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This Policy Review provides recommendations for the use of PET imaging in patients with gliomas and represents a
joint effort of the Response Assessment in Neuro-Oncology (RANO) working group for PET and the European
Association for Neuro-Oncology. The initial guideline was published in 2016, and summarised the previously
established clinical benefit of PET with radiolabelled glucose and amino acid tracers in patients with gliomas. Since
then, numerous additional studies have been published on this topic, focusing on differential diagnosis, prediction of
molecular information, and prognostication. Further studies evaluated PET for biopsy guidance and delineation of
glioma extent for local therapy planning, including resection and radiotherapy. In patients undergoing treatment, PET
was studied for the assessment of response to local and systemic treatments and PET-based standardised response
criteria (PET RANO 1.0) were proposed. In this Policy Review, the updated recommendations are based on evidence
generated from studies that validated PET findings by histomolecular findings or clinical course. This guideline
further underscores the previously reported clinical value of PET imaging and the superiority of amino acid PET over
glucose PET, providing a framework for the use of PET in the management of patients with gliomas. The guideline
also underscores the scarcity of class 1 evidence showing that incorporating PET imaging into clinical workflows
improves patient outcomes, highlighting priority areas for future clinical studies designed to address this gap.

Introduction

Over the past two decades, the role of PET imaging in
neuro-oncology has evolved considerably.' For various
indications in patients with glioma, amino acid PET has
gained broader international acceptance as an adjunct to
conventional and advanced MRI. This success is
consequential to rigorous research efforts, resulting in
multiple publications, which prompted expert panel
recommendations and clinical and technical guidelines
for PET imaging in patients with glioma.”*

Notably, these recommendations and guidelines are the
result of the joint effort of experts from major
organisations in  neuro-oncology—the  European
Association for Neuro-Oncology (EANO), the Response
Assessment in Neuro-Oncology (RANO) working group,
and the Society of Neuro-Oncology—and in nuclear
medicine—the European Association of Nuclear
Medicine and the Society of Nuclear Medicine and
Molecular Imaging. Moreover, most probably due to the
visibility of these highly cited guidelines and the
convincing results of the published research,
reimbursement by statutory health agencies for PET
imaging with radiolabelled amino acids to differentiate
treatment-related changes from tumour relapse in
patients with gliomas has now been granted in Germany,
Denmark, and France, with anticipation that such
reimbursement will soon be granted in other
European countries.

The first guideline for PET imaging in patients with
gliomas was published by the RANO working group for
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PET, together with the EANO in 2016.° This guideline
highlighted the superiority of amino acid PET over
[18F]fluorodeoxyglucose PET ([18F]FDG-PET) for various
clinical applications. Recommendations provided by
this guideline were based on the most widely used
amino acid tracers for PET imaging targeting system
L amino acid transport, including [!8F]fluoroethyl-
L-tyrosine ([18F]FET), [11C]methionine ([1!CJMET), and
3,4-dihydroxy-6-[18F]-fluoro-L-phenylalanine ([18F]JFDOPA).

Since the publication of this guideline in 2016,° several
hundred articles on PET imaging in gliomas have been
published, and standardised criteria for assessment of
response to treatment have been proposed by the RANO
group in 2024 Overall, the initial results were
confirmed and refined, the level of evidence improved,
newer indications for amino acid PET imaging were
established (eg, evaluating its role in paediatric patients
with brain tumours), and other radiolabelled
amino acids were introduced for clinical use. For
example, the alicyclic amino acid anti-1-amino-3-
[18F]fluorocyclobutane-1-carboxylic acid (fluciclovine)
has been proposed for imaging of primary and
secondary brain tumours. Fluciclovine transport is
mediated by several neutral amino acid transporters,
including system ASC and system L, distinguishing its
mechanism of uptake from [18F]FET, [1IC]MET,
and [18F]FDOPA.

The updated guidelines presented in this Policy
Review aim to serve medical professionals of all
disciplines involved in the diagnosis and care of
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patients with gliomas and provide a framework for the
use of PET in neuro-oncology.

Levels of evidence and strength of
recommendations

As described previously by the RANO working group
for PET, any study that confirmed PET findings with
neuropathology (ie, histology, molecular information
according to the most recent WHO classifications for
CNS tumours,”® and combinations thereof) was
considered to represent the highest degree of validation.
Next, correlation with conventional MRI (when
applicable, according to RANO criteria) and with the
patient’s clinical course were deemed as the second
degree of validation. Only papers constituting levels 1-3
of evidence according to the Oxford Centre for
Evidence-Based Medicine were included as bases for
our recommendations (table 1). According to the
Strength of Recommendations Taxonomy,” the RANO
working group for PET defined the grade of
a recommendation for clinical practice based on the
level of evidence and the body of evidence, including
the available number of studies and consistency and
coherence of these studies (table 2).

Clinical indications
An overview of indications for amino acid PET in patients
with gliomas is presented in figure 1.

Newly diagnosed brain lesions: differentiation of
neoplastic from non-neoplastic lesions

Neoplastic lesions, such as gliomas, typically show
considerably higher uptake of radiolabelled amino acids
than non-neoplastic lesions, which might aid in
presurgical differential diagnosis.® Studies evaluating the
diagnostic performance of PET with the tracers [18F]FET
or [LIC]MET for the differentiation of neoplastic from
non-neoplastic lesions reported a specificity for
a neoplastic diagnosis in the range of 76% to 91%."°" In
addition, in newly diagnosed lesions radiographically
suggestive for glioma, a pathologically increased [18F]FET

uptake (ie, a maximum tumour-to-brain ratio of 2-5 or
higher) has been associated with a positive predictive
value of 98% for a neoplastic diagnosis.” A subsequent
study reported a sensitivity and specificity higher
than 90% to diagnose a tumour of glial origin with
[18F]FET.” Evidence for other amino acid tracers like
[18F]FDOPA or fluciclovine for the differentiation of
neoplastic from non-neoplastic lesions is scarce. Of
considerable note is the fact that 20-30% of patients with
CNS WHO grade 2 gliomas with an isocitrate
dehydrogenase (IDH) gene mutation exhibit no amino
acid uptake.*

Notably, brain lesions without tracer uptake and MRI
findings suggest that CNS WHO grade 2 gliomas might
exhibit photopenic defects on amino acid PET, with
uptake visually lower than that of normal-appearing
brain parenchyma. These lesions might be gliomas,
including some tumours with a higher CNS WHO
grade.® This effect has subsequently been reported for
the radiolabelled amino acids [!!CJMET and
[18F]FDOPA.*® Although much less common, mild
amino acid tracer uptake above background level can
occur in non-neoplastic lesions (eg, brain ischaemia,
cerebral abscess, or inflammatory foci) or be related to
epileptic seizures.’

To summarise the most relevant clinical aspects: in
newly diagnosed brain lesions, amino acid PET shows
high diagnostic performance in differentiating between
neoplastic and non-neoplastic lesions in cases that
remain uncertain following conventional imaging;
a negative amino acid PET scan does not exclude
a glioma; and although amino acid PET adds valuable
information for the differential diagnosis of
suspected CNS lesions for gliomas, neuropathological
tissue evaluation remains mandatory to provide
a final diagnosis.

