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PET of amino acid transport and metabolism may be more
accurate than conventional neuroimaging in differentiating re-
current gliomas from radiation-induced tissue changes. a-'1C-
methyl-L-tryptophan ('C-AMT) is an amino acid PET tracer that
is not incorporated into proteins but accumulates in gliomas,
mainly because of tumoral transport and metabolism via the
immunomodulatory kynurenine pathway. The aim of this study
was to evaluate the usefulness of ""C-AMT PET supplemented
by tracer kinetic analysis for distinguishing recurrent gliomas
from radiation injury. Methods: Twenty-two ''C-AMT PET
scans were obtained in adult patients who presented with a le-
sion suggestive of tumor recurrence on conventional MRI 1-6 y
(mean, 3 y) after resection and postsurgical radiation of a World
Health Organization grade II-IV glioma. Lesional standardized
uptake values were calculated, as well as lesion-to-contralat-
eral cortex ratios and 2 kinetic "'"C-AMT PET parameters (vol-
ume of distribution [VD], characterizing tracer transport, and
unidirectional uptake rate [K]). Tumor was differentiated from
radiation-injured tissue by histopathology (n = 13) or 1-y clinical
and MRI follow-up (n = 9). Accuracy of tumor detection by PET
variables was assessed by receiver-operating-characteristic
analysis. Results: All "'C-AMT PET parameters were higher in
tumors (n = 12) than in radiation injury (n = 10) (P =< 0.012 in all
comparisons). The lesion-to-cortex K-ratio most accurately iden-
tified tumor recurrence, with highly significant differences both
in the whole group (P < 0.0001) and in lesions with histologic
verification (P = 0.006); the area under the receiver-operating-
characteristic curve was 0.99. A lesion-to-cortex K-ratio thresh-
old of 1.39 (i.e., a 39% increase) correctly differentiated tumors
from radiation injury in all but 1 case (100% sensitivity and 91%
specificity). In tumors that were high-grade initially (n = 15),
a higher lesion-to-cortex K-ratio threshold completely separated
recurrent tumors (all K-ratios = 1.70) from radiation injury (all
K-ratios < 1.50) (100% sensitivity and specificity). Conclusion:
Kinetic analysis of dynamic "'C-AMT PET images may accurately
differentiate between recurrent World Health Organization grade
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IV infiltrating gliomas and radiation injury. Separation of unidi-
rectional uptake rates from transport can enhance the differenti-
ating accuracy of ""C-AMT PET. Applying the same approach to
other amino acid PET tracers might also improve their ability to
differentiate recurrent gliomas from radiation injury.
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Initial treatment of low-grade and high-grade gliomas
includes surgery, radiation therapy, or chemotherapy. After
initial treatment, gliomas often recur. Diagnosing recurrent
tumor after radiation is complicated by the common occur-
rence of radiation injury, frequently referred to as radiation
necrosis. Optimal choice of therapy should rely on an ac-
curate distinction between radiation injury and true tumor
recurrence, but currently there is no widely accepted non-
invasive diagnostic test capable of discriminating between
these 2 entities. Both radiation injury and tumor recurrence
commonly manifest as a new, often progressive contrast-
enhancing lesion or a T2 or fluid-attenuated inversion re-
covery abnormality on conventional MRI (/,2), typically
within or near the surgical resection bed. The similar clin-
ical presentation and radiologic appearance make accurate
differentiation between radiation-related lesions, which may
occur up to 10 y after irradiation, and true tumor recurrence
challenging (/-3).

Several advanced imaging modalities (including perfusion
MRI, proton MR spectroscopy ('H-MRS), and PET using
amino acid radiotracers) have shown promise in the differ-
entiation of brain tumor recurrence from treatment effects
(4). Among PET techniques, imaging with ''C-labeled me-
thionine and O-(2-'8F-fluoroethyl)-L-tyrosine ('3F-FET)
have been studied extensively (5-9). Posttreatment !'C-me-
thionine PET studies typically measured standardized uptake
values (SUVs) in lesions and contralateral cortex (5,8,9). In
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one of the largest ''C-methionine PET studies (8) (including
26 gliomas and 51 metastatic brain tumors), both sensitivity
and specificity in separating recurrent tumors from radiation
injury varied between 75% and 79%. '8F-FET PET measures
transport of tumoral amino acid, because it is not incorpo-
rated into proteins or metabolized. '8F-FET PET studies,
also using SUVs, showed sensitivity and specificity up to
100% for identifying recurrent gliomas (6,7,9). In 1 study,
analysis of dynamic '8F-FET SUV changes also demonstrated
a high accuracy in differentiating low-grade from high-grade
gliomas after treatment (/0).

