Chapter 15
Positron-Emission-Tomography in Diffuse
Low-Grade Gliomas

Karl-Josef Langen, Marion Rapp, Michael Sabel, and Norbert Galldiks

Abstract Contrast-enhanced MRI is currently the method of choice for the diagno-
sis of diffuse low-grade gliomas and provides an excellent depiction of structural
changes in the brain. Nevertheless, the delineation of the tumor from normal brain
tissue and non-specific abnormalities on MRI such as edema or treatment-related
changes can be difficult. Positron-Emission-Tomography (PET) provides additional
information on tumor metabolism and is helpful in many clinical situations. In par-
ticular, PET using radiolabeled amino acids has a wide range of applications and
helps to solve a number of clinical issues. At initial diagnosis, amino acid PET may
be helpful to estimate the prognosis of a low-grade glioma and to optimize patient
counseling. Furthermore, the method improves targeting of biopsy and provides
additional information of tumor extent, which is also helpful for resection planning
and radiotherapy. In the further course of the disease, amino acid PET allows a sen-
sitive monitoring of treatment response, the early detection of tumor recurrence, and
an improved differentiation of tumor recurrence from treatment-related changes. In
the past, the method had only limited availability due to the low number of PET
scanners and the use of radiopharmaceuticals with a short half-life. In recent years,
however, the number of PET scanners in hospitals has increased considerably.
Furthermore, novel amino acid tracers labeled with positron emitters with a longer
half-life have been developed and clinically validated which allow a more efficient
and cost-effective application. These developments and the well-documented
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diagnostic performance of PET using radiolabeled amino acids suggest that its
application continues to spread and that the method may be available as a routine
diagnostic technique for certain indications in the near future.

Keywords Low grade glioma * PET ¢ Amino acids * MET ¢ FET « FDOPA

15.1 Introduction

MRI with its excellent soft tissue contrast, the high spatial resolution, and its multi-
planar reconstruction capabilities is currently the method of first choice for the diag-
nosis of cerebral gliomas. Despite these unsurpassed properties of MRI, many
problems in the diagnostic assessment of low-grade gliomas remain and a number
of pivotal questions concerning the management of low-grade gliomas cannot be
answered satisfactorily. Thus, at initial diagnosis, diffuse low-grade gliomas may
exhibit only minimal changes in the brain tissue, which can hardly be distinguished
from benign lesions. In larger tumors, the differentiation of glioma tissue from sur-
rounding edema may be difficult, particularly when the tumor is not sharply demar-
cated from normal brain tissue due to diffuse tumor cell infiltration. Although
commonly assigned as low-grade gliomas the course is clinically diverse and for
some patients the disease has a benign course, whereas others experience rapid
progression [1]. In the further course of the disease, the tumors may exhibit regional
malignant progression, which is difficult to detect, especially when the blood-brain
barrier (BBB) remains intact. In these patients with a heterogeneous tumor and
intact BBB, biopsy guidance may be especially difficult. Monitoring of treatment
response is another important factor to optimize individual treatment strategy where
volume changes in MRI are just a very late sign. After treatment, postoperative or
radiogenic changes in peritumoral brain tissue may result in contrast-enhancement
on MRI that cannot be reliably distinguished from vital tumor tissue of recurrent
glioma [2, 3].

Therefore, alternative imaging methods reflecting metabolic features of the
tumor tissue have attracted the interest of neuro-oncologists for many years in order
to facilitate the process of clinical decision-making in this challenging tumor entity.
PET is a powerful method in Nuclear Medicine that has shown great potential for
the diagnostic assessment of malignant tumors. The most widely used tracer for
PET is '8F-Fluorodeoxglucose (FDG), which is accumulated in the majority of
tumors due to an increased energy demand and consequently an increased glucose
metabolism. FDG has been used for the evaluation of brain tumors since the early
days of PET and a relationship of FDG uptake and tumor grade of gliomas and
prognosis of cerebral gliomas has been reported in numerous studies [4]. In low-
grade gliomas, however, FDG uptake is generally low and there is high FDG uptake
in the surrounding normal brain tissue. Therefore, the usefulness of this tracer for
low-grade gliomas is limited. In this chapter, the most promising PET tracers for the
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Table 15.1 Clinical applications of amino acid PET in low-grade gliomas

Clinical potential | References
Detection and differential diagnosis + [58, 63, 65, 66, 68]
Biopsy guidance ++ [54, 58, 59, 67, 69, 81-84, 154]
Tumor extent +4++ [85-88, 90]
Grading of gliomas (static amino acid PET) |+ [41, 52, 58, 66, 87, 106]
Grading of gliomas (dynamic FET PET) ++ [52, 53, 55,59, 107]
Prognosis +++ [35,57, 114, 115, 155]
Malignant transformation +++ [51, 54, 59, 69, 84, 116]
Resection planning +++ [90-93, 156]
Radiotherapy planning ++ [101, 104]
Detection of recurrence +++ [120-123, 157]
Therapy monitoring +++ [134-139]

+ limited value, ++ helpful in a fraction of patients, +++ high clinical impact

diagnostic assessment of low-grade gliomas will be reviewed. The chapter deals
mainly with the application of radiolabeled amino acids owing to the ability of these
substrates to pass the intact BBB and to depict brain tumors with a high tumor-to-
background contrast. These tracers are well investigated, allow decisive diagnostic
information in cerebral gliomas with respect to many clinical aspects, and are quite
close to be established in routine clinical diagnosis (Table 15.1) [5-12].