Non-invasive prediction of molecular information

Invasive procedures are required to obtain tissue samples
to establish specific molecular information, which has
prompted the evaluation of various non-invasive

Evidence level defined in Evidence level defined in
the 2016 guideline® this Policy Review (2025)

Differentiation of neoplastic from non-neoplastic lesions

Delineation of glioma extent for planning of local therapy options

Differentiation of glioma recurrence from treatment-related changes (eg, pseudoprogression)

Detection of malignant tumour parts within MRI findings suggestive of non-enhancing gliomas

Assessment of prognosis in newly diagnosed, untreated gliomas
Response assessment

Analysis of cost-effectiveness

Paediatric patients with gliomas (ie, for differential diagnosis and follow-up after treatment)

Definitions of the evidence levels are as follows: 1 is randomised controlled trial; 2 is prospective cohort study, ecological studies, or outcomes research; and 3 is retrospective

study or individual case-control studies. NA=not applicable.

w W w w w w

NA
NA

w NN W NN W

Table 1: Overview of the 2011 Oxford Centre for Evidence-Based Medicine Levels of Evidence for the use of amino acid PET in gliomas
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Recommendation

Evidence Strength of

level recommendation
category

Differentiation of neoplastic from non- In newly diagnosed brain lesions, amino acid PET can be recommendedin 3 Moderate
neoplastic lesions differentiating between neoplastic and non-neoplastic lesions in cases

that remain uncertain following conventional MRI
Delineation of glioma extent for planning of Amino acid PET is strongly recommended to provide additional 2 Strong
local therapy options information on the delineation of glioma extent
Differentiation of glioma recurrence from Amino acid PET is strongly recommended to provide additional 2 Strong
treatment-related changes information in differentiating glioma relapse from treatment-related
(eg, pseudoprogression) changes in cases that remain equivocal following conventional MRI
Detection of malignant tumour parts within MRl Amino acid PET is strongly recommended to identify the most malignant = 2 Strong
findings suggestive of non-enhancing gliomas  glioma components
Assessment of prognosis Amino acid PET can be considered for the estimation of prognosis in 3 Weak
in newly diagnosed, untreated gliomas patients with gliomas at the time of initial diagnosis
Response assessment Amino acid PET can be recommended to assess response to anticancer 2 Moderate

therapy (eg, alkylating chemotherapy or antiangiogenic therapy); in

clinical trials, the use of standardised response criteria as provided by the

PET RANO 1.0 criteria is strongly recommended
Paediatric patients with gliomas (ie, for In paediatric patients with glioma, amino acid PET can be consideredin 3 Weak

differential diagnosis and follow-up after
treatment)
treatment

Strength of recommendation categories are defined as follows: strong means the evidence strongly supports the use of this imaging study; moderate means there is
moderate evidence supporting the use of this imaging modality; weak means the evidence is limited. Expert opinion suggests use, but evidence is minimal. RANO=Response

Assessment in Neuro-Oncology.

differentiating between neoplastic and non-neoplastic lesions in cases
that remain uncertain following conventional MRI and for follow-up after

Table 2: Recommendations for the clinical use of amino acid PET in patients with gliomas

Stage of
disease Suspected, Diagnostic Radiotherapy or Maintenance Follow-up

newly biopsy or chemoradio- therapy
diagnosed, or resection therapy
relapsed glioma planning
on MRI

Rationale for

amino acid PET - Differential « Biopsy guidance « Baseline amino acid « Diagnosis of early « Diagnosis of late
diagnosis « Delineation of PET imaging for treatment-related treatment-related

glioma extent

« Identification of
postoperative
tumour remnants

« Prognostication
« Diagnosis of glioma
relapse

response changes changes
assessment + Response
« Radiotherapy target assessment

volume definition

Example

Biopsy guidance

Diagnosis of glioma
relapse

Target volume definition

Baseline

Diagnosis of treatment-
related changes

Response assessment

Figure 1: Overview of indications for amino acid PET in patients with gliomas at any stage of disease

neuroimaging approaches, including amino acid PET, to
accurately obtain information at the molecular level.
Such an approach could be useful in scenarios with
inconclusive molecular test results or anatomical
locations that are difficult to access for resection or
biopsy sampling.

The value of dynamic amino acid PET for the prediction
of the IDH genotype (ie, for prediction in mutations in
IDH1 or IDH2) has been investigated for the tracers
[18F]FET and [18F]FDOPA."* These studies showed that,
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in gliomas with amino acid uptake, there was a correlation
between dynamically acquired PET parameters
(particularly a short time-to-peak value) and the IDH
mutational status, which is potentially helpful for the
non-invasive prediction of this marker. Furthermore,
analyses of perfusion and diffusion MRI metrics
combined with static parameters derived from PET with
[BFJFET ([18FJFET-PET) or PET with [18FJFDOPA
((18F]JFDOPA-PET), such as tumour-to-brain ratios and
the biological tumour volume, showed predictive value
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in identifying the IDH mutational status (area under the
curve >0-9).°%

The role of amino acid PET for artificial intelligence
(AI) and radiogenomics applications is being explored.”*
Studies using PET with [18F]FET, [18F]FDOPA,
and [UC]JMET have shown predictive value in
identifying the IDH genotype,”* 1p/19q co-deletion,”
O-6-methylguanine-DNA  methyltransferase (MGMT)
promoter methylation status,” and telomerase reverse
transcriptase (TERT) promoter mutation status.”

In light of the phase 3 INDIGO trial,® PET imaging of
therapeutically relevant targets (such as the mutant IDH1
and IDH2 enzymes) for novel anticancer agents in
gliomas has gained considerable interest especially for
response assessment. Consequently, efforts were
initiated to develop selective PET tracers with high
specificity for IDH mutations to improve the assessment
of response to IDH inhibitors such as vorasidenib
(Servier, Boston, MA, USA and Suresnes, France), since
conventional MRI findings following these agents are
frequently unchanged.® In 2024, successful labelling of
the IDH inhibitor ivosidenib with the positron emitter
18F was reported.” Furthermore, the 18F tracer showed
excellent metabolic stability in vivo. However, there was
no significant difference in tracer uptake between IDH™"
and IDH"" tumours in a preclinical mouse model.”
Further research for PET ligands with high binding
selectivity for IDH™" gliomas is warranted.

Overall, although studies provide initial evidence for
a potential role of amino acid PET alone and in
combination with MRI for the non-invasive prediction of
molecular parameters, the validity and generalisability of
the results warrant further investigation.

Estimation of prognosis in patients with newly
diagnosed, untreated gliomas
Static parameters derived from amino acid PET allow an
estimation of prognosis in patients with newly diagnosed,
untreated gliomas. The prognostic value of [1IC]MET
uptake intensity for progression-free survival and overall
survival was reported in patients with IDH™" gliomas.**
In the preoperative setting, [18F]JFDOPA-PET was used to
identify a subgroup of patients at high risk of poor
prognosis with gliomas (ie, a maximum tumour-to-brain
ratio 21-7 combined with a contrast-enhancing volume
>1 mL on MRI) who had a three-times shorter overall
survival than patients with gliomas without these
prognostic factors for worse outcomes.” Furthermore,
the postoperative biological tumour volume of [18F]FET
uptake before radiotherapy of glioblastomas has been
reported to be a prognostic factor for progression-free
survival and overall survival.* In particular, patients with
a smaller biological tumour volume (threshold of
<9-5ml) had a significantly longer survival time.”
Parameters obtained from dynamic [18F]FET-PET
acquisition (eg, time-to-peak values) identified
prognostically relevant information (in terms of

progression-free survival and overall survival) beyond
molecular markers with high prognostic value (eg, IDH
mutational status).”* Moreover, in patients with CNS
WHO grade 2 gliomas, dynamic [8F]FET parameters
might help to identify gliomas at risk for less favourable
outcomes.*” Of note, these studies were performed
before the release of the 2021 WHO classification. As
a result, prognostication in such studies might have been
imprecisely assessed. [8F|FET-PET radiomics is an
emerging approach in the evaluation of amino acid
radiotracer uptake distribution and heterogeneity,
showing potential in obtaining prognostic information,
and is under investigation.”*

In summary, static and dynamic parameters obtained
from amino acid PET provide valuable adjunctive
information for the estimation of prognosis in patients
with gliomas at the time of initial diagnosis and in the
postoperative setting. Parameters such as high uptake
intensity, large PET-avid volumes (ie, biological tumour
volume), and short time-to-peak values obtained from
amino acid PET are associated with poorer prognosis.

