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Opinion statement

Magnetic resonance imaging (MRI) is the gold standard guiding diagnostic and therapeu-
tic management in glioma with its high resolution and possibility to depict blood-brain-
barrier disruption when contrast medium is applied. In light of the shifting paradigms
revealing distinct tumor subtypes based on the molecular and genetic characterization
and increasing knowledge about the variability of glioma biology, additional imaging
modalities such as positron emission tomography (PET) depicting metabolic processes
gain further importance in the management of glioma.

Introduction

After onset of neurological symptoms, usually a MRI is
performed as diagnostic imaging. In case of a suspected
brain tumor, patients usually undergo either surgery or
biopsy depending on patient’s condition and tumor
location as well as resectability. Thereafter, current treat-
ment options in malignant gliomas such as anaplastic
astrocytoma or oligodendroglioma WHO III and glio-
blastoma WHO IV are radiotherapy or/and chemother-
apy [1••]. In patients diagnosed with a glioma WHO II,
therapeutic options are much more heterogeneous.

In all glioma entities, molecular markers gain rising
importance for identification of distinct subgroups with
implications for therapy. Furthermore, recent advances
in treatment options including antiangiogenic agents as
well as substances targeting the immune system require a
more sophisticated approach towards diagnosis and
treatment monitoring. As a consequence of these emerg-
ing therapeutic upheavals, resulting (MR-) imaging phe-
nomena such as pseudoprogression and pseudoresponse
cannot be evaluated on the basis of MacDonald criteria
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established in 1990 [2]. The establishment of RANO
criteria byWen and colleagues has partly addressed these
phenomena by introducing evaluation of additional se-
quences such as T2 and fluid attenuated inversion recov-
ery FLAIR [3••]. However, though this approach has
immensely improved differential diagnosis and stan-
dardized evaluation of progression within the setting of
clinical trials as well as in daily routine, many problems
of neuro-oncological diagnosis remain unsolved with
conventional MRI (such as extent of biologically active
tumor tissue, intratumoral heterogeneity, differential

diagnosis radiation necrosis vs recurrent tumor).
Another imaging modality for diagnosis and disease
monitoring of glioma is provided by PET. Imple-
mentation of PET into planning of surgical proce-
dure and radiotherapy as well as into therapy mon-
itoring is going to improve management in glioma
patients. While [18F]FDG is widely used as tracer for
solid tumors in general oncology, its usefulness for
neuro-oncological issues is limited as described be-
low. Thus, the current review will mainly focus on
amino acid tracers.

Tracers
FDG

As most tumors are characterized by enhanced metabolic processes, the intro-
duction of [18F]FGD, a radiolabeled analogue of glucose, has revolutionized
oncological imaging in the 80s [4]. [18F]FDG is incorporated into the cell by
means of glucose-specific transporters (GLUTs) and cannot be further metab-
olized due to phosphorylation processes [5]. In contrast to its high explanatory
power in somatic malignancies, [18F]FDG is only of limited use in neuro-
oncology because of the high glucose uptake in the normal cerebral cortex tissue
[6]. Therefore, especially glioma WHO II can often not be discerned from
unaffected cortex as they often present as iso- or even hypometabolic entities.
Furthermore, though high grade glioma usually shows an elevated [18F]FDG
uptake, a high interference exists in the vicinity of gray matter and basal ganglia.
Furthermore, [18F]FDG is incorporated via macrophages into inflammatory
processes and hence further reduces its value for differential diagnosis in glioma
[7]. Hence, the current review will address [18F]FDG only briefly whenever
applicable.

Amino acid tracers
Amino acids (AA) play an integral role in cell proliferation and extracellular
matrix formation processes in glioma. During the past decades, a large number
of radiolabeled tracers were introduced to visualize metabolic processes in-
volving amino acids: [11C]Methionine ([11C]MET), [18F]Fluorotyrosine
([18F]FYT), [18F]Fluoroethyltyrosine ([18F]FET), [18F]Fluoromethyltyrosine
([18F]FMT), and [18F]Fluorodopa ([18F]DOPA). The key difference between
natural AA and their artificial radiolabeled analogues is that the latter are not
incorporated into the cell [8].