15.2 Radiopharmaceuticals for PET in Low-Grade Gliomas

Today, the most widely used application of PET is the measurement of glucose
metabolism with FDG in various types of cancer. In cerebral gliomas, FDG uptake
is correlated with the degree of malignancy of the tumor (WHO grading) and with
the patient’s outcome [4, 13, 14]. Due to the high rate of glucose metabolism espe-
cially in the grey matter of the brain, however, it is difficult to distinguish glioma
tissue from normal brain tissue by FDG-PET. While most high-grade gliomas
WHO grade III and nearly all grade IV glioblastomas show an increased FDG
uptake compared to the white matter, low-grade gliomas WHO grade II usually
exhibit an indifferent or even a decreased FDG uptake (see Fig. 15.1). Therefore,
FDG PET is not useful to delineate low-grade gliomas from the surrounding brain
tissue.

Nevertheless, FDG PET has been shown to be useful to detect malignant transfor-
mation in low-grade gliomas and may therefore be useful for follow-up in low-grade
gliomas [4]. The use of proliferation markers such as ['®F]3’-deoxy-3’-fluorothymidine
(FLT) showed even a better correlation with the grade of malignancy and prognosis of
cerebral gliomas than FDG uptake or MR spectroscopy [15, 16]. An image-guided
biopsy study demonstrated that FLT is a useful marker of cellular proliferation that
correlates with regional variation in cellular proliferation, but was unable to identify
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MRI-T1(+Gd) FDG-PET FET-PET

Fig. 15.1 Astrocytoma WHO Grade II in the left hemisphere. The T1-weighted MRI after applica-
tion of Gd-DTPA shows no contrast enhancement indicating an intact BBB and depiction of the
tumor in the T2 weighted MRI is similar. FDG PET shows hypometabolism and is not helpful to
guide biopsy. FET PET identifies a hot spot within the tumor and detects an optimal biopsy site

the margin of gliomas [17]. This is caused by the fact that FLT is not able to pass the
intact BBB and accumulates usually in areas with contrast enhancement on MRI only
[15, 18-20]. Therefore, portions of the tumor with an intact blood-brain barrier
(BBB)—frequently present in low-grade gliomas—cannot be detected with FLT-
PET. Furthermore, '"C-Choline or 'F-Fluoro-choline (FCH) has been used as a
marker of cell membrane phospholipids in brain tumors and shows a significant cor-
relation of uptake with the degree of malignancy in gliomas [21, 22]. Tracer uptake in
areas with intact BBB is generally low but some studies have reported that FCH might
be helpful to detect recurrent LGG in brain areas showing no contrast enhancement in
MRI [23, 24].

Another interesting approach is to investigate the presence of intratumoral
hypoxia using '®F-Fluoromisonidazole [25-28]. Hypoxia in tumors is a pathophysi-
ological consequence of structurally and functionally disturbed angiogenesis along
with deterioration in the inability of oxygen to diffuse through tissues. A PET study
in patients with cerebral gliomas demonstrated areas of hypoxia in glioblastomas,
but all investigated low-grade gliomas showed low uptake of *F-Fluoromisonidazole
[29]. This is not unexpected since tumor growth and angiogenesis in low-grade glio-
mas are still in a balance so that this approach is particularly attractive for the evalu-
ation of high-grade gliomas.

