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Many low-grade gliomas (World Health Organization grade Il) re-
spond to chemotherapy. Cerebral blood flow (CBF) and micro-
vessel density may be critical for drug delivery. We used PET
with 18F-fluoro-ethyl-L-tyrosine (FET) to measure the spatial dis-
tribution of the amino acid carrier, which is located at the brain
capillaries, and '50-H,0 to measure tumor CBF. Methods: Sev-
enteen patients with low-grade glioma were studied. Region-of-
interest (ROI) analysis was used to quantify tumor tracer uptake,
which was normalized to cerebellar uptake (tumor-to-cerebellum
ratio). “Active” tumor was defined as tumor having a radioactivity
concentration that was at least 110% of the cerebellar activity.
This threshold provided measures of active tumor volume, global
and peak tumor CBF, and '8F-FET uptake. Trace ROls were ap-
plied to create voxelwise profiles of CBF and '8F-FET uptake
across tumor and brain. Standard MRI sequences were used
for spatial correlations. Results: Fourteen of 17 tumors showed
increased global CBF and '8F-FET uptake. Active tumor volumes
ranged between 3 and 270 cm? for '8F-FET and between 1 and
41 cm? for CBF. Global '8F-FET uptake in tumors corresponded
to CBF increases (Spearman rank p = 0.771, P < 0.01). The vol-
umes of increased CBF and '8F-FET uptake spatially coincided
and were also correlated (p = 0.944, P < 0.01). Trace ROls
showed that irrespective of increased '8F-FET uptake at the tu-
mor periphery, CBF increases were more confined to the tumor
center. Within individual tumors, spatial heterogeneity was pres-
ent. Particular tumors infiltrating the corpus callosum showed
low CBF and "8F-FET uptake in this tumor region. The patterns
observed with PET were not reflected on MRI of the tumors, all
of which presented as homogeneous non—-gadolinium-enhancing
lesions. Conclusion: Low-grade gliomas are heterogeneous tu-
mors with regard to the distribution of amino acid uptake and
CBF. Both are coupled in the tumor center. At the tumor periph-
ery, where tumor infiltration of surrounding brain occurs, CBF
may be low irrespective of increased '8F-FET uptake. An ongoing
study is investigating the effect of chemotherapy on these obser-
vations.
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Most low-grade gliomas affect adults in their third to
fifth decades of life. According to the classification of the
World Health Organization (WHO), low-grade gliomas
(WHO grade II) comprise diffuse astrocytoma, oligoden-
droglioma, and oligoastrocytoma (/). Although the tumors
are considered slowly progressing, an annual increase in
tumor size of 4.1 mm has been estimated (2). Surgery is the
standard treatment at the time of first presentation. Subse-
quent radiotherapy remains controversial (3,4). Low-grade
gliomas have long been regarded as resistant to chemo-
therapy; however, several studies published over the last few
years showed remarkable responses to regimens such as pro-
carbazine, N-(2-chloroethyl)-N’-cyclo-hexyl-N-nitrosourea,
and vincristine or to the alkylating agent temozolomide
(5,6). There is evidence that loss of heterozygosity on
chromosomes 1p and 19q might be predictive of chemo-
therapy response, but large, prospective randomized studies
on this issue are lacking (6). On the other hand, the ef-
fectiveness of chemotherapy depends on adequate delivery
of drugs to tumor cells, and this delivery is a function of
drug concentration in the blood, blood flow through tumor
microvasculature, and the flux of drugs across tumor
capillaries. Our study aimed at the in vivo characterization
with PET of microvessel distribution and of cerebral blood
flow (CBF) in low-grade gliomas. We used 'O-H,0 as a
standard tracer for CBF measurement. To investigate micro-
vessel distribution, we used '8F-fluoro-ethyl-L-tyrosine (FET)
as a tracer for amino acid transport (7). Several PET studies
on human brain tumors showed that the uptake of radiola-
beled amino acids is governed by increased influx across the
blood-brain barrier (§-/0). Experimental studies revealed
that this influx is mediated by active transendothelial amino
acid transport (/1,12). Accordingly, the signal measured with
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I8FE-FET PET in tumors reflects the magnitude of amino acid
transport and its distribution over tumors.