a-!''C-methyl-L-tryptophan (!'C-AMT) is an amino acid
PET tracer that can measure tryptophan metabolism via the
immunomodulatory kynurenine pathway (I/—-13). We have
shown that ''C-AMT accumulates because of both transport
and metabolism in both untreated and recurrent World Health
Organization (WHO) grade II-IV gliomas (/4-16). Whether
C-AMT would be useful in differentiating between recur-
rent gliomas and radiation-induced injury was unknown. Our
previous studies demonstrated that tumoral transport of ''C-
AMT is affected by a defective blood—brain barrier (as in-
dicated by gadolinium enhancement on MRI) (/4), which is
common in both high-grade gliomas and radiation-injured
tissue. Therefore, we believed that ''C-AMT metabolic rates
might be more accurate than transport rates in differentiating
radiation injury from true tumor recurrence. In the present
study, we performed kinetic analysis of dynamic brain PET
scans combined with blood radioactivity data, which allows
separation of ''C-AMT transport and metabolic rates, to de-
termine whether ''C-AMT PET could reliably differentiate
recurrent gliomas from radiation-induced changes in patients
who present with conventional MRI abnormalities suggestive
of recurrence of WHO grade II-IV gliomas. We aimed to de-
termine which ''C-AMT PET-derived kinetic parameter would
provide the best accuracy for tumor detection and whether this
parameter performs better than SUV.

MATERIALS AND METHODS

Patients

Twenty-one adults (age at ''C-AMT PET scan, 30-68 y; Table 1)
with a history of resection of a WHO grade II-1V glioma underwent
HC-AMT PET using a research protocol. One patient (patient 2 in
Table 1) underwent 'C-AMT PET twice, at a 1-y interval, with
each scan followed by resection of the suggestive lesion; both of his
HC-AMT PET scans were analyzed. All patients had undergone
radio- or chemoradiotherapy after initial surgery and showed poten-
tial tumor recurrence or radiation injury because of an enlarging
contrast-enhancing or hyperintense T2 or fluid-attenuated inversion
recovery lesion on MRI. All had at least 1 y of follow-up or subse-
quent histology (from the resected lesion) for the diagnosis of tumor
recurrence or radiation injury. The original tumors were WHO grade
II'in 7 patients, grade Il in 5, and grade IV (glioblastoma) in 9. Con-
ventional fractionated external-beam partial-brain radiotherapy over
6 wk, with a total radiation dose typically between 54 and 60 Gy,
was started within 4 wk after initial surgery. Most patients also un-
derwent adjuvant chemotherapy with temozolomide. The mean in-
terval between initial surgical resection and 'C-AMT PET was 3.1 y
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(range, 1-6.3 y). In addition, clinical '8F-FDG PET was also per-
formed in 9 patients within 1 d to 10 mo (median, 14 d) of the 1'C-
AMT PET. The study was approved by the Wayne State University
Institutional Review Board, and written informed consent was obtained
from all participants.

Tumor recurrence versus radiation injury without active tumor
was determined as follows: lesions were defined as tumor recurrence
if subsequent histopathologic examination of resected suggestive
lesions showed evidence of tumor at the same or higher grade, or if
there was clinical deterioration plus growth of a contrast-enhancing
lesion on serial MRI during a 1-y follow-up after the ''C-AMT PET
scan. These MRI studies were performed within 1 mo of the !'C-
AMT PET and then at 2- to 6-mo intervals thereafter. All patients
whose serial MRI studies were used to determine presence or ab-
sence of tumor underwent at least 3 MRI scans after the ''C-AMT
PET. Lesions were defined as radiation injury with no tumor recur-
rence if subsequent histopathology verified the presence of radiation
injury without evidence of definite tumor, or if the patient remained
clinically stable or improved, with a stable or diminishing contrast-
enhancing or hyperintense T2 or fluid-attenuated inversion recovery
lesion on serial MRI during a 1-y follow-up after the ''C-AMT PET
scan.