Delineation of tumour extent

General considerations

Accurate delineation of the glioblastoma extent is of
utmost importance in prognosis assessment, surgical and
radiotherapeutic planning, and follow-up monitoring.
Conventional MRI allows the determination of the tumour
only to a limited extent. In particular, the visualisation of
the tumour boundaries within the oedema and non-
enhancing glioma parts remains challenging. Emerging
data suggest that this extent of spread beyond the
enhancement, constituting the non-enhancing volume of
glioblastomas, has substantial prognostic implications.**
Notably, in over 70% of patients with newly diagnosed
glioblastomas, [8F]FET-PET displayed larger tumour
volumes than the enhancing volume observed on MRI.**
These results were validated neuropathologically with
PET-guided biopsies, showing increased [18F]FET uptake
extending beyond the fluid-attenuated inversion recovery
(FLAIR) hyperintensity.*# Similar findings were obtained
with PET either with [ICJMET ([ICJMET-PET)* or
fluciclovine (fluciclovine-PET).*

Value for diagnostic procedures: biopsy guidance

The added value of integrating amino acid PET with MRI
into stereotactic biopsy planning and intraoperative
neuronavigation systems to define the extent of newly
diagnosed gliomas and to better target the area of biopsy
has been described previously.** Amino acid PET appears
to add value in the assessment of potential tumour
infiltration in and beyond the FLAIR abnormality,** and
in identifying the most malignant tumour components,
especially in non-enhancing gliomas.® More prospective
studies using well defined and standardised annotation
of samples, target imaging, and histomolecular
characteristics are still warranted.*
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Value for treatment planning: resection

Several studies have reported differences in the spatial
distribution of amino acid PET tracer uptake and contrast
enhancement,  potentially  modifying  resection
planning.*** This approach might result in either an
increase or decrease in the resected volume, defining
a resection target that differs from contrast-enhanced
MRI. Initial retrospective studies suggested that an
absence of residual uptake on amino acid PET was
associated with longer overall survival when compared
with residual tracer uptake;” however, prospective
controlled studies are needed to confirm this correlation.
Similar findings were reported in a prospective
[LICIMET-PET study in patients with newly diagnosed
glioblastomas.* In line with the concept of supramaximal
resection,®” resection of glioblastomas beyond the
borders of the surgical target as defined by [11CIMET-PET
was also associated with improved overall survival.” In
another study, [MICIMET-PET identified the largest
preoperative  volume and showed the highest
sensitivity  (95%) for detecting residual tumour,
outperforming the other modalities.”

In a subsequent study, [8F]FET-PET detected larger
tumour residual volumes than contrast-enhanced MRI, in
early postoperative glioblastomas, with volumes above
4-3 mL associated with worse progression-free and overall
survival.” Complete resection of 5-aminolevulinic acid
fluorescent tissue led to lower metabolic tumour volumes
and was linked to improved progression-free and overall
survival, highlighting the prognostic value of postoperative
[18F]FET uptake for patient outcomes.

Value for treatment planning: target volume definition for
radiotherapy
For many years, the standard imaging modality for
radiotherapy target volume definition has been
conventional MRI with T2-FLAIR and contrast-enhanced
sequences. The accuracy of defining tumour volumes
continues to improve, with improved biological tumour
volume identification with amino acid PET tracers
resulting in their increasing integration into radiotherapy
planning in Europe,*** and active investigation of this
application of amino acid PET in the USA.>**®

In addition to neuropathological confirmation of
tumour extent, clinical outcomes provide evidence for the
value of defining and targeting biological tumour volume,
with an increasing number of prospective clinical trials
correlating, and even modifying, radiotherapy based on
this knowledge.*** However, to date, conclusive data
indicating that this approach meaningfully improves
overall survival are scarce, and several trials are attempting
to fill this knowledge void. The optimal technique for
defining biological tumour volume for radiotherapy
planning is being investigated. There are various methods
for biological tumour volume definition; regarding
[8F]FET-PET, the current guideline recommended
a threshold of greater than 1.6-1-8 over the mean

www.thelancet.com/oncology Vol 26 August 2025

background activity, encompassing uninvolved grey and
white matter”” Accordingly, in patients with newly
diagnosed glioblastomas, the ongoing TROG 18.06-FIG
trial uses a threshold of 1-6 for [18F]FET-PET,” and the
NOA-28 PRIDE trial uses a threshold of 1-8.* In studies
using [BF]FDOPA-PET for target volume definition in
newly diagnosed glioblastomas, thresholds from 1-2
to 2-0 were applied for the lower dose volume, and for the
boost volume a threshold of greater than 2-0 was used.*
For gliomas at recurrence, an [18FJFDOPA-PET threshold
of greater than 1-5 has been used,” whereas the
GLIAA-NOA 10 trial used a threshold of greater than 1-8
for [8F|FET-PET.” The value of fluciclovine-PET for
glioma delineation is being investigated.” Overall,
although optimal thresholds for biological tumour volume
definition remain under investigation, current evidence
suggests they might vary depending on tracer type and
normalisation approach. None of the described thresholds
have been validated as a definitive standard for
radiotherapy planning in prospective clinical trials.

In a single-arm, phase 2 trial including patients with
newly  diagnosed  glioblastomas,  dose-escalated
[18F]FDOPA-PET-based irradiation showed Dbetter
progression-free survival at 6 months and overall survival,
particularly in unmethylated glioblastomas, compared
with institutional controls (35-5 months vs 23-3 months;
hazard ratio 0-57, 95% CI 0-33-1-01, p=0-049).** Another
phase 2 trial in patients with recurrent gliomas reported
that when [18F]JFDOPA-PET was used for target volume
definition, the target volumes increased by 43% compared
with MRI-based volumes and resulted in progression-free
survival of 50% at 6 months.” By contrast, the GLIAA-NOA
10 trial randomly assigned 200 patients with recurrent
glioblastomas with contrast-enhanced MRI-based versus
[18F]FET-PET-based contours for irradiation (39 Gy in
13 fractions), and did not show any improvement in
progression-free survival or overall survival with [18F]FET-
PET-based tumour volumes.® However, the results of the
GLIAA-NOA 10 trial need to be interpreted with caution,
as the absence of outcome improvement does not
necessarily relate to poor performance of amino acid PET,
since PET was used alone, not used in combination with
MRI, and since the efficacy of re-irradiation for overall
survival has not been shown.” In summary, amino acid
PET might provide added value for local treatment
planning (particularly surgery and radiotherapy) with
a performance translating into clinical benefit, especially
for patients with glioblastomas. Prospective, well designed
studies are warranted to confirm the data reported to date.

Differentiation of glioma relapse from treatment-
related changes

Over the past two decades, numerous studies have used
amino acid PET to differentiate glioma relapse from
treatment-related changes, mostly in patients with
glioblastomas. [18F|FET and [1!C]MET are the most
frequently studied PET probes, and several studies have
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shown high accuracy (ranging from 80% to 90%) in
identifying early and late treatment-related changes.””
Although less studied, both [18FJFDOPA-PET and
fluciclovine-PET have also been shown to differentiate
glioma relapse from treatment-related changes with
similarly high accuracy to that of [18F]FET and [11C]MET.""”
Dynamic [18F]FET-PET acquisition might further improve
diagnostic accuracy,” but this technique requires a longer
dynamic acquisition time (40-50 min) compared to static
PET acquisition, which might not be feasible in some
routine clinical settings.’

Overall, amino acid PET has been wuseful in
differentiating glioma relapse from treatment-related
changes and might be a valuable adjunct in clinical
decision making where available, but further large-scale
validation studies are needed. Existing literature shows
consistently high diagnostic accuracy. Although [18F]FET
is the most widely used radiolabelled amino acid, other
amino acid PET tracers, such as [18F]JFDOPA, [11C]MET,
and fluciclovine, seem to be comparable for this indication.
[18F]FDG-PET is of little value in differentiating
glioma relapse from treatment-related changes.

Evaluation of treatment response

General considerations

In patients with glioma, increase in contrast enhancement
extent on conventional MRI is typically used as an
indicator of response or treatment failure.””” In addition,
an increase in T2-FLAIR hyperintensity is frequently used
for diagnosing non-enhancing tumour progression.””*
Nevertheless, these signal changes are non-specific and
might be related to oedema, radiation-induced effects,
demyelination, cerebral ischaemia, or inflammation,
hampering the distinction from non-enhancing tumour.*””
Consequently, alternative diagnostic methods, such as
amino acid PET, have been evaluated to improve treatment
response assessment.