MATERIALS AND METHODS

Patients

We enrolled 17 patients with either progressive or recurrent
supratentorial WHO grade II gliomas. At the time of the first
surgery (2-127 mo before the PET study), all tumors were
histologically verified WHO grade II gliomas and included 5
fibrillary astrocytomas, 7 oligoastrocytomas, and 5 oligodendro-
gliomas. Recurrence or progression was defined clinically and on
MRI and occurred at a mean of 30 mo (range, 2—127 mo; Table 1)
after the first tumor surgery. We included only patients who, at the
time of our PET study, did not show any gadolinium enhancement
on MRI, because this finding may indicate the presence of a more
malignant glioma (WHO grade III or IV). The clinical details are
presented in Table 1. PET studies were performed within 2 wk of
the MRI studies. Written informed consent was obtained from all
patients. The study protocol was approved by the local ethics
committee.

Image Acquisition and Processing

MRI included standard procedures on a 1.5-T Siemens Magne-
tom. We obtained digitized pre- and postgadolinium T1- and T2-
weighted, proton-density, and fluid-attenuated inversion recovery
(FLAIR) sequences (slice thickness, 4.8 mm). Following the
methods of recent studies on low-grade gliomas, we used the FLAIR
sequences to calculate the tumor volume, because these sequences
best delineate between the lesion and adjacent brain (6, 13).

PET studies were performed on a whole-body PET/CT scanner
(Discovery LS; GE Healthcare) and were acquired in 3-dimensional
mode with a 14.6-cm axial field of view and a reconstructed in-

plane resolution of 7 mm (voxel size, 0.018 cm?; slice thickness,
4.25 mm). Immediately before the CBF PET study, a low-dose
CT scan for attenuation correction was obtained. For the CBF
studies, 600-800 MBq of O-H,O were administered using an
automatic injection device that delivers the bolus over 20 s. After
arrival of the bolus in the brain, acquisition of a series of eighteen
10-s frames was initiated. The >O-H,O PET images were trans-
formed according to a previously described approach yielding
absolute CBF values without arterial blood sampling (/4). '8F-
FET studies were performed subsequent to the CBF studies within
the same session. '8F-FET was produced according to the method
of Wester et al. (15). For the '8F-FET studies, 140-250 MBq were
injected intravenously and tracer accumulation was recorded over
60 min as a series of twelve 5-min frames. To avoid movement
of the head during the acquisition, the head was slightly fixed,
and PET images were visually assessed for movement artifacts.
Attenuation-corrected PET images were reconstructed with stan-
dard Fourier rebinning backprojection, including standard cali-
bration factors to receive kBg/mL of tissue and corrections for
randoms, scatters, geometry, decay, and dead time. As in other
reports (16), our patients showed a plateau phase with a relatively
stable tissue radioactivity concentration later than 40 min after
intravenous tracer injection. Therefore, our 'SF-FET PET data
were analyzed on averaged activity images acquired 50-60 min
after tracer injection. Dividing these activities by the amount of
injected activity per kilogram of body weight yielded standardized
uptake values.

Data Analysis

PET data were analyzed with PMOD (/7). As a standard pro-
cedure in nuclear medicine, tumor uptake values can be normal-
ized to the contralateral normal brain, allowing easy data analysis

TABLE 1
Patients Ranked by WHO Grade Il Histologic Subgroups According to Global '8F-FET T/Cb Ratio
Lesion volume (cm?) Global T/Cb Peak T/Cb

Patient Age Resection Intervalt MRI  Active Active ratio ratio

no. (y) Sex Histology* typef Location (mo) FLAIR '®F-FET CBF '8F-FET CBF '8F-FET CBF
1 39 M FIAC b Temporal, R 19 34 — — 0.77 0.77 — —
2 49 F FIAC P Frontoparietal, L 127 46 29 12 124 125 139 1.45
3 46 F FIAC P Temporooccipital, R 9 40 6 1 124 1.21 1.40 —
4 51 F FIAC p Frontotemporal, L 79 88 65 9 124 139 138 1.69
5 34 M FIAC p Temporal, L 27 44 6 1 125 119 1.39 —
6 55 M OA b Temporal, R 12 56 — — 0.70 0.59 —