Differentiation Between Tumor and Radiation Injury
on Histopathology

Routine neuropathologic examination after formalin fixation and
embedding in paraffin was performed by a neuropathologist. Hema-
toxylin and eosin staining was supplemented by special stains,
including immunohistochemical staining for glial fibrillary acidic
protein to assess cell morphology, Ki-67 to assess proliferative ac-
tivity, CD34 (or Masson trichrome stain) to assess vascular structure
and density, and CD68 to assess for the presence of macrophages
and microglial activation. The presence of tumor was determined by
findings of infiltrative or solid tumor showing pleomorphic glial
cells with nuclear atypia, areas of high cell density, and presence of
mitotic activity or Ki-67 immunoreactivity in the tumor cell pop-
ulation. Microvascular proliferation and focal necrosis with pseudo-
palisading, when present, were considered characteristics of recurrent
tumor. The presence of radiation injury was determined by findings of
areas of coagulative necrosis in brain tissue, sclerotic or ectatic blood
vessels, fibrinoid necrosis in blood vessels, and nuclear atypia in
mural cells in blood vessel walls. Patients with any evidence of
definite tumor during histologic examination were classified as
having tumor recurrence. Patients with radiation injury and only
isolated atypical glial cells scattered in hypocellular brain tissue
were classified as no tumor recurrence.

PET Protocols

All ""C-AMT PET studies were performed using the EXACT/
HR whole-body positron tomograph (CTI/Siemens) located at the
Children’s Hospital of Michigan in Detroit. This scanner has a 15-
cm field of view and generates 47 image planes with a slice thick-
ness of 3.125 mm. The reconstructed image resolution obtained is
7.5 = 0.4 mm in full width at half maximum in-plane and 7.0 *
0.5 mm in the axial direction. The procedure for ''C-AMT PET
has been described previously (/3,14). In brief, after the patient
had fasted for 6 h, a venous line was established for injection
of "C-AMT (3.7 MBg/kg) as a slow bolus over 2 min. A second
venous line was established for collection of timed blood samples
(0.5 mL/sample, collected at 20, 30, 40, 50, and 60 min after ''C-
AMT injection). Initially, coinciding with tracer injection, a 20-min
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TABLE 1
Clinical and Quantitative "'C-AMT PET Data of Patients

Age Tumor WHO  Postsurgical Time since SUvV K K VD
No. (y) Sex type grade treatment Histology Recurrence surgery (y) SUV ratio (mL/g/min) ratio VD ratio
1 31 M Oligo 2(3) Rad + chemo Yes Yes 1.5 2.18 1.35 0.007 1.60* 0.47 1.30
2a 31 M  Astro 2(8) Rad + chemo Yes Yes 2 1.84 1.91 0.009 1.71 055 2.75
3 34 F AO 3(3) Rad Yes Yes 4 3.75 2.98 0.022 2.75 1.06 3.53
4 36 M GBM 4(4) Rad + chemo Yes Yes 3 2.37 1.60 0.008 2.40 042 1.50
5 45 M AO 3(3) Rad + chemo Yes Yes 2.8 3.82 3.23 0.019 3.30 1.75 5.00
6 47 M Oligo 23) Rad Yes Yes 4.2 145 2.55 0.013 2.60 0.57 2.85
7 47 M AO 3(4) Rad Yes Yes 22 1.87 1.67 0.009 1.70 0.56 2.70
8 56 M GBM 4(4) Rad + chemo Yes Yes 25 220 2.64 0.013 210 1.16 5.20
9 58 M OA 2 Rad No Yes 1 212 1.32 0.005 1.40 0.40 1.60
10 59 F Oligo 23 Rad Yes Yes 6 511 2.94 0.011 2.40" 0.85 4.20
11 61 M GBM 4 Rad + chemo No Yes 1 259 1.77 0.013 2.00 0.97 6.30
12 68 M GBM 4 Rad No Yes 1.3 2.84 1.78 0.014 2.00 0.67 3.00
13 30 M AOA 3 Rad + chemo No No 5 1.78 0.91 0.005 0.94 0.38 1.03
2b 32 M AA 3 Rad + chemo Yes No 3 1.65 1.43 0.007 1.18 0.55 2.00
14 41 F GBM 4 Rad + chemo Yes No 5 1.82 1.54 0.010 1.49 0.52 2.50
15 41 F GBM 4 Rad + chemo Yes No 3.1 259 1.41 0.007 1.20 0.81 2.45
16 43 M OA 2 Rad + chemo No No 22 1.16 1.02 0.004 0.89 0.23 1.10
17 48 M AA 3 Rad + chemo No No 5 1.33 0.99 0.004 1.15 0.30 0.97
18 53 F  Oligo 2 Rad No No 6.3 0.95 0.81 0.003 1.05 0.18 0.66
19 58 F GBM 4 Rad No No 2.2 1.94 1.32 0.006 1.20 045 1.76
20 60 M GBM 4 Rad + chemo Yes No 1.8 1.84 1.45 0.008 1.30 0.36 2.15
21 63 M GBM 4 Rad No No 4 2.06 1.27 0.007 1.37 0.33 1.43