Most widely used AA tracers are [11C]MET, [18F]FET, and [18F]DOPA show-
ing a comparable value for differential diagnosis and grading [9–11]. However,
[11C]MET has a very short half-life time of approximately 20 min and thus
requires an on-site cyclotron [12].While [18F]FET is themost commonAA tracer
used for neuro-oncological imaging in Europe, centers in the USA predomi-
nantly use [18F]DOPA. In comparison to [18F]FDG, both [18F]FET and
[18F]DOPA provide a higher contrast for differentiation of neoplastic tissue
from normal brain [13•, 14]. The value of [18F]FET is somehow limited in
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processes located in the vicinity of large (venous) vessels due to pooling
phenomena. In contrast, [18F]DOPA is physiologically accumulated in the basal
ganglia; thus, differentiation of tumor boarders may be difficult in this region
[10, 11]. A common feature of all AA tracers is the uptake via amino acid
transporters such as LAT1 and LAT2, which are expressed both in the neoplastic
tumor tissue as well as in the BBB [15–18]. However, in difference to MRI
contrast media, BBB breakdown is not a prerequisite for AA-tracer uptake. This
allows both visualization as well as differentiation of gliomas WHO II–IV with
fair specificity and sensitivity as LAT transporter expression is correlated with the
tumor grade.

In focus: dynamic AA-PET
The term “dynamic PET” refers to a frame-based analysis technique
which explores the tracer uptake behavior over a defined period of time.
This approach allows visualization of uptake patterns that might yield
additional information on tumor malignancy and metabolic activity.
Typical measures of dynamic analysis are time-activity curves (TACs) and
time-to-peak (TAC) values. TACs can be increasing or decreasing, de-
pending on the velocity of tracer uptake, while TTP relates to the time
when tracer uptake reaches its peak. Decreasing TACs are typically ob-
served in untreated malignant glioma (WHO III and IV) while increasing
TACs often occur in gliomas WHO II (an example for increasing and
decreasing TAC can be found in Fig. 1) [19–21]. Furthermore, short TTP
values can differentiate between malignant gliomas with different disease
courses [22•]. So far, the dynamic approach has been established for
[18F]FET; similar attempts for [11C]MET and [18F]DOPA failed to provide
reliable results, probably reflecting the different uptake characteristics
[23, 24].

Proliferation tracer: [18F]FLT
The pyrimidine deoxynucleoside thymidine is a component of double-
stranded DNA. Thymidine analogs such as 2-[11C]-thymidine 16 or 3′-
deoxy-3′-[18F]-fluorothymidine [18F]FLT have been developed in order to
visualize proliferation processes in human tumor cells. Following intake
by nucleoside transporters, [18F]FLT is quickly phosphorylated by the
enzyme thymidine kinase 1 and thus remains trapped in the cell [25].
Its use in glioma remains limited to monitoring of treatment response
in HGG in a research setting, partly due to its complicated synthesis
process and partly due to low sensitivity in LGG.

Usefulness of PET for glioma diagnosis and grading

Glioblastomas usually present on MRI with a strong enhancement.
However, a proportion of up to 30 % of grade III gliomas does not
enhance on T1-contrast-enhanced (CE) weighted sequences [26]. Glio-
mas WHO II commonly present as a non-enhancing tumor mass visu-
alized on T2-weighted or FLAIR sequences. Yet, a large proportion of the
non-enhancing glioma consists of heterogeneous entities harboring “hot-
spots” of metabolically highly active and often more malignant tumor
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parts [27]. Both [18F]FDG and amino acid uptake is usually correlated
with tumor grade in glioma with a direct correlation between tumor cell
density and tumor proliferation rate [28, 29]. However, many glioma
WHO II are iso- or even hypometabolic on [18F]FDG PET and only 3–
6 % of patients show an elevated [18F]FDG-uptake [30]. Amino acid
tracers such as [11C]MET and [18F]FET have proven to provide a better
tumor to brain delineation in non-enhancing glioma [31, 32]. Non-
invasive differentiation between glioma and non-tumoral lesions via
evaluation of [11C]MET uptake correlated in 79 % with the histological
diagnosis [32]. Still, a high overlap of uptake values of both tracers
between high grade and low grade glioma exists; here, dynamic
[18F]FET-PET was shown to reliably discern between gliomas WHO II
versus WHO III and IV with a specificity of 85 % and sensitivity of