7 56 M OA gt Frontal, R 81 91 3 1 121 131 1.24 —
8 31 F OA P Frontal, L 40 14 11 5 132 134 158 1.61
9 27 M OA p Temporal, L 6 23 18 1 142 125 1.78 —
10 39 M OA b Temporal, L 9 79 64 16 144 133 193 1.59
11 42 M OA P Frontotemporal, R 50 44 23 10 150 151 218 1.96
12 28 M OA b Parietal, L 5 90 79 28 159 149 217 1.93
13 50 F oD p Frontal, L 26 23 — — 0.61 0.45 — —
14 54 F oD b Temporal, L 2 42 6 1 128 123 1.46 —
15 37 M oD b Frontal, L, R 13 140 270 41 133 125 1.62 1.41
16 45 F oD b Frontal, L 2 25 27 3 140 120 1.75 —
17 34 M oD b Temporal, L 6 23 28 9 165 135 225 1.76

*FIAC = fibrillary astrocytoma; OA = oligoastrocytoma; OD = oligodendroglioma.

b = biopsy; p = partial; gt = gross total resection.
*Between surgery and PET.

— = no active tumor volume (in those patients, ROlIs for calculation of global uptake ratio were drawn from MRI FLAIR images).
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and reliable interindividual comparisons. However, normalization
to contralateral brain depends on the location of the tumor in the
brain and may thus infer substantial variation, particularly as 2
tumors in our series crossed the midline. We therefore chose the
cerebellum as the reference region because it is a large and
homogeneous structure and was distant from the tumor. Regions
of interest (ROIs) were first placed over both sides of the cer-
ebellum on 3 subsequent slides. The mean activity of all cerebellar
ROIs was used to set the threshold for normalization of tumor
tracer uptake (tumor-to-cerebellum [T/Cb] ratio). This thresh-
olding procedure has recently been proposed to provide an
observer-independent evaluation, which is particularly important
for follow-up PET studies during tumor treatment (/8). In a first
step, we used thresholds between 100% and 120% of cerebellar
activity. Increasing the threshold produced moderate decreases of
active tumor volumes and small increases of T/Cb ratios. We
finally chose a threshold that gave a volume of active voxels close
to what was the “visibly increased” '8F-FET uptake. For our low-
grade gliomas, we found this threshold to be 110%. This threshold
was also applied for the quantification of CBF. Accordingly, tumor
ROIs were placed covering all voxels with activity values above
110% of the mean activity in the cerebellum, thus yielding the
active tumor volume for CBF and '3F-FET uptake. The activity in
these tumor ROIs was then used for the calculation of global T/Cb
ratios (all active voxels) and peak T/Cb ratios (all voxels that were
75% or more of the maximum radioactivity in the tumor ROI). In
tumors with inactive tumor volumes (below 110% of the mean
activity in the cerebellum), digitized MRI FLAIR images were
coregistered with the PET studies to define the placement of tumor
ROIs according to the FLAIR lesion volume.

To more precisely investigate the spatial relationship between
I8E-FET uptake and CBF, we placed linear trace ROIs that
spanned from normal cortex through white matter and tumor
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and created CBF and '8F-FET profiles across the brain (Fig. 1,
yellow line). First, trace ROIs were placed on the 3 adjacent
planes that showed the highest tumor tracer uptake. For each of
these planes, 3 adjacent parallel trace ROIs were created per plane
in the '8F-FET study and were then also used at the same position
for the coregistered CBF studies. Depending on the individual
tumor location, a single trace ROI consisted of up to 64 voxels
(voxel size, 0.018 cm?). At this step, 9 single '8F-FET and CBF
profiles per patient were available. Second, the activity of the
spatially corresponding voxels derived from these 9 profiles was
averaged and yielded a mean trace ROI profile for '8F-FET and
CBF activity for each patient. Then, the mean activity for each
voxel was normalized to the cerebellum. Accordingly, the data
points of these profiles represent voxel averages of T/Cb ratios for
CBF and '8F-FET uptake (y-axis) and the distance (mm) across
the brain (x-axis).