*A second lesion (also histologically verified recurrent tumor) had K ratio of 1.51.
TA second lesion (also histologically verified recurrent tumor) had K ratio of 1.80.
Oligo = oligodendroglioma; astro = astrocytoma; AO = anaplastic oligodendroglioma; GBM = glioblastoma; OA = oligoastrocytoma;

AOA = anaplastic oligoastrocytoma; AA = anaplastic astrocytoma;

rad = radiation therapy; chemo = chemotherapy.

Ratios indicate lesion-to-contralateral cortex ratios. Histology refers to histologic verification of recurrent tumor vs. radiation injury.
WHO grades in parenthesis indicate tumor grade determined by histologic assessment of recurrent glioma. Patient 2 had two 'C-AMT
PET scans (2a and 2b), each followed by surgical resection and histopathologic examination (which showed tumor first but radiation injury

the second time).

dynamic PET scan of the heart was performed (twelve 10-s scans,
three 60-s scans, and three 300-s scans) in 2-dimensional mode to
obtain the blood input function from the left ventricle of the heart.
The blood input function was continued beyond this initial 20 min
by using venous blood samples as described previously (/7). At
25 min after tracer injection, a dynamic emission scan of the brain
(7 x 5 min) was acquired in high-sensitivity 3-dimensional mode.
Measured attenuation correction using a rotating %8Ge rod source
was applied to the ''"C-AMT PET images of the heart, whereas
computed attenuation correction was used to correct the brain images.

Clinical '8F-FDG PET scans were obtained in 9 patients. These
scans were performed either using the EXACT/HR PET scanner
or using a Discovery STE PET/CT scanner (GE Healthcare). The
reconstructed in-plane and axial resolutions for the EXACT/HR
scanner are 5.0 £ 0.2 mm and 5.8 £ 0.4 mm, respectively, in full
width at half maximum. The Discovery PET/CT scanner has an
isotropic image resolution of 6.0 = 0.5 mm in full width at half
maximum. '8F-FDG (5.3 MBg/kg) was injected intravenously. At-
tenuation on the PET/CT scanner was corrected using a low-level
CT scan (100 keV, 80 mA); all other scanning parameters were
similar to those used for the EXACT/HR PET scanner.

11C-AMT PET Image Analysis

Quantification of ''C-AMT transport and metabolism was per-
formed with the Patlak graphical approach (/8) using the blood
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input function (combination of the radioactivity measured in the
center of the left ventricle of the heart and from the venous blood
samples) and the dynamic brain sequence, as described previously
(14,15). This approach provides 2 kinetic parameters: the slope
parameter, which reflects the unidirectional uptake of tracer into
tissue (K), and the y-intercept of the Patlak plot representing the
tracer‘s volume of distribution (VD), characterizing the net trans-
port of tryptophan into the tissue. The advantages and limitations
of using these parameters have been discussed previously (/9,20).
Blood metabolite analysis and correction were omitted, on the
basis of the assumption that metabolites of 'C-AMT constitute
a small fraction of the activity in plasma (21,22).

