grade and low-grade

brain tumors and radiation necrosis. There

was no statistically significant difference
between high-grade and low-grade tumors

l (P = 0.40). There was a statistically signif-
Q icant difference between tumors and radi-
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ation necrosis (P < 0.00001). Error bars
indicate SEs. (B) Box plots of '8F-FDOPA

T/N values in brain tumors that were con-

trast enhancing on MRI (CE) and those that did not take up contrast material on MRI (NCE). No statistical difference was seen between CE
and NCE tumors (P = 0.40). Statistically significant difference was seen between CE tumors and radiation necrosis (P < 0.00001). Error

bars indicate SEs.
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it does not require quantitative measurement, is visually
more obvious, and is still highly accurate (accuracy, 93%;
PPV, 98%; NPV, 80%). We therefore suggest the use of a
T/S of 1.0 as a first-line assessment tool and the use of a
T/S of 0.75 in inconclusive cases. In addition, a T/S of 1.0
could be used when there is a higher clinical suspicion of
radiation necrosis, and a T/S of 0.75 could be used when
there is a higher clinical suspicion of recurrent tumor.

Tumor grade did not significantly affect tracer uptake in
81 lesions in our '8F-FDOPA PET studies, a finding that is
consistent with the results of most studies with amino acid
tracers (/4,17,18). Likewise, no statistically significant dif-
ference in uptake levels between tumors that were contrast
enhancing and those that were nonenhancing was seen, in
agreement with the notion that, like the tumor accumulation
of other amino acid tracers, the tumor accumulation of
IBF-FDOPA most likely is mediated through a specific
transport system rather than requiring the breakdown of the
blood-brain barrier (23).

ISF_.FDOPA has been used in evaluating patients with
movement disorders for many years through imaging of the
integrity of the striatal dopamine pathway (24-26). How-
ever, '8F-FDOPA is also an amino acid analog and was
shown to be taken up at the blood—brain barrier in normal
brain by the neutral amino acid transporter (27,28). Although
the mechanism of tumor-specific '®F-FDOPA uptake has
not been firmly established, other amino acid tracers, in-
cluding a closely related metabolite of !'3F-FDOPA,
I8F.OMFD, as well as O-2-'8F-fluoroethyl-L-tyrosine and
'1C-methionine, have been shown to be taken up by tumors
through the neutral amino acid transporter (29-33). In the
present study, tumor uptake most likely included a combi-
nation of '8F-FDOPA and its metabolite 8F-OMFD, as 8F-
OMFD uptake in brain tumors has been demonstrated to
have a similar kinetic profile and to achieve a similar ratio
of tumor uptake to normal tissue uptake (/8). Carbidopa
was not considered necessary for the clinical purpose studied
here, because both '®F-OMFD and '8F-FDOPA most likely
are taken up by tumors in similar ways.

A highly significant difference was seen between contrast-
enhancing tumors and radiation necrosis on 'SF-FDOPA
PET scans. Larger studies would be helpful to further
address the usefulness of '8F-FDOPA PET in distinguishing
between recurrent tumors and radiation necrosis.

CONCLUSION

I8SF_.FDOPA PET demonstrated excellent visualization of
high-grade and low-grade tumors. It was more sensitive and
specific for evaluating recurrent tumors than was '*F-FDG
PET. It may prove particularly valuable for examining
recurrent low-grade gliomas, because these tumors are dif-
ficult to evaluate by MRI and are usually not visible on '3F-
FDG PET scans. Our data also suggest that '8F-FDOPA
may be valuable for distinguishing recurrent tumors from
radiation necrosis, although a larger series of radiation
necrosis cases is needed to confirm this suggestion.
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