In addition, the PET RANO 1.0 criteria published
in 2024 provide a series of specific recommendations on
imaging technologies, tracer use, rater qualification,
imaging schedules, and, most importantly, predefined
thresholds of changes in PET parameters and their
interpretation at baseline assessment and follow-up for
patients with diffuse gliomas.” These criteria define
a conceptual framework aiming to facilitate the integration
of amino acid PET into clinical trials for patients with this
subgroup of brain tumours, and eventually into routine
clinical practice.

Fractionated chemoradiotherapy

In patients with newly diagnosed glioblastomas,
prospective studies have assessed the predictive value
of early [BF]FET uptake changes 6-8 weeks
after postoperative radiotherapy with concomitant
temozolomide relative to the baseline scan.”” At follow-
up, patients who had a response to [18F]FET-PET, with
a decrease of metabolic activity as assessed by

tumour-to-brain ratios, had significantly longer overall
survival than patients with stable or increasing
tracer uptake.

Alkylating chemotherapy
Similar findings to those for fractionated chemo-
radiotherapy were reported in patients with newly
diagnosed glioblastomas early after initiating adjuvant
temozolomide chemotherapy with [18F]FET-PET (ie, after
two cycles).” In contrast to MRI changes consistent with
partial response or stable disease according to the
RANO criteria,”” only patients for whom a metabolic
response was observed on [18F]FET-PET had a significantly
longer overall survival. In patients with glioblastomarelapse
undergoing lomustine-based chemotherapy, the detection
of lesions on follow-up [8F]FET-PET scans spatially
located remotely to the tumour at baseline seems to be
helpful to identify patients with non-response.”
[18F]FET-PET has also been used to assess temozolomide
effects in patients with non-enhancing grade 2 gliomas
characterised as per the 2007 WHO classification. In
patients with a metabolic response, [18F]FET-PET tumour
volume reductions after treatment initiation were
observed earlier than volume reductions on FLAIR MRL*
These findings were confirmed by subsequent
[18F)FET-PET studies with a larger number of patients.®**
With [11C]MET-PET, a reliable response assessment to
temozolomide chemotherapy and regimens including
nitrosoureas was reported, mainly in patients with
glioblastomas at relapse.®® Patients who had
a response to [ICIMET-PET had a significantly
improved outcome compared with patients who did not
have a metabolic response.*

Antiangiogenic agents

In heavily pretreated patients with glioma relapse, initial
studies suggested that [18F]FET-PET and [18F]FDOPA-PET
are of value for both identifying patients with response
and for diagnosing pseudoresponse following
bevacizumab.** Moreover, in these studies, [18F]FET-PET
and [18F]JFDOPA-PET also predicted a favourable outcome
in patients with gliomas who responded to bevacizumab.
A prospective study found that in patients with first
glioblastoma progression, [18F]FET-PET identifed patients
who had a metabolic response to bevacizumab plus
lomustine early after treatment initiation. Here, MRI
changes according to the RANO criteria”” were not
predictive of a favourable outcome, whereas changes in
[18F|FET-PET parameters were associated with an overall
survival of more than 9 months.”

Other systemic therapy options

Another systemic therapy option with potential efficacy in
patients with glioblastoma relapse is the multikinase
inhibitor regorafenib, which is characterised by
pronounced antiangiogenic activity. Similar to chemo-
radiotherapy with temozolomide, equivocal MRI findings
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were also reported in patients with glioma relapse
undergoing regorafenib.”” In addition, initial results
suggest that [18F]FET-PET and [18F]FDOPA-PET are of
value in the assessment of response to regorafenib.”***
Nevertheless, interpretation of these results should be
considered with caution since the regorafenib group in
the GBM AGILE trial was halted after an interim analysis
showing little potential for significant improvement in
overall survival.**

A 2024 case series showed the value of serial
[18F]FET-PET in assessing response to inhibitors of
mutant IDH, such as vorasidenib in non-enhancing
WHO grade 2 or 3 gliomas.” Within 5-9 weeks of
treatment, three (60%) of five patients showed metabolic
response per PET RANO 1.0 criteria, whereas T2-FLAIR
signals remained unchanged. This result highlights the
potential of this technique in decision making, although
further trials are needed to confirm its effect on outcomes.

Despite encouraging initial results in 2012 and
subsequent years, the evaluation of amino acid PET
parameter changes for response assessment had not been
standardised at that time, resulting in the use of different
thresholds in those referenced studies. Therefore,
a corresponding set of criteria for amino acid PET-based
response assessment—the PET RANO criteria 1.0—were
defined in 2024. Both retrospective and prospective
evaluation of these criteria is warranted.

Value of amino acid PET in paediatric patients

with glioma

Considering the little specificity of conventional MRI for
neoplastic tissue, [18F]FET-PET and [1IC]MET-PET have
increasingly been used to metabolically assess CNS
tumours in the paediatric population, predominantly
gliomas.”™ The Response Assessment in Pediatric
Neuro-Oncology  (RAPNO)  working group has
recommended the use of amino acid PET rather than [18F]
FDG-PET, as amino acid PET provides a higher specificity
for neoplastic tissue.

In paediatric patients with CNS tumours, amino acid
PET imaging parameters are suggested to provide valuable
additional information for clinical decision making,
especially for the differential diagnosis of newly diagnosed
brain lesions indicative of glioma and in the differentiation
of tumour relapse from treatment-related changes
following local and systemic treatment options. In a subset
of studies, parameters obtained from dynamic
[8F]FET-PET acquisition might add further valuable
diagnostic information.”

Although less studied, [18F]FDOPA-PET has been
shown to provide valuable additional information for the
management of paediatric patients with brain tumours.
Such information can be wused in molecular
alteration prediction, outcome prediction, and tumour
extent delineation."**

There is no high-level evidence for the use of amino acid
PET in each specific type of paediatric brain cancer. There
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is evidence for the role of amino acid PET in predicting
the presence of a histone H3 Lys27Met mutation in diffuse
midline gliomas.” In paediatric low-grade gliomas,
parameters derived from [1ICIMET-PET might identify
BRAF™*(ie, Val600Glu) mutant tumours."

To enable the simultaneous acquisition of both amino
acid PET and MRI in a single session, a hybrid PET-MR
scanner (if available) should be used in paediatric patients
with brain tumours. In addition to providing
multiparametric imaging information, the use of this
technology minimises patient discomfort, reduces
scanning time, and avoids repeated use of anaesthesia.

Importantly, the clinical experience from several
thousand [18F]FET-PET investigations in adults showed
no side-effects, which supports the safety profile of this
imaging agent and its potential for use in paediatric
patients. Therefore, the potential benefits of accurate
disease assessment are considered to outweigh the risks
associated with the investigation (ie, radiation exposure).”

Overall, at a lower level of evidence, the available
literature suggests that radiolabelled amino acids might
have similar use in paediatric and adult patients. There is
a crucial need for further evaluation of the available
diagnostic indications for amino acid PET in paediatric
neuro-oncology.

Recommendations

General recommendations based on the levels of evidence
and strength of recommendations for the clinical use of
amino acid PET in patients with gliomas are summarised
in tables 1 and 2. Figure 2 provides recommendations for
priority (ie, high or optional) and timing of the various
amino acid PET indications over the course of disease.

Limitations

As of 2024, no radiolabelled amino acids have been
approved by the US Food and Drug Administration
(FDA) for diagnostic brain tumour imaging in the USA,
limiting amino acid PET research to a few academic
centres and restricting its use in routine clinical care.
Reimbursement is inconsistent, with insurance often
not covering costs and pre-authorisation presenting
barriers. Some PET studies rely on outdated WHO
classifications of gliomas,”**” and despite growing
evidence since 2016 (table 1), class 1 evidence remains
scarce. However, after the FDA’s approval of [18F]FET as
a medical drug, this agent could become more widely
available in the USA, potentially enabling randomised
controlled trials involving amino acid PET.