A promising new target for brain tumor imaging is the mitochondrial transloca-
tor protein (TSPO), which is a component of the mitochondrial permeability transi-
tion pore and is strongly expressed by glioma cell lines [30]. In the recent past, PET
imaging using TSPO ligands such as ''C-(R)PK11195 focused mainly on inflamma-
tory brain diseases as an indicator of microglial activation but recent studies suggest
arole of this method in the assessment of brain tumors [31-33]. A recent study has
shown that TSPO expression may extend beyond the tumor margins in MRI and
amino acid PET indicating an infiltration zone that exhibited tumor progression in
the further follow-up of the patients [34].
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At present, the best established PET tracers for the investigation of low-grade
gliomas are radiolabeled amino acids of the class of large neutral amino acids such
as [Methyl-''C]-L-methionine (MET), O-(2-['8F]fluorethyl)-L-tyrosine (FET) and
3.,4-dihydroxy-6-["*F]fluoro-phenylalanine (FDOPA) [5, 6, 9-12, 35, 36]. Because
the uptake of these amino acids by both, the white and grey matter of normal brain
tissue is relatively low, cerebral gliomas can be distinguished from the surrounding
normal tissue with high contrast. It was long assumed that increased uptake of
MET in brain tumors reflects an increased protein synthesis rate. Experiments in
mice, however, demonstrated that an inhibition of protein synthesis did not influ-
ence the uptake of radiolabeled MET in tumors and brain [37] suggesting that
alterations of amino acid transport rather than increased protein synthesis caused
increased uptake in tumors. Furthermore, the predominant role of transport phe-
nomena for increased amino acid uptake in gliomas is confirmed by the observa-
tion that PET using radiolabeled amino acids such as FET which are not incorporated
into protein exhibit nearly identical results concerning brain tumor imaging as
MET PET or FDOPA PET. Thus, a number of studies have shown that imaging of
cerebral gliomas with MET, FET and FDOPA is rather similar [38—43]. Since
FDOPA is a precursor of dopamine it shows also uptake in the striatum and can be
used to trace the dopaminergic pathway in the nigrostriatal region to evaluate the
presynaptic function in patients with neurodegenerative and movement disorders
[44]. This property may cause problems in the delineation of gliomas affecting the
striatum [12, 45].

The increased uptake of amino acids such as MET, FET and FDOPA by cerebral
glioma tissue appears to be caused predominantly by increased transport via the
transport system L for large neutral amino acids namely the subtypes LAT1 and
LAT?2 [46-50]. A recent study suggested that the trapping of FET within the cells is
caused by the asymmetry of its intra- and extracellular recognition by LAT1 [48].
Nevertheless, there appear to be some differences in transport characteristics of
MET, FET and FDOPA. FET shows different patterns of time-activity-curves in
low-grade and high-grade gliomas [51-55] which could not be observed with MET
or FDOPA [43, 56].

Since large neutral amino acids also enter normal brain tissue, a disruption of the
BBB, i.e., enhancement of contrast media on MRI scans, is not a prerequisite for
intratumoral accumulation of MET, FET and FDOPA (see Fig. 15.1). Consequently,
uptake of these tracers has been reported in many low-grade gliomas without BBB
leakage [5, 35, 57-60].

Most PET studies of cerebral gliomas have been performed with the amino acid
MET [5], although the short half-life of ''C (20 min) limits the use of this technique
to the few centers that are equipped with an in-house cyclotron facility. In contrast
to MET, '8F-labelled amino acids (half-life, 109 min) such as FET and FDOPA can
be transported from a cyclotron unit to multiple external PET centers. This enables
a wider application of amino acid PET in clinical diagnosis. One of the best-
established '8F-labelled amino acids is FET that can be produced in large amounts
for clinical purposes like the widely used FDG [36, 61, 62].
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Animal experiments have shown that FET, in contrast to MET, exhibits no
uptake in inflammatory cells and in inflammatory lymph nodes but false positive
uptake has been observed for MET, FET and FDOPA in human brain abscesses,
demyelinating processes, near cerebral ischemia and hematomas [12, 63—-65].
Therefore, increased uptake of the tracers is not specific for cerebral gliomas
although increased amino acid uptake has a high positive predictive value for
cerebral gliomas [66]. The report is focused on the clinical experiences with
MET, FET and FDOPA, which are at present the best-validated amino acid tracers
for PET.

15.3 Clinical Applications of PET in Diffuse Low-Grade
Gliomas

15.3.1 Detection of Low-Grade Gliomas and Differential
Diagnosis

The diagnostic potential of amino acid PET to detect low-grade gliomas is limited
since MET and FET exhibit increased uptake only in a fraction of about 60-80%
of low-grade gliomas [6, 35, 57, 58, 60, 63, 65, 67-69]. The specificity of MET,
FET and FDOPA PET for neoplastic lesions and especially in the case of low-
grade gliomas is generally affected by possible tracer uptake in the area of benign
processes such as hematoma, ischemia, traumatic brain injury, and acute inflam-
matory processes [5, 63—-65, 70-73]. In the largest study to date evaluating MET
PET in a consecutive series of 196 patients with suspected brain tumors, differen-
tiation between gliomas and non-neoplastic lesions was correct in 79% using a
threshold of the tumor/brain ratio of 1.47. Exclusion of high-grade gliomas (99
low-grade gliomas versus 24 non-neoplastic lesions) yielded a sensitivity of 67%
and specificity of 72% for distinguishing low-grade gliomas from non-neoplastic
brain lesions [6, 68]. The diagnostic performance of FET PET has been evaluated
in a series of 174 newly diagnosed cerebral lesions with suspicion of glioma,
which included 72 histologically confirmed diffuse low-grade gliomas [58]. In
that study, the mean tumor to brain ratio (TBR) was 1.8 + 0.5 in low-grade gliomas
versus 1.4 + 0.4 in nonneoplastic lesions yielding a sensitivity of 79% and speci-
ficity of 48% for distinguishing low-grade gliomas from non-neoplastic brain
lesions. These results are similar to the observations in other publications in which
low-grade gliomas, with the exception of oligodendrogliomas, presented with
mean TBR in the range of inflammatory and other active (e.g., ischemic, trau-
matic) brain lesions [63, 65, 67]. Higher amino acid uptake in the subgroup of
low-grade oligodendrogliomas and oligoastrocytomas according to the WHO
classification 2007 [74] has been reported in several studies and is most probably
related to the increased cellular and vascular density in this glioma subtype [52, 60,
75-771.
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Taken together, the diagnostic accuracy of amino acid PET to detect low-grade
gliomas and to differentiate suspicious lesions from non-specific uptake in non-
neoplastic lesions is limited. Therefore, a histological evaluation of suspicious brain
lesions by biopsy remains necessary under most circumstances.