Statistics

The Spearman rank test was used to search for correlations
between the active tumor volumes of CBF and '8F-FET uptake,
between tumor uptake of '8F-FET and tumor CBF, and between
these measures and the MRI FLAIR lesion.

RESULTS

The results are summarized in Table 1. Relative to normal
brain, we found increased '8F-FET uptake and CBF in 14 of
17 tumors. '8F-FET uptake and CBF were not homoge-
neously increased across these tumors but rather showed a
variable distribution. The peaks of CBF and '8F-FET uptake
were spatially colocalized. In 3 tumors, both '3F-FET uptake
and CBF were decreased relative to normal brain. The
heterogeneity of '®F-FET uptake and CBF within individual

FIGURE 1. Heterogeneity of '8F-FET
uptake and CBF in 3 low-grade gliomas.
Corresponding axial slices are pre-
sented. Color scale represents T/Cb ratio
of 18F-FET and CBF. (A) Oligoastrocytoma
shows markedly increased '8F-FET up-
take and CBF in right frontoinsular region
(patient 11 in Table 1). '8F-FET and CBF
peak uptake regions coincide; however,
active volume of CBF is smaller than
active '8F-FET volume. (B) Reduced
18F-FET uptake and CBF in fibrillary
astrocytoma (patient 1). (C) Oligoastrocy-
toma (patient 12). Anterior tumor part
involves corpus callosum and shows
substantially reduced CBF and '8F-FET
uptake when compared with posterior
tumor part. This heterogeneity is not
evident from any MRI sequences. Yellow
line through posterior part of brain and
tumor illustrates positioning of trace ROI
(Fig. 4).
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tumors and within our group of low-grade gliomas is illus-
trated in Figure 1.

Tumor tracer uptake was quantified by normalizing the
tumor radioactivity concentration to the activity of the
cerebellum (uptake ratio). Cerebellar '8F-FET uptake and
CBF were calculated as the mean value of both cerebellar
hemispheres. Asymmetry between the hemispheres (“crossed
cerebellar diaschisis”) was less than 5% for 'F-FET and less
than 9% for CBF. For the cerebellum, the '8F-FET standard-
ized uptake value was 1.22 * 0.32 (mean * SD). The
cerebellar CBF was 36.4 = 8.6 mL/min/100 mL. Ata 110%
cutoff of cerebellar tracer uptake, tumor uptake ratios varied
between 0.61 and 1.65 for global '8F-FET uptake and
between 1.24 and 2.25 for peak '3F-FET uptake. For CBF,
these values ranged from 0.45 to 1.50 for the global ratio and
from 1.41 to 1.96 for the peak ratio. At lower '8F-FET uptake
ratios (global), smaller variations in CBF ratios were ob-
served, whereas for higher '8F-FET uptake ratios (peak), the
variation in CBF ratios increased (Fig. 2). Uptake ratios
tended to be higher in oligodendroglial tumors than in
fibrillary astrocytoma. No correlation between MRI lesion
volume and tracer uptake was observed ('®F-FET: Spearman
rank p = 0.023, P = 0.931; CBF: Spearman rank p = 0.262,
P = 0.309) (Table 1). Over the whole study population,
IBF_FET uptake and CBF correlated (Fig. 2): For global
uptake ratios, the Spearman rank correlations were p =
0.771, P < 0.01 (n = 17). Because of the small number of
pairs, the correlation of peak uptake ratios did not reach
statistical significance (p = 0.571, P = 0.139).

In most tumors, the volume of increased '8F-FET uptake
was smaller than the corresponding tumor volume on MRI
FLAIR images. Active tumor volumes of '®F-FET and CBF
were colocalized within 1 tumor (Fig. 1); however, the CBF
volume was always smaller than the 'F-FET uptake vol-
ume. The active tumor volumes ranged from 3 to 270 cm?
for 8F-FET and from 1 to 41 cm? for CBF. The correlation
between active global tumor volumes is presented in Figure
3 (Spearman rank p = 0.944, P < 0.01). To address this
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FIGURE 2. Distribution of global (O) and peak (W) '8F-FET
uptake and CBF. Values represent T/Cb ratios.
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FIGURE 3. Correlation of global active tumor volumes of 18F-
FET and CBF (Spearman rank p = 0.944, P < 0.01). Significant
correlation is maintained if outlier is excluded from analysis (p =
0.885, P < 0.01).