In Europe, [8F]FET-PET or [18F]FDOPA-PET for
patients with gliomas are approved in Switzerland,
France, and Poland. Reimbursement across Europe
varies, although studies showing clinical and economic
benefits potentially support broader coverage, as will be
discussed later. [11IC]MET-PET has logistical challenges
due to the 11C labelling, as 11C has a half-life of 20 min,
requiring a cyclotron on-site.
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When interpreting PET images, some limitations
need to be considered. [18F]FDG-PET is generally
discouraged for brain tumours due to high glucose
uptake in healthy brain tissue, resulting in poor lesion-
to-background contrast. Radiolabelled amino acids are
preferred for PET imaging and are increasingly used in
clinical practice and trials. Limitations of amino acid
PET tracers include non-specific uptake in non-

neoplastic lesions, absence of uptake in some
non-enhancing  gliomas  (~30%) and IDH"
gliomas (<10%, often molecular glioblastomas),

increased uptake in non-glial tumours (eg, lymphomas),
and challenges in interpreting photopenic defects in
gliomas. A 2024 report of the PET RANO group
discussed these limitations in more detail .’

Outlook

In the future, imaging of gliomas will be expanded and
supplemented by PET. In addition, further validation of
PET-derived information by use of both standardised,
image-guided biopsies and standardised clinical outcome
measures will also uncover and reduce diagnostic
pitfalls.>* Novel and more specific ligands will be helpful
to further analyse biological properties in glial tumours,
and PET imaging might gain more importance in the
follow-up of targeted therapies (eg, in the response
assessment after IDH inhibition).!

In addition to typical clinical endpoints of PET studies,
such as diagnostic performance, research into the cost-
effectiveness of amino acid PET is ongoing, with
model-based approaches being used to evaluate the
number needed to diagnose to avoid false diagnoses. The
use of [18F|FET-PET, in particular, is well justified, due to

its clinical accuracy and cost-effectiveness.” ™ The
expense of [I8F|FET-PET is balanced by its clinical
benefits, as it enables the discontinuation of ineffective
and costly anticancer agents.

To date, most publications regarding PET imaging in
gliomas refer to adult patients (aged >18 years).
Nevertheless, over the past decade, reports have explored
the potential value of amino acid PET imaging of gliomas
in the paediatric population. Most likely, the clinical
value of this imaging technique for children with CNS
tumours will be similar to that of adults. Although PET
imaging of the spine with standard PET-CT scanners is
scarce, initial results in the paediatric, adolescent, and
young adult population are promising.”" In addition,
the advent of long-axial field-of-view PET-CT scanners
allows increased body coverage due to their extended
field of view, with high-resolution imaging of the entire
neuraxis, which might considerably improve imaging of
spinal gliomas in the future."™ Another advantage of this
technology is the higher image quality, which results in
substantially improved lesion detection and a notably
shorter acquisition time.

Since 2024, the integration of AI and radiomics in
neuro-oncology has opened promising avenues,
including for PET imaging.”” For Al to be effective, it
must have high accuracy and reliability, which rely
heavily on large, multicentre datasets to develop and
validate robust models. However, these requirements
present a challenge in brain tumours due to restricted
patient numbers and available datasets. Despite this
challenge, the volume and complexity of data across
the disease course—especially from multimodal
neuroimaging, including PET—are expanding. Overall,

2 W 'y -
Stage of disease
Newly Diagnostic biopsy Radiotherapy or Maintenance Follow-up
diagnosed or resection chemoradio- therapy
glioma planning therapy

High priority

Postoperative or
acid PET baseline to
evaluate residual

tumour

Optional priority

Amino acid PET in the newly
diagnosed setting for
differential diagnosis, or
glioma delineation, or both

preradiotherapy amino

Amino acid PET at time of
inconclusive MRI to
improve diagnosis of
treatment-related changes
or glioma relapse

Post-radiotherapy
amino acid PET to
determine a baseline
for further comparison
at follow-up

Amino acid PET for
response assessment of
systemic therapies

Figure 2: Recommendations for the prioritisation of amino acid PET indications, categorised as high or optional priority, along with their optimal timing

throughout the course of disease
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Search strategy and selection criteria

The information retrieved from a PubMed search of literature
published between Jan 1, 2004 and Dec 31, 2024 with a

combination of the search terms “glioma”, “glioblastoma”,

“astrocytoma”, “oligodendroglioma”, “brain tumor”, “PET”,

“FDG", “FET", “MET", “FDOPA", “fluciclovine”, “FACBC", or
“Axumin”, and combinations thereof, along with information
from articles identified through searches of the authors’ own
files, was evaluated by the working group with respect to the
level of evidence and the grade of validation of the PET
studies examined and were included based on originality and
relevance to the scope of this Policy Review. Only papers
published in English were reviewed. The final reference list
was generated on the basis of originality and relevance to the
scope of this Policy Review.

Al and radiomics hold substantial potential to improve
diagnostic precision and personalised treatment in
neuro-oncology.

Another important future prospect is theranostics.
With the combination of diagnostic molecular imaging
and targeted radionuclide therapy, exciting developments
in the treatment of gliomas, both in newly diagnosed
settings and at relapse, will be expected. Prospective
clinical trials are underway.™

Contributors

NG and NLA contributed to the conceptualisation, methods, project
administration, visualisation, and writing of the original draft of this
Policy Review. NG, MA, RFB, WGB, ]I, DRJ, TJK, MMK, PL, MJM, GM,
MMii, AN, JDP, RR, MS, NT, SEMVvZ, MCV, ]-MW, J-CT, and NLA
contributed to writing of one or more manuscipt subsections.

MvdB, SMC, K-JL, IL, JM, MMe, MP, SCS, RS, MV, MW, PYW, and J-CT
contributed to the methods, review, and editing of this Policy Review. All
authors approved the final version of this Policy Review.

Declaration of interests

NG: honoraria for lectures from Blue Earth Diagnostics, for advisory
board participation from Telix Pharmaceuticals and Servier, and for
consultancy services from Telix Pharmaceuticals. PL: honoraria for
lectures from Blue Earth Diagnostics and for advisory board
participation from Servier. MA: research funding from Blue Earth
Diagnostics, Cellectar, and US National Institutes of Health and National
Cancer Institute (R0O1CA275767 and R21CA259964). RFB: honoraria from
Telix Pharmaceuticals for consultancy services. WGB: honoraria for
consultation or advisory board participation from GE Healthcare and
Miltenyi Biomedicine (paid to institution). Research funding from
Wayshine Biopharm. JI: research funding from GE Healthcare, Curium
Pharma, and Novartis Pharmaceuticals (funds paid to institution). Travel
supoport from Siemens Healthineers. DR]J: honoraria for consultation or
advisory board participation from Novartis, Telix Pharmaceuticals, and
Cellectar Pharmaceuticals. TJK: stock options from SpineThera.

MMK: research funding from Blue Earth Diagnostics and US National
Institutes of Health and National Cancer Institute (R50CA276015).

MJM: research funding from Bristol Myers Squibb and travel support
from Pierre Fabre. GM: honoraria for lectures, consultation, or advisory
board participation from BrainLab, Accuray, Pfizer, AstraZeneca,
Novocure, and Servier. MMii: honoraria for lectures, consultation, and
travel cost reimbursement from Medac. Honoraria for consultation from
ITM Oncologics. AN: honoraria for advisory board participation from
Telix Pharmaceuticals and for consultancy services from Blue Earth
Diagnostics. JDP: honoraria for advisory board participation for Servier,
honoraria for consultant for ICOTEC, research grant from Genentech,

www.thelancet.com/oncology Vol 26 August 2025

research funding from US National Institutes of Health (R01CA269948).
Spine Therapy Society steering committee co-chair. RR: honoraria for
consultation, advisory board participation, or lectures from Novocure,
Servier, CureVac, and Genenta. Research funding from Bayer.

MS: honoraria for consultancy for Bracco (paid to institution) and
speaker fees from the European School of Radiology (paid to institution).
NT: honoraria for advisory board participation from Telix
Pharmaceuticals and research funding from Curium Pharma.