15.3.2 Identification of an Optimal Site for Biopsy

An important aspect of the diagnostic assessment of low-grade gliomas is the defi-
nition of areas with the highest cellular proliferation rates. Since the tumor biology
is dominated by the most aggressive glioma parts, representative tissue samples are
vitally important for histological tumor diagnosis, prognostication, and treatment
planning. The ability of MRI to show the most rapidly proliferating portions of dif-
fuse low-grade gliomas is limited, particularly when the tumor shows no contrast
enhancement in MRI, which occurs frequently in low-grade gliomas. FDG and FLT
PET are usually negative in low-grade gliomas and provide no information on
regional heterogeneity of metabolic activity in these tumors. Radiolabeled amino
acids exhibit increased uptake in the majority of diffuse low-grade gliomas and are
helpful to optimize the targeting of biopsies and prevent the problem of non-
diagnostic biopsies from non-specifically altered tissue (Figs. 15.1 and 15.2).
Biopsy controlled studies have shown that MET and FET uptake correlate with
microvessel and cell density in non-contrast enhancing gliomas [77-79]. Vascular
density is a frequently described feature linked to early malignant transformation in
gliomas [80]. A number of studies have compared the diagnostic potential of PET
using FDG and MET or FET to identify metabolic hot spots in cerebral gliomas to
guide biopsy [67, 81, 82]. These studies consistently report that regionally increased
FDG uptake, if present, is congruent with that of increased MET or FET uptake but
amino acid PET is generally more sensitive than FDG PET. A number of studies

\/'

MRI-T1(+Gd) MRI-T2 FET-PET

Fig. 15.2 Astrocytoma WHO Grade II in the frontal lobe. T1-weighted MRI after application of
Gd-DTPA shows no pathological contrast-enhancement and a tumor cannot be clearly delineated.
T2-weighted MRI shows widespread abnormalities within the complete frontal lobe and is not
helpful to depict the tumor. FET PET identifies a clear tumor with high tracer uptake in the lower
frontal lobe
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have evaluated the role of amino acid PET for biopsy guidance in the subgroup of
low-grade gliomas. In a study with 32 patients that included 10 low-grade gliomas
MET PET allowed the definition of a biopsy target in all low-grade gliomas while
FDG showed increased uptake in only one of these tumors [83]. In a patient series
of 22 histologically confirmed low-grade gliomas, FET PET identified a local maxi-
mum for biopsy guidance in 16 of the tumors (72%), while FDG identified a meta-
bolic spot in only 2 (9%) of the low-grade gliomas [67]. Another study including 72
histologically confirmed diffuse low-grade gliomas, FET PET identified a local
maximum in 79% of the tumors [58]. Other studies emphasize the role of kinetic
analyses of FET uptake in low grade glioma [51, 54, 59, 69, 84]. Areas with an early
peak in FET uptake followed by a descending time activity curve were associated
with areas of malignant transformation and poor prognosis. Interestingly, a “malig-
nant curve pattern” was also predictive for poor outcome if FET uptake in the suspi-
cious brain lesion was low [51, 59, 69]. These data suggest that amino acid PET is
a useful tool for identifying metabolic hot spots in low-grade gliomas to target
biopsies. Furthermore, dynamic FET PET appears to provide important additional
information on the aggressiveness of the tumors independent of the degree of tracer
uptake. Nevertheless, it is not yet proven beyond doubt that the maximum concen-
tration of amino acid uptake in low-grade gliomas corresponds to the most aggres-
sive part of the tumor and further studies are needed to investigate this aspect
(Fig. 15.3).
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Fig. 15.3 MRI and FET PET and of a patient with newly diagnosed histologically confirmed dif-
fuse astrocytoma WHO grade II in right temporal lobe (upper row). T1 weighted MRI shows no
contrast enhancement (leff) and hyperintensity on T2-weighted image (middle) and slightly
increased FET uptake (left). Time—activity curve on the right shows constantly increasing FET
uptake. Twenty-nine months later (lower row), patient presented with malignant progression to
WHO grade III astrocytoma associated with significant increase in FET uptake, discrete contrast
enhancement and enlargement of hyperintensity on T2-weighted image. Dynamic evaluation of
FET uptake (right) shows a “malignant curve pattern” with an early peak of FET uptake followed
by declining time activity curve
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15.3.3 Delineation of Tumor Extent for Treatment Planning