spatial relationship between intratumoral tracer uptake, we
created CBF and '8F-FET profiles across tumor and brain.
The positioning of trace ROIs is illustrated for a single
patient (patient 12) in Figure 1. The resulting profile of '3F-
FET and CBF distribution is exemplified in Figure 4. The
presented pattern was observed in all 14 tumors with
increased '8F-FET uptake and CBF—that is, the peak
coincidence of '8F-FET uptake and CBF. Reflective of
our active volume data, the area under the curve in the trace
ROIs was smaller for the tumor CBF than for the tumor
I8F-FET uptake profiles. Along the profiles, the mean
distance between increase of intratumoral '8F-FET uptake
and CBF was 6.3 mm (range, 2.2-13.6 mm). At the position
where the CBF ratio in tumors started to exceed 1.0, the
mean '8F-FET ratio was 1.51 (1.01-2.24).

DISCUSSION

Our study demonstrated a substantial heterogeneity in
CBF and '3F-FET uptake over the whole series of low-
grade gliomas that, on MRI, appeared as homogeneous
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FIGURE 4. Trace ROI analysis in a single patient (patient 12).
Pixelwise profiles of '8F-FET uptake (8) and CBF (<{>) span from
normal cortex over white matter and tumor. Vertical dashed
lines represent tumor borders on MRI (patient 12; Fig. 1C).
Increases of tumor CBF (T/Cb ratio > 1.0) are more confined to
tumor center. T/Cb ratio increases in this patient at a ratio of
approximately 2.1 of 18F-FET uptake.
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non—gadolinium-enhancing lesions. In many patients, we
also observed intratumoral heterogeneity on the PET stud-
ies, possibly indicating that subregions of tumors could
behave differentially with respect to tumor evolution and
treatment response. Knowledge of the individual tumor
vasculature is of particular interest with regard to angio-
genetic tumor potential and targeted treatment. The total
intravascular volume, which comprises all sizes of tumor
vessels, can be used as an in vivo marker of angiogenesis
and can be studied by following the changes in the MRI
signal after administration of gadolinium (/9,20). If the
point of interest is the distribution of the capillaries them-
selves, where solutes and drugs are exchanged, markers
should exclusively trace mechanisms located at that ana-
tomic level. Such is the case for radiolabeled amino acids
that bind to and are transported by the amino acid carriers
located in the endothelial cells of the blood—brain barrier
(21). In brain tumors of various WHO grades, uptake of
1C-methyl-L-methionine correlates with the microvascular
density (MVD) as validated by immunohistochemistry (22).
I8F_FET is a nonmetabolized tyrosine analog and behaves
similarly to methionine (/6). '8F-FET was evaluated for the
clinical investigation of gliomas (7,76). We found an '8F-
FET uptake ratio of between 0.61 and 1.65 for the whole
tumor and peak values of between 1.24 and 2.25. These
ratios are in the range of the data presented by Kracht et al.
(22). Taking these findings together, our results provide
evidence that '8F-FET, like methionine, is a surrogate
marker of MVD. To validate this assumption, we initiated a
study on '8F-FET PET-guided biopsies and determination
of MVD in patients with low-grade gliomas.

In our series, 3 of 17 tumors showed neither increased
tyrosine uptake nor increased CBF. In addition, tumor areas
contacting or infiltrating the corpus callosum exhibited
normal or reduced CBF and '8F-FET uptake, whereas in
the same tumor, distant cortical or subcortical areas showed
increases of these measures (Fig. 1). Our finding of reduced
I8F.FET uptake in some tumors would be in line with
immunohistochemical results on microvessel counts in as-
trocytomas. In particular, low-grade astrocytomas may show
MVDs below the level of normal cortex or white matter (23).
Studies have shown that microvessels in these tumors are
native cerebral vessels co-opted by tumor cells and that the
formation of new vessels (“neo-angiogenesis™”) and higher
vessel densities occur in more malignant tumors (23,24).