Regions of interest (ROIs) were drawn on ''C-AMT summed
uptake images from 30 to 55 min after tracer injection. ROIs in-
cluded areas suggestive of tumor recurrence on MRI and additional
regions with apparently increased !'C-AMT uptake, if present, as
compared with the surrounding cortex. The software ROI Editor
1.4.1 (www.mristudio.org) was used, and ROIs were drawn in at
least 3 adjacent axial PET image slices in each patient. To di-
minish partial-volume effects, the very edge (~1-2 mm from
the edge) of regions with high uptake and regions with apparent
central necrosis were excluded. ROI volumes ranged from 1.5 to
34.5 cm3. SUVs were obtained by dividing the average radioac-
tivity concentration (kBg/cm?) of each region by the injected dose
per total body weight (MBg/kg). The ROIs were applied to the
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dynamic image sequence, and kinetic parameters were calculated
from the time—activity curves using Patlak graphical analysis (/8).
In the 2 patients with 2 separate areas of increased ''C-AMT uptake
(Fig. 1), both areas were analyzed. To obtain lesion-to-cortex ratios,
ROIs of similar size were drawn in the contralateral homotopic cortex
(Fig. 1), and SUVs and kinetic parameters were obtained as described
above.

Study Design and Statistical Analysis

Lesion-to-contralateral cortex ratios were calculated for SUV as
well as for the kinetic parameters (K and VD), yielding SUV
ratios, K ratios, and VD ratios for each patient. In the 2 patients
with 2 separate areas of increased ''C-AMT uptake, the region
with the higher uptake was used for subsequent analysis. All ki-
netic values were compared between recurrent glioma and radia-
tion injury in all patients and in the subgroup with histologic
verification (n = 13), and, for exploratory purposes, we also an-
alyzed a subgroup of patients with high-grade (grade III or IV)
glioma at their original diagnosis (n = 15), using multivariate
ANOVA. In addition, the receiver-operating-characteristic curve
was analyzed to determine the most accurate ''C-AMT PET-related
variable and an optimal cutoff (with highest sensitivity plus speci-
ficity) for the differentiation of glioma recurrence from radiation-
induced changes. Statistical analysis was performed using the
software IBM SPSS Statistics, version 19.0 (SPSS Inc.). A P value
of less than 0.05 was considered significant.

RESULTS

Clinical and quantitative imaging data of all patients are
provided in Table 1. Tumor recurrence was determined in
12 patients (verified by histology in 9), and no evidence of
tumor was found in 10 patients (verified by histology in 4;
based on 1-y follow-up in 6). Patient 2 had histologically
verified tumor recurrence after the first ''C-AMT PET scan
(2a in Table 1) and histologically verified radiation injury
after reoperation after the second ''C-AMT PET scan (2b in
Table 1) 1 y later.

Visual assessment of the nine '8F-FDG PET scans showed
foci of increased metabolism near the resection bed in 4

patients with glioma recurrence and in 1 patient with radiation
injury. Hypometabolic lesions, with '3F-FDG uptake below
normal cortical uptake, were seen in 3 patients with a recurrent
glioma (all grade II on original histology [Fig. 1B]) and in 1

patient without tumor recurrence. Visual assessment of summed
IC-AMT uptake (SUV) images showed increased ''C-AMT
uptake in the resection area in all 12 patients with glioma re-
currence (see example in Fig. 1, where 2 separate areas showed
"C-AMT increases) and in 4 of the 10 patients without re-
currence. Figure 2 compares a case of recurrent glioma with
a case of radiation injury. Although both lesions showed con-
trast enhancement and increased !''C-AMT uptake on visual
assessment (Figs. 2A-2D), kinetic analysis showed higher
K (increased slope) and slightly increased VD in the tumor
(Fig. 2E).

For all patients studied, every calculated ''C-AMT PET
parameter showed a significantly higher value in tumor than
in radiation injury (Table 2). Among all the parameters, the
lesion-to-cortex K-ratio differed the most significantly be-
tween these 2 groups (mean * SD, 2.16 = 0.55 vs. 1.18 =
0.18; P = 0.00003). In the subgroup with histologic veri-
fication (n = 13), the difference between recurrent tumor
and radiation injury remained highly significant for K-ratio
(P = 0.006) and significant for SUV ratio (P = 0.034) but
not for the other parameters (Table 2). In the subgroup of
patients with high-grade tumor on original histology (n =
15), all PET parameters were again significantly different
between recurrent tumor and radiation injury (P = 0.014 in
all comparisons).