MCV: research support from Telix Pharmaceuticals and Blue Earth
Diagnostics. Honoraria for invited talks, consultancy, participation on
advisory boards, or steering committees from Telix Pharmaceuticals.
MvdB: research support from Boehringer Ingelheim. Honoraria for
consultancy or participation to advisory boards from Servier, Nuvation,
Boehringer Ingelheim, Fore Biotherapeutics, Geneta, Incyte, Chimerix,
AstraZeneca, Mundipharm, and Symbio Pharma. Travel support from
Servier. K-JL: honoraria from Telix Pharmaceuticals for consultancy
services. IL: honoraria for lectures and consultation from Telix
Pharmaceuticals and Ribocure. JM: Honoraria from Telix
Pharmaceuticals, GE Healthcare, Eli Lilly-Avid, and Novartis for
consultancy services. Research support from GE Healthcare, Eli Lilly—
Avid, and Cytosite Biopharma. MMe: honoraria for advisory board
participation from Mevion Technological, and for consultancy services
from AIQ, Telix Pharmaceuticals, Kazia, Novocure, Zap, and Xoft. Stock
from Chimerix. MP: honoraria for lectures, consultation, or advisory
board participation from Bayer, Bristol Myers Squibb, Novartis, Gerson
Lehrman Group, CMC Contrast, GlaxoSmithKline, Mundipharma,
Roche, BMJ Journals, MedMedia, AstraZeneca, AbbVie, Lilly, Medahead,
Daiichi Sankyo, Sanofi, Merck Sharp & Dome, Tocagen, Adastra, Gan &
Lee Pharmaceuticals, Janssen, Servier, Miltenyi, Boehringer Ingelheim,
Telix Pharmaceuticals, Medscape, and OncLive. SCS: honoraria for
lectures, advisory board participation, or research funding from
Apollomics, CeCeVa, Chimerix, Medac, Mitenyi, Servier. RS: honoraria
for consultation from Servier. MV: clinical trial funding to hospital from
Oncosynergy, Infuseon, Celgene, and DeNovo. Honoraria from Servier,
Biodexa, and Alexion. MW research grants from Novartis, Quercis, and
Versameb. Honoraria for lectures or advisory board participation or
consulting from Anheart, Bayer, Curevac, Medac, Neurosense, Novartis,
Novocure, Orbus, Pfizer, Philogen, Roche, and Servier. PYW: honoraria
for advisory board and consultation from Alexion (AstraZeneca), Bristol
Myers Squibb, Day One Bio, Fore Biotherapeutics, Genenta,
GlaxoSmithKline, Kintara, Merck, Mundipharma, Novartis, Novocure,
Nuvation Bio, Prelude Therapeutics, Sapience, Servier, and Telix
Pharmaceuticals. Research Support from AstraZeneca, Black Diamond,
Bristol Meyers Squibb, Chimerix, Eli Lily, Erasca, Global Coalition for
Adaptive Research, Kazia, MediciNova, Merck, Nerviano, Novartis,
Philogen, Quadriga, Servier, and VBI Vaccines. J-CT: honoraria for
advice from Novartis and travel cost reimbursement from Servier.
Novocure and Munich Surgical Imaging have supported clinical trials
and contracted research conducted by J-CT with payments made to his
institution. NLA: honoraria for lectures, consultation, or advisory board
participation from Novartis, Advanced Accelerator Applications, Telix
Pharmaceuticals, Servier, OncLive, and Medsir, and research funding
from Novocure and Telix Pharmaceuticals. All other authors declare no
competing interests.

References

1  Galldiks N, Lohmann P, Friedrich M, et al. PET imaging of gliomas:
status quo and quo vadis? Neuro Oncol 2024; 26 (suppl 9): S185-98.

2 Albert NL, Galldiks N, Ellingson BM, et al. PET-based response
assessment criteria for diffuse gliomas (PET RANO 1.0): a report of
the RANO group. Lancet Oncol 2024; 25: €29-41.

3 Law I, Albert NL, Arbizu J, et al. Joint EANM/EANO/RANO
practice guidelines/SNMMI procedure standards for imaging of
gliomas using PET with radiolabelled amino acids and [18F]FDG:
version 1.0. Eur ] Nucl Med Mol Imaging 2019; 46: 540-57.

4 Galldiks N, Niyazi M, Grosu AL, et al. Contribution of PET imaging
to radiotherapy planning and monitoring in glioma patients—a
report of the PET/RANO group. Neuro Oncol 2021; 23: 881-93.

5  Galldiks N, Kaufmann TJ, Vollmuth P, et al. Challenges,
limitations, and pitfalls of PET and advanced MRI in patients with
brain tumors: a report of the PET/RANO group. Neuro Oncol
2024; 26: 1181-94.

ed44



Policy Review

e445

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Albert NL, Weller M, Suchorska B, et al. Response assessment in
neuro-oncology working group and European Association for
Neuro-Oncology recommendations for the clinical use of PET
imaging in gliomas. Neuro Oncol 2016; 18: 1199-208.

Louis DN, Perry A, Reifenberger G, et al. The 2016 World Health
Organization Classification of Tumors of the Central Nervous
System: a summary. Acta Neuropathol 2016; 131: 803-20.

Louis DN, Perry A, Wesseling P, et al. The 2021 WHO
Classification of Tumors of the Central Nervous System:

a summary. Neuro Oncol 2021; 23: 1231-51.

Ebell MH, Siwek ], Weiss BD, et al. Strength of recommendation
taxonomy (SORT): a patient-centered approach to grading
evidence in the medical literature. | Am Board Fam Pract 2004;
17: 59-67.

Dunet V, Rossier C, Buck A, Stupp R, Prior JO. Performance of
18F-fluoro-ethyl-tyrosine (18F-FET) PET for the differential
diagnosis of primary brain tumor: a systematic review and
metaanalysis. | Nucl Med 2012; 53: 207-14.

Yamaki T, Higuchi Y, Yokota H, et al. The role of optimal cut-off
diagnosis in 11C-methionine PET for differentiation of
intracranial brain tumor from non-neoplastic lesions before
treatment. Clin Imaging 2022; 92: 124-30.

Rapp M, Heinzel A, Galldiks N, et al. Diagnostic performance of
18F-FET PET in newly diagnosed cerebral lesions suggestive of
glioma. J Nucl Med 2013; 54: 229-35.

Puranik AD, Boon M, Purandare N, et al. Utility of FET-PET in
detecting high-grade gliomas presenting with equivocal MR
imaging features. World ] Nucl Med 2019; 18: 266-72.

Ninatti G, Sollini M, Bono B, et al. Preoperative [11CJmethionine
PET to personalize treatment decisions in patients with lower-
grade gliomas. Neuro Oncol 2022; 24: 1546-56.

Galldiks N, Unterrainer M, Judov N, et al. Photopenic defects on
O-(2-[18F]-fluoroethyl)-L-tyrosine PET: clinical relevance in glioma
patients. Neuro Oncol 2019; 21: 1331-38.

Zaragori T, Castello A, Guedj E, et al. Photopenic defects in
gliomas with amino-acid PET and relative prognostic value:

a multicentric 11C-methionine and 18F-FDOPA PET experience.
Clin Nucl Med 2021; 46: e36-37.

Ginet M, Zaragori T, Marie PY, et al. Integration of dynamic
parameters in the analysis of 18F-FDOPA PET imaging improves
the prediction of molecular features of gliomas.

Eur ] Nucl Med Mol Imaging 2020; 47: 1381-90.

Verger A, Stoffels G, Bauer EK, et al. Static and dynamic 18F-FET
PET for the characterization of gliomas defined by IDH and
1p/19q status. Eur ] Nucl Med Mol Imaging 2018; 45: 443-51.
Song S, Wang L, Yang H, et al. Static 18F-FET PET and DSC-PWI
based on hybrid PET/MR for the prediction of gliomas defined by
IDH and 1p/19q status. Eur Radiol 2021; 31: 4087-96.

Tatekawa H, Yao ], Oughourlian TC, et al. Maximum uptake and
hypermetabolic volume of 18F-FDOPA PET estimate molecular
status and overall survival in low-grade gliomas: a PET and MRI
study. Clin Nucl Med 2020; 45: e505-11.

Villanueva-Meyer JE, Bakas S, Tiwari P, et al. Artificial
intelligence for response assessment in neuro oncology
(AI-RANO), part 1: review of current advancements. Lancet Oncol
2024; 25: 581-88.