Fig. 1. a An example of a LGG patient with a small hot-spot on [18F] FET-PET and Bbenign^ increasing TAC. b A HGG patient with
larger [18F] FET-based volume than contrast enhancement on MRI and Bmalignant^ decreasing TAC.
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71 % [33]. Furthermore, dynamic [18F]FET analysis is helpful for iden-
tification of anaplastic foci within homogeneously appearing MRI-
suspected LGG [20, 27]. Interestingly, both static and dynamic analysis
of [18F]FET uptake is often hampered in oligoastrocytoma (OA) and
oligodendroglioma (OD), probably due to the higher vascular density in
OA/OD [34].

Usefulness of PET for surgical procedure guidance

As mentioned in the previous section, detection of hot-spots in order to
provide a correct tumor classification is of utmost importance. Several
studies have shown disparities between MRI-derived pathology and ac-
tual histological findings [35–37] in particularly non-enhancing glioma.
PET guided biopsy techniques have been evaluated in a number of
studies revealing a considerably higher diagnostic yield in PET-based
biopsy compared to techniques based on MRI only [38–41]. Microsur-
gical resection usually aims at a maximum safe removal of the solid
tumor mass. However, even here, preoperative identification of the most
malignant tumor region via PET can help to optimize the surgical
procedure especially in tumors without CE in MRI as the clinically most
relevant, anaplastic region within the tumor volume can be selectively
sent for pathology and are not at risk to be missed for diagnosis. Thus,
incorporation of PET imaging into intraoperative navigation permits
tissue sampling from the metabolic hotspot and might help to prevent a
misgrading due to sampling error even in open resection [42].

While several studies have demonstrated an additional benefit for pediatric
glioma patients undergoing PET-based resection [43, 44], respective data from
adults are yet missing. Thus, further prospective studies are needed to explore
the value of PET-based resection in glioma.

Usefulness of PET for radiation planning

Due to both the infiltrative nature of glioma growth as well as tumor-
associated phenomena such as peritumoral edema, a reliable definition
of biologically active tumor volume based on MRI alone may be diffi-
cult. A number of studies employing PET for tumor volume definition
in radiotherapy have been conducted so far; however, large prospective
studies addressing the possible benefit from PET-based radiotherapy are
still lacking.

Retrospective studies on PET-based radiation planning in malignant
glioma have reported AA-PET based tumor volumes to be on average
larger than evaluated by MRI often extending T2/FLAIR changes [45–
47]. Furthermore, [11C]MET, [18F]FET, and [18F]DOPA are of compa-
rable utility in discerning tumor tissue from unspecific changes. Con-
flicting results concerning the influence of PET-based radiation plan-
ning on survival have been reported; however, control groups were
mostly historical cohorts; thus, these results have to be regarded with
caution [48–50]. A huge proportion of studies analyzed failure pat-
terns following PET-based radiotherapy, with similar results: the

Curr Treat Options Neurol (2016) 18: 4 Page 5 of 11 4



predominant failure pattern seems to result in a recurrence localized
within the center of the erstwhile tumor, even in the setting of re-
irradiation [51–53].

Monitoring treatment including pseudoprogression
and pseudoresponse

Monitoring treatment effects and timely identification of treatment failure is a
daily challenge in neuro-oncology. AA-PET seems to be an appropriate imaging
tool to visualize metabolic changes occurring within the tumor during therapy,
an example of [18F]FET-PET-based response following radiochemotherapy can
be found in Fig. 2. Several studies using AA-PET have shown a decrease in both
tumor uptake and volume to be correlated with response in glioma of grade II–
IV [54, 55]. Furthermore, dynamic PET was shown to provide an additional
possibility to discern progression from post-therapeutic changes in HGG fol-
lowing multimodal therapy [19]. Notably, most of these studies address treat-
ment response in malignant glioma with more or less homogeneous treatment
protocols, while literature on treatment assessment via PET in glioma II is
scarce, probably due to the high heterogeneity in treatment protocols. A retro-
spective study by Roelcke and colleagues evaluating the additional value of
[18F]FET-PET inmonitoring treatment response of alkylating chemotherapy has
shown tumor volume reduction on PET to predict response earlier than MRI
alone [55].