In the receiver-operating-characteristic analysis, the
lesion-to-cortex K-ratio performed the best among all the
HC-AMT PET parameters; the area under the curve (AUC)
was 0.99. For all patients, a K-ratio threshold value of 1.39
(i.e., a 39% increase in the lesion) identified recurrent
tumors with 100% sensitivity and 91% specificity. Using
this cutoff threshold, only a single lesion (with a lesion-to-
cortex K-ratio of 1.49) was falsely classified: this was a large
contrast-enhancing lesion in a woman (patient 14 in Table 1)
with a history of a heavily treated and reirradiated glioblas-
toma, whose complete resection of the suggestive lesion, 7 y
after the original surgery, showed no evidence of recurrent
tumor. Increasing the K-ratio threshold to 1.50 would have
classified this lesion correctly but would have falsely classi-
fied another lesion (in patient 9) as a nontumorous lesion. In
the receiver-operating-characteristic analysis, the AUC was

FIGURE 1. Coregistered T1-weighted
postgadolinium MR (A), '8F-FDG PET (B),
and ""C-AMT PET (C) images of 31-y-old
man (patient 1) with surgically resected
WHO grade Il oligodendroglioma and sus-
pected tumor recurrence. '8F-FDG PET
showed marked glucose hypometabolism
in neighboring cortex, whereas ''"C-AMT
PET demonstrated increased tryptophan
uptake in area with mild contrast enhance-
ment (solid arrows) and in more anterior re-
gion without contrast enhancement (dashed
arrow). K and K lesion-to-cortex ratios of

these 2 areas were similar (posterior area: 0.0070 mL/g/min and 1.60, respectively; anterior area: 0.0066 mL/g/min and 1.51, respectively).
Repeated surgery demonstrated grade Ill oligodendroglioma in both areas.
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FIGURE 2. Representative T1-weighted
postgadolinium MR and coregistered C-
AMT PET images of patient with histologi-

cally verified glioma recurrence (A and C;
patient 6) and patient with pure radiation
injury, also verified by histology (B and D;
patient 20). MR images showed contrast en-
hancement in both patients: small contrast-
enhancing nodule medial to resection cavity
in patient 6 (white arrow; A) and extensive
contrast enhancement surrounding resec-
tion cavity in patient 20 (B). "'C-AMT PET
summed images from 30 to 60 min after
tracer injection demonstrated markedly in-
creased uptake of 1'C-AMT in both patients.
However, kinetic analysis of dynamic PET
images (E) revealed higher K (increased
slope) and VD (higher y intercept) in recurrent
glioma than in area of radiation injury. x-axis
represents transformed time (blood time)
in minutes. C; = tracer concentration in tis-

Recurrent glioma

Radiation injury

0.5 e @ Recurrent glioma
[0 Radiation injury

0.0 - T T T T T
0 20 40 60 80 100

Blood time (min)

120

sue; C, = tracer concentration in plasma.

only 0.84 for SUVs and 0.93 for SUV ratios. An SUV ratio
cutoff of 1.31 provided 100% sensitivity but only 67% spe-
cificity for identifying tumor recurrence; 5 of 10 patients
with only radiation injury were falsely classified as having
recurrent glioma. VD values and VD ratios provided low
differentiating accuracy (AUC, 0.88 and 0.87, respectively).
Lesional K-values provided accuracy similar to that of SUV
ratio (AUC, 0.91). Finally, in the exploratory analysis of
patients with high-grade glioma (n = 15), lesion-to-cortex
K-ratios provided a complete and robust separation between
recurrent tumors (n = 7; K-ratio range, 0.94-1.49) and ra-
diation injury (n = 8; K-ratio range, 1.70-3.30); any K-ratio
cutoff between 1.50 and 1.70 yielded 100% sensitivity and
100% specificity in this patient subgroup.