Bakas S, Vollmuth P, Galldiks N, et al. Artificial intelligence for
response assessment in neuro oncology (AI-RANO), part 2:
recommendations for standardisation, validation, and good
clinical practice. Lancet Oncol 2024; 25: €589-601.

Lohmeier J, Radbruch H, Brenner W, Hamm B, Tietze A,
Makowski MR. Predictive IDH genotyping based on the
evaluation of spatial metabolic heterogeneity by compartmental
uptake characteristics in preoperative glioma using 18F-FET PET.
J Nucl Med 2023; 64: 1683-89.

Lohmann P, Lerche C, Bauer EK, et al. Predicting IDH genotype
in gliomas using FET PET radiomics. Sci Rep 2018; 8: 13328.
Zaragori T, Oster ], Roch V, et al. 18F-FDOPA PET for the
noninvasive prediction of glioma molecular parameters:

a radiomics study. ] Nucl Med 2022; 63: 147-57.

Qian J, Herman MG, Brinkmann DH, et al. Prediction of MGMT
status for glioblastoma patients using radiomics feature extraction
from 18F-DOPA-PET imaging. Int J Radiat Oncol Biol Phys 2020;
108: 1339-46.

27

28

29

30

31

32

33

34

35

36

37

38

39

41

42

43

45

47

Li Z, Kaiser L, Holzgreve A, et al. Prediction of TERTp-mutation
status in IDH-wildtype high-grade gliomas using pre-treatment
dynamic [18F]FET PET radiomics. Eur | Nucl Med Mol Imaging 2021;
48: 4415-25.

Mellinghoff IK, van den Bent MJ, Blumenthal DT, et al. Vorasidenib
in IDHI1- or IDH2-mutant low-grade glioma. N Engl | Med 2023;
389: 589-601.

Lai TH, Wenzel B, Duki¢-Stefanovic S, et al. Radiosynthesis and
biological evaluation of [18F]JAG-120 for PET imaging of the mutant
isocitrate dehydrogenase 1in glioma. Eur | Nucl Med Mol Imaging
2024; 51: 1085-96.

Nakajo K, Uda T, Kawashima T, et al. Maximum 11C-methionine PET
uptake as a prognostic imaging biomarker for newly diagnosed and
untreated astrocytic glioma. Sci Rep 2022; 12: 546.

Patel CB, Fazzari E, Chakhoyan A, et al. 18F-FDOPA PET and MRI
characteristics correlate with degree of malignancy and predict
survival in treatment-naive gliomas: a cross-sectional study.

J Neurooncol 2018; 139: 399-409.

Suchorska B, Jansen NL, Linn J, et al. Biological tumor volume in
18FET-PET before radiochemotherapy correlates with survival in
GBM. Neurology 2015; 84: 710-19.

Suchorska B, Giese A, Biczok A, et al. Identification of time-to-peak
on dynamic 18F-FET-PET as a prognostic marker specifically in
IDH1/2 mutant diffuse astrocytoma. Neuro Oncol 2018; 20: 279-88.
Bauer EK, Stoffels G, Blau T, et al. Prediction of survival in patients
with IDH-wildtype astrocytic gliomas using dynamic O-(2-[18F]-
fluoroethyl)-L-tyrosine PET. Eur | Nucl Med Mol Imaging 2020;
47:1486-95.

Jansen NL, Suchorska B, Wenter V, et al. Dynamic 18F-FET PET in
newly diagnosed astrocytic low-grade glioma identifies high-risk
patients. | Nucl Med 2014; 55: 198-203.

Thon N, Kunz M, Lemke L, et al. Dynamic 18F-FET PET in suspected
WHO grade II gliomas defines distinct biological subgroups with
different clinical courses. Int ] Cancer 2015; 136: 2132-45.

Galldiks N, Stoffels G, Ruge MI, et al. Role of O-(2-18F-fluoroethyl)-L-
tyrosine PET as a diagnostic tool for detection of malignant
progression in patients with low-grade glioma. ] Nucl Med 2013;

54: 2046-54.

Karschnia P, Young JS, Dono A, et al. Prognostic validation of a new
classification system for extent of resection in glioblastoma: a report
of the RANO resect group. Neuro Oncol 2023; 25: 940-54.

Karschnia P, Dietrich J, Bruno F, et al. Surgical management and
outcome of newly diagnosed glioblastoma without contrast
enhancement (low-grade appearance): a report of the RANO resect
group. Neuro Oncol 2024; 26: 166-77.

Lohmann P, Stavrinou P, Lipke K, et al. FET PET reveals considerable
spatial differences in tumour burden compared to conventional MRI
in newly diagnosed glioblastoma. Eur ] Nucl Med Mol Imaging 2019;
46: 591-602.

Song S, Cheng Y, Ma J, et al. Simultaneous FET-PET and contrast-
enhanced MRI based on hybrid PET/MR improves delineation of
tumor spatial biodistribution in gliomas: a biopsy validation study.
Eur ] Nucl Med Mol Imaging 2020; 47: 1458—67.

Harat M, Rakowska ], Harat M, et al. Combining amino acid PET and
MRI imaging increases accuracy to define malignant areas in adult
glioma. Nat Commun 2023; 14: 4572.

Wakabayashi T, Hirose Y, Miyake K, et al. Determining the extent of
tumor resection at surgical planning with 18F-fluciclovine PET/CT in
patients with suspected glioma: multicenter phase IIT trials.

Ann Nucl Med 2021; 35: 1279-92.

De Marco R, Pesaresi A, Bianconi A, et al. A systematic review of
amino acid PET imaging in adult-type high-grade glioma surgery:

a neurosurgeon’s perspective. Cancers 2022; 15: 90.

Kunz M, Albert NL, Unterrainer M, et al. Dynamic 18F-FET PET is a
powerful imaging biomarker in gadolinium-negative gliomas.

Neuro Oncol 2019; 21: 274-84.

Karschnia P, Smits M, Reifenberger G, et al. A framework for
standardised tissue sampling and processing during resection of
diffuse intracranial glioma: joint recommendations from four RANO
groups. Lancet Oncol 2023; 24: e438-50.

Ort J, Hamou HA, Kernbach JM, et al. 18F-FET-PET-guided gross
total resection improves overall survival in patients with WHO
grade I1I/IV glioma: moving towards a multimodal imaging-guided
resection. ] Neurooncol 2021; 155: 71-80.

www.thelancet.com/oncology Vol 26 August 2025



Policy Review

48 Ohmura K, Daimon T, Ikegame Y, et al. Resection of positive tissue
on methionine-PET is associated with improved survival in
glioblastomas. Brain Behav 2023; 13: e3291.

49 Hirono S, Ozaki K, Kobayashi M, et al. Oncological and functional
outcomes of supratotal resection of IDH1 wild-type glioblastoma
based on 11C-methionine PET: a retrospective, single-center study.
Sci Rep 2021; 11: 14554.

50 Pala A, Reske SN, Eberhardt N, et al. Diagnostic accuracy of
intraoperative perfusion-weighted MRI and 5-aminolevulinic acid in
relation to contrast-enhanced intraoperative MRI and
11C-methionine positron emission tomography in resection of
glioblastoma: a prospective study. Neurosurg Rev 2019; 42: 471-79.

51 Miither M, Koch R, Weckesser M, Sporns P, Schwindt W,

Stummer W. 5-Aminolevulinic acid fluorescence-guided resection of
18F-FET-PET positive tumor beyond gadolinium enhancing tumor
improves survival in glioblastoma. Neurosurgery 2019; 85: E1020-29.

52 Niyazi M, Andratschke N, Bendszus M, et al. ESTRO-EANO
guideline on target delineation and radiotherapy details for
glioblastoma. Radiother Oncol 2023; 184: 109663.

53 Baumert BG, P M Jaspers |, Keil VC, et al. ESTRO-EANO guideline
on target delineation and radiotherapy for IDH-mutant WHO CNS
grade 2 and 3 diffuse glioma. Radiother Oncol 2025; 202: 110594.