Multiple studies in which the radiological findings were compared with the histologi-
cal findings in tissue samples obtained by biopsy or open surgery have provided clear
evidence that PET using radiolabeled amino acid detects the solid tumor mass of cere-
bral glioma tissue more reliably than either CT or MRI [81, 83, 85-88]. This is espe-
cially relevant for the non-enhancing parts of gliomas in MRI, which predominantly
occur in low-grade gliomas. In a study exploring the potential of FET PET to image
the extent of cerebral gliomas, 52 neuronavigated biopsies were taken from cerebral
gliomas of 31 patients. Neoplastic tissue was found in 94% of biopsies in FET-PET
positive areas, but only in 53% of the suspicious areas identified by MRI [87]. In that
study, 12 biopsies yielded the histopathological diagnosis of a diffuse low-grade gli-
oma and FET uptake was increased in all but one of the areas from which the biopsies
were taken. In contrast, none of these areas showed contrast-enhancement on
MRI. Another study investigated the role of FET-PET as a surrogate marker for accu-
mulation of 5-aminolevulinic acid (5-ALA), which is used as a metabolic marker of
malignant glioma cells for fluorescence-guided resection [89]. In that study, patients
with 17 low-grade gliomas were included. FET was positive in 7 of the tumors while
5-ALA was observed in only one of the low-grade gliomas, which showed corre-
sponding contrast enhancement. These data indicate that amino acid uptake in PET is
a more sensitive indicator of low-grade glioma than 5-ALA fluorescence.

Since amino acid PET appears to be a valuable instrument to detect the solid
tumor mass of cerebral gliomas, this technique has been used for resection plan-
ning. In a study evaluating integrated MET PET and MRI guided resection of 103
brain tumors, a large fraction of low-grade gliomas was included [90]. Resection
planning in 59 low-grade gliomas demonstrated that the PET volume did not match
the MR volume and improved the tumor volume definition in 88% of the cases.
Similar results were reported in other studies for MET and FET PET which mainly
included high-grade gliomas [91-93].

These data suggest that resection of low-grade gliomas guided by amino acid
PET may increase the resection extent and thus the patients’ survival. It needs, how-
ever, to be considered that MET, FET and FDOPA show increased uptake in only
60-80% of low-grade gliomas and that the resection of the tumors with low amino
acid uptake cannot be improved.

The improved imaging of glioma tissue using amino acid PET has also been
applied to improve planning of radiation treatment of brain tumors [94]. A number
of centers have started to integrate amino acid imaging into CT- and MRI-based
radiotherapy planning, particularly in high-grade gliomas and when high-precision
radiotherapy is to be given or in the setting of dose escalation studies or for the re-
irradiation of recurrent tumors [95-103]. Experiences with amino acid PET radio-
therapy planning of low-grade gliomas are limited but indicate improved sensitivity
in detecting postoperative residual tumor and a benefit for radiotherapy planning in
patients with inconclusive MRI findings [104]. Improved outcome of the patients
with radiotherapy planning by amino acid imaging compared with conventional
therapy planning, however, has not yet been proven.
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15.3.4 Glioma Grading and Prognosis

FDG PET is considered as a relative accurate predictor of tumor grade and progno-
sis of cerebral gliomas and the detection of foci with increased FDG uptake in low-
grade glioma is highly suspicious for malignant progression [13, 105]. The
combination of FDG PET and multiparametric MRI may further improve the diag-
nostic accuracy to differentiate high-grade and low-grade glioma [14]. Most PET
studies employing amino acids have shown that gliomas of different WHO grades
overlap in their degree of amino acid uptake, so that the tumor grade cannot be reli-
ably predicted with this technique [5, 19, 41, 52, 58, 87, 106]. A high potential to
differentiate high-grade and low-grade gliomas has also been claimed for FLT, but
FLT uptake goes along with BBB disruption and there is a high fraction of anaplas-
tic astrocytoma without significant contrast enhancement on MRI which consecu-
tively are negative in FLT PET [19, 20].

Using FET PET a number of studies have demonstrated that the evaluation of
tracer kinetics in the tumors may be helpful to differentiate between high-grade and
low-grade gliomas [52, 53, 55, 59, 107]. High-grade gliomas are characterized by
an early peak of the time-activity curve around 10-15 min after tracer injection fol-
lowed by a decrease of FET uptake. In contrast, time—activity curves slightly and
steadily increase in low-grade gliomas of WHO grade II. Using dynamic evaluation
of selected regions of the tumor, high-grade and low-grade gliomas could be distin-
guished with an accuracy of 70-90% in primary tumors as well as in recurrent
tumors [52, 53, 59, 84, 107]. Furthermore, a recent study suggested that early static
scans of FET uptake have a higher diagnostic accuracy for grading of gliomas than
the standard 20-40 min scans but this approach did not reach the accuracy of
dynamic FET imaging [108]. Studies using MET and FDOPA demonstrated that
unlike FET PET, the time-activity curves of tracer uptake do not allow the classifi-
cation of low- and high-grade gliomas [43, 56].