DISCUSSION

In the present study, we used ''C-AMT PET tracer ki-
netic analysis of dynamic brain and blood radioactivity data
to separate tracer metabolism from transport to distinguish
WHO grade II-IV glioma recurrence from radiation injury.
Our data show that ''C-AMT SUV in lesions caused by both

recurrent tumor and radiation injury is usually higher than
that of normal cortex, but the lesion-to-cortex ratio of K,
a macroparameter characterizing the unidirectional uptake rate
of ''C-AMT, which is related to tryptophan metabolism, pro-
vided the most accurate differentiation between recurrent
tumors and radiation injury. When the best K-ratio cutoff de-
termined by receiver-operating-characteristic analysis was ap-
plied to all patients, there was only 1 false-positive lesion, in
a patient whose tumor was originally glioblastoma. When we
looked only at those tumors that were originally high-grade,
a higher cutoff robustly separated all these tumors from ra-
diation injury. These results suggest that the optimal cutoff may
also depend on the original tumor grade.

Radiation-induced brain injury generally appears similar
to glioma recurrence as a contrast-enhancing lesion adjacent
to the surgical bed on conventional MRI (3). Therefore, stan-
dard MRI cannot distinguish reliably between these 2 enti-
ties. Among advanced MRI techniques, perfusion MRI and
TH-MRS hold the greatest promise. Regional cerebral blood
volume is generally higher in recurrent gliomas than in areas
with radiation injury, and this parameter appears to have a high

TABLE 2
Comparison of '"C-AMT PET-Derived Parameters Between Recurrent Tumor and Radiation Injury Groups

All patients Patients with histology after PET (n = 13)
C-AMT PET parameter Tumor Radiation injury P Tumor Radiation injury P
Lesion SUV 2.68 + 1.05 1.71 £ 0.48 0.014 2.73 = 1.21 1.97 = 0.42 0.26
Lesion-to-cortex SUV ratio 2.14 = 0.68 1.22 = 0.26 0.001 2.32 = 0.69 1.45 + 0.06 0.034
Lesion VD 0.79 = 0.40 0.41 = 0.18 0.012 0.82 + 0.43 0.56 = 0.19 0.28
Lesion-to-cortex VD ratio 3.33 = 1.58 1.58 = 0.66 0.004 3.22 £ 1.39 2.28 + 0.24 0.21
Lesion K (mL/g/min) 0.012 = 0.004 0.006 + 0.002 0.002 0.012 + 0.005 0.008 + 0.001 0.10
Lesion-to-cortex K ratio 2.16 = 0.55 1.18 = 0.18 0.00003 2.28 = 0.56 1.29 = 0.14 0.006