Pseudoprogression describes increased contrast-enhancement mimicking
tumor progression with subsequent regression. It can occur up to 12 weeks
after the completion of radiochemotherapy and was first observed predomi-
nantly inmethylated glioblastomawithmethylatedMGMTpromoter following
standard radiochemotherapy [56]. Pseudoresponse is often observed in pa-
tients treated with antiangiogenic agents such as bevacizumab leading to a
decrease of contrast medium enhancement on MRI masking presence and even
progression of tumor [57, 58]. RANO criteria have taken both of these phe-
nomena into account demanding a repetition of MRI after 4 weeks in ques-
tionable cases [3••]. However, this approach consumes valuable time and
might postpone important treatment decisions. Amino acid PET has proven to
be helpful in identifying pseudoprogression [21, 59, 60]. Pseudoresponse was

Fig. 2. A glioblastoma patient following radiochemotherapy; while there is still contrast enhancement visible on MRI reflecting BBB
disruption or possibly viable tumor cells, no relevant uptake can be observed on [18F] FET-PET corresponding to complete response.

4 Page 6 of 11 Curr Treat Options Neurol (2016) 18: 4



addressed in a study by Hutterer and colleagues investigating [18F]FET-PET in
recurrent malignant glioma receiving bevacizumab/irinotecan (BEV/IR). This
study revealed to detect treatment failure based on volumetric and uptake
changes of FET earlier than by RANO criteria [61]. Both standard and dynamic
[18F]FET-PET parameters were useful in identifying BEV/IR non-responders in
another trial when compared to an assessment based on RANO criteria only
[62]. Furthermore, in a prospective study, Schwarzenberg and colleagues were
able to identify treatment responders to antiangiogenic therapy usingmetabolic
volume changes of [18F]DOPA as early as 2 weeks into therapy [63]. [18F]FLT-
PET seems to yield comparable results in discriminating responders from non-
responders [64]. However, most of the studies mentioned above are retrospec-
tive with rather small study populations and need further validation. So far,
MRI and AA-PET seem to deliver complimentary information in both
pseudoprogression and pseudoresponse. This might become even more im-
portant for defining the endpoint of PFS in clinical trials [65••].

Prognosis

Besides established molecular markers providing prognostic as well as
predictive information for disease outcome prior to treatment, non-
invasively obtained imaging-derived markers are becoming increasingly
important in the field of neuro-oncology. Recently, several studies have
investigated the prognostic value of PET for outcome in gliomas. Both
tumor volume and tracer uptake kinetics reflected by time-activity curves
and time-to-peak analysis prior to alkylating chemotherapy and radio-
therapy have been shown to be of prognostic value for outcome in
malignant glioma [22•, 66•]. Glioblastoma patients with an either in-
trinsically small initial biological tumor volume (BTV) or tumor volume
reduction following surgery prior to concomitant radiochemotherapy
have significantly improved overall and progression free survival com-
pared to larger BTV. Similar results were found showing post-resection
tumor volume to be prognostic for overall survival in both GBM and
anaplastic astrocytoma [67, 68]. Furthermore, two further studies re-
vealed short time-to-peak times and steep time-activity curves at initial
diagnosis reflecting fast [18F]FET intake into tumor cells to be associated
with worse prognosis in gliomas WHO II as well as III/IV [22•, 69].

Outlook

So far, data from studies comparing the value of different imaging
modalities such as magnetic resonance spectroscopy (MRS), perfusion-
weighted imaging (PWI) as well as PET have shown the information
obtained by the different approaches to be complementary. Thus, recent
developments aim at establishing a multimodal approach via simulta-
neous data acquisition allowing incorporation of both, MRI and PET
imaging. This might help to increase explanatory power and diagnostic
accuracy both for therapy planning as well for therapy monitoring.
Furthermore, another interesting aspect to be explored in the future is
the use of new radiolabeled molecules acting not only as diagnostic
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markers but also as therapeutic agents. This new evolving field of
“theranostics” will open up new possibilities for PET-based therapies
and provide further insights into biology of glioma.
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