Considering gliomas of all WHO grades the prognostic significance of amino
acid uptake remains a matter of controversy. Some studies seem to show that lower
amino acid uptake especially in astrocytic glioma is associated with a better prog-
nosis, but there is generally high uptake in oligodendroglioma despite their appar-
ently better prognosis [5, 60, 75, 76, 109]. Recent studies suggest that dynamic FET
PET [110], the “biological tumor volume” (BTV) as assessed by amino acid PET at
primary diagnosis [111, 112] or textural parameters considering tumor heterogene-
ity may be important predictors of prognosis [113].

For patients with low-grade gliomas prognostication is an important factor for
disease management. Some of these patients have a stable course with an excellent
quality of life for many years or decades even without treatment, while others expe-
rience rapid tumor progression with malignant transformation to a high-grade gli-
oma and a poor prognosis. A better identification of individuals with either a poor
or a favorable prognosis is highly desirable to optimize patient counseling. A study
with MET PET showed that these patients benefit from a surgical procedure only
when increased amino acid uptake can be demonstrated [114]. In a series of 24
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patients with low-grade gliomas, patients with a tumor/brain ratio >2.2 had a signifi-
cantly shorter survival time than the patients with a tumor/brain ratio <2.2 [115].
Similarly, in a series of 50 patients with low-grade gliomas a SUV of FDOPA uptake
>1.75 was an independent predictor of disease progression [35]. Another study indi-
cated that the combined evaluation of FET-PET and MR morphology was a statisti-
cally significant prognostic predictor for patients with newly diagnosed low-grade
gliomas [57]. Within a 7-year period, a group of 33 consecutive patients with previ-
ously untreated non-enhancing WHO grade II glioma were included in a prospec-
tive study. A baseline, both MRI and FET-PET were performed before histology in
all patients on tissue samples by biopsy and a “watch and wait” strategy without
further treatment was started. During the follow-up it turned out, that baseline FET
uptake and a circumscribed versus a diffuse growth pattern on MRI were highly
significant predictors for patients course and outcome: Those low-grade gliomas
that were well delineated on MRI and showed no FET uptake had an excellent prog-
nosis with long progression-free intervals, good clinical condition and late malig-
nant transformation. In contrast, patients with low-grade gliomas with diffuse tumor
margins on T2-weighted MRI and FET uptake had a poor outcome with early pro-
gression in combination with malignant transformation to a HGG, rapid clinical
deterioration, and die earlier. A recent study in 54 gliomas of WHO grade II observed
no correlation between FET uptake and progression-free survival but that analysis
included 16 patients with recurrent tumors and comparison with other studies is dif-
ficult [60]. In any case, also low-grade gliomas with low FET uptake should be
monitored carefully because also tumors without tracer uptake can harbor high-
grade glioma tissue [59].

Recent studies have emphasized the role of kinetic analyses of FET uptake in the
evaluation and follow-up of low-grade glioma [51, 54, 59, 69, 84, 116]. Areas with
an early peak of FET uptake followed by a descending time activity curve in sus-
pected low-grade gliomas were associated with areas of malignant transformation
and poor prognosis. Interestingly, a “malignant curve pattern” is also predictive for
poor outcome if FET uptake in the suspicious brain lesion is low [59, 69].

15.3.5 The Diagnostic Assessment of Recurrent Tumors

Early detection of recurrent tumor is of particular interest. It is difficult to distinguish
recurrent glioma from nonspecific post-therapeutic changes with conventional MRI
alone, because pathological contrast enhancement may reflect either re-growth of
tumor or reactive changes after radio- or chemotherapy [2, 117]. Furthermore, con-
trast-enhancement is usually missing in recurrent low-grade gliomas and MRI can-
not differentiate between tumor, edema and nonspecific treatment-related changes,
unless a mass effect or distinct bloating of cortex or other grey matter structures is
seen [68]. Unfortunately, most publications in the literature have evaluated the role
of PET in the detection of recurrent gliomas in groups with mixed WHO grades. The
potential of FDG-PET in differentiating tumor recurrence from radionecrosis in high
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grade gliomas is limited because of the higher frequency of non-specific uptake
[118] and the performance of FLT PET is also limited [119]. Multiple studies have
shown that MET-PET is highly sensitive to detect recurrent gliomas but the specific-
ity for the differentiation of vital tumor tissue from non-neoplastic changes is not
optimal and in the range of 70-75% [5, 120, 121]. The specificity of FET-PET for
the differentiation of recurrent gliomas from non-neoplastic changes appears to be
higher than that of MET-PET. In a study involving 45 patients (including 11 low-
grade gliomas), the sensitivity and specificity of FET-PET for the detection of recur-
rent gliomas were 100% and 93%, respectively, compared with 93% and 50%,
respectively for MRI [122]. A recent study in 124 glioma patients including 55
patients with low-grade gliomas demonstrated that the combined use of static and
dynamic FET PET parameters differentiate progressive or recurrent glioma from
treatment-related non neoplastic changes with an accuracy of 93% [123]. One study
that focused on the role of FET PET as a diagnostic tool for detection of malignant
progression in patients with low-grade gliomas reported that the combined analysis
of FET PET parameters (i.e., changes of TBRmax, TTP, or time—activity curve pat-
tern) yielded a significantly higher diagnostic accuracy for the detection of malig-
nant progression than changes of contrast enhancement in MR imaging (accuracy,
81 vs. 63%; P = 0.003) [54]. Thus, especially FET-PET is considered as a valuable
tool in differentiating recurrent tumor from non-neoplastic changes.