Data are mean + SD.
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differentiating ability (23,24), although it performed relatively
poorly in one of the largest series (25). Limitations of per-
fusion MRI include the potential underestimation of tumor
perfusion due to contrast leakage through an impaired blood—
brain barrier and low blood flow in low-grade gliomas (4).
"H-MRS is a method capable of characterizing the metabolic
properties of a lesion. The feasibility of using multivoxel 'H-
MRS techniques in patients with brain tumors has been dem-
onstrated (26), and combined application of diffusion-weighted
imaging and 'H-MRS may yield a high diagnostic accuracy in
patients treated for high-grade glioma (27). However, 'H-MRS
has limited value in detecting small tumors and in evaluating
lesions adjacent to scalp, ventricles, calcified structures, surgi-
cal clips, and hemorrhage (4). The differentiating ability of
ISE_FDG PET has been found to be modest (28,29); this find-
ing is also supported by our observations, although our study
was not designed to evaluate the accuracy of '3F-FDG PET.
Amino acid PET tracers accumulate to a greater extent in
brain tumor tissue than in normal gray and white matter and
are generally superior to standard MRI or '8F-FDG PET in
identifying glioma recurrence (5-8,30,31). One posttreat-
ment '8F-FET PET study suggested that analysis of specific
time frames of dynamic scans, rather than regular SUVs,
may differentiate recurrent gliomas from posttreatment changes
with a higher accuracy (/0). However, previous posttreatment
PET studies did not separate tracer metabolism from transport
by quantitative parameters. Our current data show that both
transport and, in particular, metabolism of tryptophan is
significantly higher in recurrent gliomas than in radiation-
related injury, and the sensitivity and specificity of lesion-
to-cortex K-ratios is at least comparable to or better than
those reported by previous amino acid PET studies. The use
of a modified cutoff for tumors that were high-grade on original
histology may further improve the differentiating accuracy of
this PET parameter. Applying a similar approach might im-
prove differentiation of recurrent gliomas from radiation injury
when using other amino acid PET tracers that undergo tumoral
metabolism after being transported into the tumor tissue.
Although methionine, tyrosine, and tryptophan use the
same transporter to enter into tumor tissue, their metabolic
fate is different. The most likely explanation of the high dif-
ferentiating ability of the ''C-AMT K-ratio is increased me-
tabolism of tryptophan via the kynurenine pathway. As an
example of this phenomenon, high concentrations of qui-
nolinic acid, a neurotoxic and epileptogenic metabolite of
this pathway, were found in epileptogenic tubers that showed
increased ''C-AMT uptake in children with tuberous sclerosis
(13,32). Previous studies have also demonstrated that various
gliomas, as well as a variety of extracranial tumors, show high
expression of indoleamine 2,3-dioxygenase, a key enzyme of
the kynurenine pathway (33,34). Indoleamine 2,3-dioxygenase-
mediated tryptophan metabolism may lead to proliferation ar-
rest of tumor-invading cytotoxic T lymphocytes because of
tryptophan depletion or accumulation of toxic kynurenine
metabolites; this is considered to be a major mechanism of
compromised antitumoral immune response (33,34).
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Although chronic inflammatory processes, leading to in-
creased activity of indoleamine 2,3-dioxygenase, are also
involved in the complex pathology of radiation injury
(1,35), the kynurenine pathway may not be as markedly
upregulated in these lesions as in brain tumors. Postsurgical
inflammation can also lead to a transient increase in ''C-
AMT uptake at the surgical resection bed, but such effects
were not observed beyond 2 mo after resection in patients
who had undergone resective epilepsy surgery (36). Never-
theless, prolonged radiation-induced inflammatory changes
may lead to increased tryptophan metabolism via the acti-
vated kynurenine pathway, thus contributing to unusually
high K-values in some patients with radiation injury (such
as in patient 14).

The higher transport rate of tryptophan estimated by VD
in recurrent gliomas is also not surprising, because the L-
type amino acid transporter, which plays a major role in
transporting large neutral amino acids through the tumor
vascular endothelium, has been shown to be overexpressed
in tumor endothelial and glioma cells (37). Methionine up-
take by gliomas on PET appeared to correlate with L-type
amino acid transporter expression in a recent study (38).
Thus, facilitated transport mechanisms, in addition to in-
creased metabolism of tryptophan by glioma cells, may
contribute to the good differentiating accuracy of the cal-
culated '"C-AMT Kkinetic parameters in our study.

This was a study with a relatively small sample size, and
a separate evaluation of low-grade tumors was therefore not
attempted. The need for venous blood sampling to obtain
kinetic ''C-AMT values is somewhat impractical in a clin-
ical setting. Various methods for image-derived input function
have been proposed, with mixed success, but new-generation
hybrid PET/MRI scanners may help to improve this approach
(39). The use of population-derived input function may be
another way to possibly eliminate the need for blood sampling
(40). Further limitations include the lack of histopathologic
verification of tumor recurrence versus radiation injury in
about 40% of the patients. However, the differentiating accu-
racy of lesion-to-cortex K-ratios remained high even when
only lesions with histologic verification were included. Our
data need to be confirmed by studies in prospective, longi-
tudinal settings and with larger sample sizes. Finally, a direct
comparison of ''C-AMT PET with advanced MRI and other
PET modalities is necessary to fully evaluate the clinical utility
of this technique.

CONCLUSION

Kinetic analysis of dynamic ''C-AMT PET images appears
to be highly accurate in differentiating recurrent WHO grade
II-IV gliomas from radiation injury. Separation of unidirec-
tional uptake rates from transport can greatly enhance the dif-
ferentiating accuracy of 'C-AMT PET. This approach may
be applied to other amino acid PET tracers that undergo tu-
moral metabolism, to improve their ability to differentiate re-
current gliomas from radiation injury.
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