Earlier studies on CBF in gliomas reported a similar range
for tumors (7-102 mL/100 mL/min) and for normal white
matter and cortex (15-59 mL/100 mL/min) (25-27). The
magnitude of CBF in these studies did not discriminate
between glioma types or WHO grade. Across our series,
tumor CBF and '8F-FET uptake correlated (Fig. 2). Our data
therefore suggest a coupling between blood flow and micro-
vascular distribution in low-grade gliomas. This coupling is
different from known perfusion patterns in more malignant
gliomas (WHO grades III and IV), in which, irrespective of
the high vascularity, low CBF is considered to be responsible
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for the formation of hypoxia (28). In addition, we found a
significant correlation between active '8F-FET and perfused
tumor volumes (Fig. 3). '8F-FET and CBF volumes showed a
close spatial coincidence and were independent of lesion size
on MRI (Fig. 1). Interestingly, the active CBF volumes were
smaller than the corresponding '8F-FET volumes (Table 1),
as is explained by the characteristic intratumoral rises in '8F-
FET uptake and CBF as presented in the trace ROI analysis
(Fig. 4). Our data revealed that CBF increases occurred when
uptake of '8F-FET exceeded a certain level (mean ratio,
1.50). Assuming that '8F-FET uptake is related to MVD, our
results can be transferred into absolute numbers of tumor
MVD by comparison with the data presented by Kracht et al.
(22). They reported global ''C-methyl-L-methionine uptake
ratios of 1.30 =% 0.20 for astrocytic tumors and 2.30 £ 0.35
for oligodendroglial tumors (WHO grade II)—values that are
similar to our '8F-FET uptake values (Table 1). Correlating
"C-methyl-L-methionine uptake and histopathologically
proven MVD, an amino acid uptake ratio of 1.50 equals 10
microvessels/0.763 mm? (22). If we extrapolate a median
I8F-FET uptake ratio of 1.50 as calculated from our trace
ROIs, an approximate MVD of 13 microvessels/mm? would
result. At this level, CBF starts to increase above the level in
normal brain. In view of that fact, we assume that CBF
increases follow the formation of new microvessels and
therefore represent a subsequent phenomenon.

Intratumoral heterogeneity of tumor CBF and amino acid
uptake has been reported in several animal studies. In
opposition to our findings, CBF progressively increased from
the tumor center to the tumor periphery and to brain
surrounding the tumor (29). A corresponding increase in
MVD was reported for large tumors of the same tumor model
(tumor center, 245/mm?, vs. surrounding brain, 689/mm?)
(30). With regard to a cortical or subcortical tumor location,
variable amino acid uptake values were found in more
“malignant” tumor models (/7). In humans, intratumoral
variations have not been recognized so far. Overall, we
detected in our study no differences in '"8F-FET uptake or
CBF with regard to cortical or subcortical tumor location.
However, we noted intratumoral heterogeneity, particularly
in tumor regions infiltrating the corpus callosum. Low CBF
and capillary density may initiate the development of a
mismatch between metabolic demand and energy supply and
may promote hypoxia, possibly making these tumors prone to
behaving more aggressively than tumors with the same histo-
pathologic features located outside the corpus callosum (317).

CONCLUSION

Taking our observations together, we found that tumor
CBF and amino acid uptake varied substantially in non-
enhancing WHO grade II gliomas. This variation was evi-
dent within the whole group of tumors and within individual
tumors and did not depend on lesion size on MRI. All
patients were studied at the time of clinical or radiologic
progression, making tumor therapy necessary after initial
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surgery and observation. Because MVD constitutes a sig-
nificant independent prognostic factor (32,33), it is tempt-
ing to validate whether '8F-FET PET provides a robust
means for the in vivo measurement of MVD. Our results in
this study led us to initiate a prospective PET study that will
address the effect of chemotherapy on regional tumor blood
flow and amino acid uptake, with particular emphasis on
the tumor-to-brain border zone, because this is the area
most critical to tumor cell infiltration of the surrounding
brain and to tumor progression and the prognosis of pa-
tients with low-grade gliomas.
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