15.3.6 Monitoring of Radio- and Chemotherapy

Imaging for radiological response assessment in low-grade gliomas is based on serial
measurements of T1- and T2-weighted MRI. Low-grade gliomas usually show no
contrast enhancement on MRI due to an intact BBB, and the diffusely infiltrative
nature of these tumors makes the assessment of tumor boundaries difficult. Changes
in apparent tumor size that are seen in MRI are taken as indicators of the response to
therapy but this approach is limited by the difficulty in distinguishing vital tumor tis-
sue and unspecific treatment effects. The feasibility and usefulness of PET for treat-
ment assessment and follow-up in cerebral gliomas of all grades of malignancy after
radiotherapy and chemotherapy have been explored in multiple studies and the diag-
nostic accuracy compared with conventional MRI is considered to be very efficient.
The current experience concerning treatment monitoring in brain tumors with
PET is based mainly on the data obtained in patients with high-grade gliomas.
Several studies evaluated the role of amino acid PET using MET, FDOPA and FET
in patients with high-grade gliomas to monitor external fractionated radiation ther-
apy [112], treatment effects during standard chemotherapy regimen, i.e., adjuvant
temozolomide [124] or chemotherapy with procarbazine, CCNU, and vincristine
(PCV) [125], dose-intensified chemotherapy with temozolomide [126], and experi-
mental treatment such as intracavitary radioimmunotherapy [127], convection-
enhanced delivery of paclitaxel [128], tyrosine kinase inhibitor treatment [129],
brachytherapy [130] and antiangiogenic treatment with bevacizumab [131-133].
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The currently available data suggest that a reduction of the tumor-to-brain ratio
of amino acid uptake and the metabolic volume of high-grade glioma is a sign of a
response to treatment.

Besides cytoreductive surgery, local radiotherapy is an important treatment
option especially in patients with an astrocytoma WHO grade II. The possibility of
late side effects of radiotherapy (e.g., neurotoxicity) in this group of patients with a
much longer life expectancy makes it necessary to identify groups that benefit from
early radiotherapy compared with those in whom radiotherapy should be delayed
until the time of tumor progression. The role of MET PET has been evaluated in a
small number of retrospective studies, mostly in comparison to FDG PET. Roelcke
and co-workers evaluated the effects of postoperative external fractionated radio-
therapy using MET and FDG PET in patients with an astrocytoma WHO grade II
[134]. Tracer uptake was assessed by tumor to brain ratios during follow-up and at
the time of first tumor progression, and was not significantly different in patients
who received external radiotherapy after tumor resection (n = 13) in comparison to
patients treated with surgery alone (n = 17). Different results could be observed in
brachytherapy after implantation of '*°I seeds. One year after seed implantation,
FDG uptake did not change in patients with low-grade glioma, but a significant
decline of MET uptake was detected [135, 136] indicating that MET PET may pro-
vide more information on therapeutic effects than FDG following brachytherapy.
The different results of these studies may be explained by different follow-up times
and radiotherapy modalities used in the study protocols.

In order to assess the response to chemotherapy using amino acid PET in
patients with low-grade gliomas FET and MET PET was used in a prospective
study to evaluate the response to an intensified temozolomide regimen in a series
of 33 patients with low-grade glioma. Reduction of metabolically active tumor
volumes, but not reduction of PET uptake ratios or MRI tumor volumes, corre-
lated with improved seizure control following chemotherapy. A decrease of the
active tumor volume of >80.5% predicted a progression free survival of
>60 months and a decrease of >64.5% a progression free survival of >48 months.
[137, 138].

In patients who showed a clinical response, a reduction of the metabolically
active tumor volume after initiation of treatment could be observed in FET PET
earlier than volume reductions on FLAIR MRI sequences (see Fig. 15.4). In a retro-
spective study the effect of PCV chemotherapy was examined using MET PET in
seven patients with an oligodendroglioma WHO grade II [139]. Similar to the
above-mentioned study, changes of tumor volume in MRI FLAIR sequences and
metabolically active tumor volume derived from MET PET were monitored. MRI-
FLAIR and MET PET provided concordant information on tumor to PCV treat-
ment, but MET PET was found to be more sensitive for the assessment of PCV
responsiveness.

The findings indicate the sensitivity of amino acid PET for detecting early treat-
ment response in low-grade gliomas. Furthermore, the early identification of non-
responders may help to minimize negative impact of chemotherapy on quality of
life.
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Fig. 15.4 Patient with an oligoastrocytoma WHO grade II during chemotherapy with temozolo-
mide. FET PET identifies response to treatment at an early stage of disease, while T2-weighted
MRI remains ambiguous. With kind permission from Springer Science + Business Media: J
Neurooncol: Early metabolic responses in temozolomide treated low-grade glioma patients, Vol.
95, 2009, Wyss et al. Fig. 2. Licence No. 2834741072095

15.4 Perspectives for PET in the Management of Low-Grade
Gliomas

Diagnostic assessment of diffuse low-grade gliomas by PET using radiolabeled
amino acids permits a more specific representation of the spatial extent of the
tumors than is possible by conventional MRI alone. This has been shown to be
advantageous for biopsy planning, tumor resection, and radiotherapy. Valuable
prognostic information can be obtained at initial diagnosis, to detect malignant
transformation during follow-up and the treatment response can be judged early
in the course of treatment. Recurrent tumors can be differentiated from post-
therapeutic changes with a high degree of specificity. Advanced MRI methods
may also yield metabolic information that is markedly more specific than that
obtainable by conventional MRI [140]. A recent meta-analysis has analyzed the
role of advanced MR imaging with magnetic resonance spectroscopy (MRS), per-
fusion weighted imaging (PWI), diffusion weighted (DWI) and diffusion tensor
imaging (DTI) in the management of adults with diffuse low-grade glioma [141].
Although these techniques are established and widely available for a longer period
of time there is still not enough evidence to recommend the integration of either
in standard diagnostic imaging protocols. The fact that amino acid PET is widely
used in centers that also have full access to the spectrum of functional and molec-
ular MR methods, emphasizes the additional value of amino acid PET beyond
alternative MRI methods. The diagnostic accuracy of these techniques in com-
parison with amino acid PET remains to be investigated. First studies have
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demonstrated the potential benefit of integrating fiber tracking by DTI and FET
PET [142-144]. These studies indicated complementary information and more
detailed understanding of peritumoral fiber tract alterations in gliomas, which are
more complex as described so far.

A first comparative study of FET PET and PWI in 56 patients with cerebral gli-
oma, showed higher TBRs and larger tumor volumes in FET PET than the maps of
regional cerebral blood volume [145]. The spatial congruence of both parameters
was poor and the locations of the local hot spots differed considerably. Similar
results were observed in another study including 55 patients with cerebral glioma
when comparing FDOPA PET and PWI [45].

The future will also be strongly influenced by the integration of PET and MRI in
one imaging device [146—148]. The advent of hybrid PET-MRI systems offers a
multimodal approach for the investigation of brain tumors and improved patient
comfort due to a significant reduction in measurement time and improved spatial
and temporal co-registration of PET and MRI data.

The scientifically documented utility of amino acid PET of low-grade glio-
mas seems to justify its introduction as a routine diagnostic technique for cer-
tain indications, but it remains to be confirmed that this will improve the overall
quality of care. Initial studies have already evaluated the cost effectiveness of
amino acid PET for target selection in gliomas and achieved promising results
[149]. The guidelines of the European and the German Association of Nuclear
Medicine for brain tumor imaging using labelled amino acid analogues have
been published in recent years [150, 151]. The Response Assessment in Neuro-
Oncology Working Group (RANO) which is an international effort to develop
new standardized response criteria for clinical trials in brain tumors has recently
recommended the use of amino acid PET in all stages of patient management,
i.e., at primary diagnosis especially for the differentiation of equivocal brain
lesions in MRI, after diagnosis for the definition of tumor extent for resection,
biopsy and radiotherapy planning, in the early course of treatment to differenti-
ate pseudoprogression and early tumor progression, at a later stage for the dif-
ferentiation of radionecrosis and recurrent tumor and for treatment monitoring
[10]. The logistical prerequisites for amino acid PET have become markedly
less difficult to achieve in recent years with the introduction of FET PET. In
Europe, MET PET has been replaced in many neuro-oncological centers by the
more convenient PET tracer FET and the improved availability and high clinical
interest in this method has led to more than 10,000 FET PET scans in some
centers [152]. As the first country, Switzerland has approved FET PET for brain
tumor imaging in 2014 [153].

The benefit of amino acid PET in cerebral gliomas appears to be well justified by
its clinical utility since the costs of PET imaging are relatively small in relation to
the expenses of local or systemic treatment approaches and, consecutively, the man-
agement of possible adverse effects. The information provided by amino acid PET
assists to optimize the individual treatment strategy and to minimize negative impact
of treatment approaches on quality of life.
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