54 Laack NN, Pafundi D, Anderson SK, et al. Initial results of a phase 2
trial of 18F-DOPA PET-guided dose-escalated radiation therapy for
glioblastoma. Int J Radiat Oncol Biol Phys 2021; 110: 1383-95.

55 Breen WG, Youland RS, Giri S, et al. Initial results of a phase II trial
of 18F-DOPA PET-guided re-irradiation for recurrent high-grade
glioma. ] Neurooncol 2022; 158: 323-30.

56 Pafundi DH, Laack NN, Youland RS, et al. Biopsy validation of
18F-DOPA PET and biodistribution in gliomas for neurosurgical
planning and radiotherapy target delineation: results of a prospective
pilot study. Neuro Oncol 2013; 15: 1058-67.

57 Barry N, Francis R], Ebert MA, et al. Delineation and agreement of
FET PET biological volumes in glioblastoma: results of the nuclear
medicine credentialing program from the prospective, multi-centre
trial evaluating FET PET in glioblastoma (FIG) study—TROG 18.06.
Eur ] Nucl Med Mol Imaging 2023; 50: 3970-81.

58 Maier SH, Schonecker S, Anagnostatou V, et al. Dummy run for
planning of isotoxic dose-escalated radiation therapy for
glioblastoma used in the PRIDE trial (NOA-28; ARO-2024-01;
AG-NRO-06). Clin Transl Radiat Oncol 2024; 47: 100790.

59 Oehlke O, Mix M, Graf E, et al. Amino-acid PET versus MRI guided
re-irradiation in patients with recurrent glioblastoma multiforme
(GLIAA) - protocol of a randomized phase II trial (NOA 10/ARO
2013-1). BMC Cancer 2016; 16: 769.

60 Karlberg A, Pedersen LK, Vindstad BE, et al. Diagnostic accuracy of
anti-3-[18F]-FACBC PET/MRI in gliomas.

Eur ] Nucl Med Mol Imaging 2024; 51: 496-509.

61 Popp I, Weber WA, Graf E, et al. Re-irradiation in recurrent
glioblastoma: PET- or MRI-based? Results of a prospective
randomized clinical trial. J Clin Oncol 2024; 42 (suppl): 2021.

62 Rahman R, Preusser M, Tsien C, et al. Point/counterpoint: the role
of reirradiation in recurrent glioblastoma. Neuro Oncol 2025;
27:7-12.

63  Galldiks N, Dunkl V, Stoffels G, et al. Diagnosis of
pseudoprogression in patients with glioblastoma using O-(2-[18F]
fluoroethyl)-L-tyrosine PET. Eur | Nucl Med Mol Imaging 2015;

42: 685-95.

64 Galldiks N, Stoffels G, Filss C, et al. The use of dynamic O-(2-18F-
fluoroethyl)-l-tyrosine PET in the diagnosis of patients with
progressive and recurrent glioma. Neuro Oncol 2015; 17: 1293-300.

65 Bashir A, Mathilde Jacobsen S, Mglby Henriksen O, et al. Recurrent
glioblastoma versus late posttreatment changes: diagnostic accuracy
of O-(2-[18F]fluoroethyl)-L-tyrosine positron emission tomography
(18F-FET PET). Neuro Oncol 2019; 21: 1595-606.

66 Werner JM, Stoffels G, Lichtenstein T, et al. Differentiation of
treatment-related changes from tumour progression: a direct
comparison between dynamic FET PET and ADC values obtained
from DWI MRI. Eur ] Nucl Med Mol Imaging 2019; 46: 1889-901.

67 Steidl E, Langen K], Hmeidan SA, et al. Sequential
implementation of DSC-MR perfusion and dynamic [18F]FET PET
allows efficient differentiation of glioma progression from
treatment-related changes. Eur | Nucl Med Mol Imaging 2021;
48:1956-65.

www.thelancet.com/oncology Vol 26 August 2025

68

69

70

71

72

73

74

75

76

78

79

80

81

82

83

84

85

86

87

88

Werner JM, Weller ], Ceccon G, et al. Diagnosis of
pseudoprogression following lomustine-temozolomide
chemoradiation in newly diagnosed glioblastoma patients using
FET-PET. Clin Cancer Res 2021; 27: 3704-13.

de Zwart PL, van Dijken BR], Holtman GA, et al. Diagnostic
accuracy of PET tracers for the differentiation of tumor progression
from treatment-related changes in high-grade glioma: a systematic
review and metaanalysis. ] Nucl Med 2020; 61: 498-504.

Puranik AD, Dev ID, Rangarajan V, et al. FET PET to differentiate
between post-treatment changes and recurrence in high-grade
gliomas: a single center multidisciplinary clinic controlled study.
Neuroradiology 2025; 67: 363-69.

Herrmann K, Czernin ], Cloughesy T, et al. Comparison of visual
and semiquantitative analysis of 18F-FDOPA-PET/CT for
recurrence detection in glioblastoma patients. Neuro Oncol 2014;
16: 603-09.

Nabavizadeh A, Bagley SJ, Doot RK, et al. Distinguishing
progression from pseudoprogression in glioblastoma using
18F-fluciclovine PET. ] Nucl Med 2023; 64: 852-58.

Wen PY, Macdonald DR, Reardon DA, et al. Updated response
assessment criteria for high-grade gliomas: response assessment
in neuro-oncology working group. J Clin Oncol 2010; 28: 1963-72.
Wen PY, van den Bent M, Youssef G, et al. RANO 2.0: update to the
response assessment in neuro-oncology criteria for high- and low-
grade gliomas in adults. ] Clin Oncol 2023; 41: 5187-99.

Langen K], Galldiks N, Hattingen E, Shah NJ. Advances in neuro-
oncology imaging. Nat Rev Neurol 2017; 13: 279-89.

Piroth MD, Pinkawa M, Holy R, et al. Prognostic value of early
[18F]fluoroethyltyrosine positron emission tomography after
radiochemotherapy in glioblastoma multiforme.

Int J Radiat Oncol Biol Phys 2011; 80: 176-84.

Galldiks N, Langen KJ, Holy R, et al. Assessment of treatment
response in patients with glioblastoma using O-(2-18F-fluoroethyl)-
L-tyrosine PET in comparison to MRI. | Nucl Med 2012; 53: 1048-57.
Ceccon G, Lohmann P, Werner M, et al. Early treatment response
assessment using 18F-FET PET compared with contrast-enhanced
MRI in glioma patients after adjuvant temozolomide
chemotherapy. J Nucl Med 2021; 62: 918-25.

Wollring MM, Werner JM, Bauer EK, et al. Prediction of response
to lomustine-based chemotherapy in glioma patients at recurrence
using MRI and FET PET. Neuro Oncol 2023; 25: 984-94.

Wyss M, Hofer S, Bruehlmeier M, et al. Early metabolic responses
in temozolomide treated low-grade glioma patients. | Neurooncol
2009; 95: 87-93.

Roelcke U, Wyss MT, Nowosielski M, et al. Amino acid positron
emission tomography to monitor chemotherapy response and
predict seizure control and progression-free survival in WHO
grade IT gliomas. Neuro Oncol 2016; 18: 744-51.

Suchorska B, Unterrainer M, Biczok A, et al. 18F-FET-PET as a
biomarker for therapy response in non-contrast enhancing glioma
following chemotherapy. J Neurooncol 2018; 139: 721-30.

Galldiks N, Kracht LW, Burghaus L, et al. Use of 11C-methionine
PET to monitor the effects of temozolomide chemotherapy in
malignant gliomas. Eur | Nucl Med Mol Imaging 2006; 33: 516-24.
Galldiks N, Kracht LW, Burghaus L, et al. Patient-tailored, imaging-
guided, long-term temozolomide chemotherapy in patients with
glioblastoma. Mol Imaging 2010; 9: 40—46.

Herholz K, Kracht LW, Heiss WD. Monitoring the effect of
chemotherapy in a mixed glioma by C-11-methionine PET.

J Neuroimaging 2003; 13: 269-71.

Schwarzenberg ], Czernin ], Cloughesy TF, et al. Treatment
response evaluation using 18F-FDOPA PET in patients with
recurrent malignant glioma on bevacizumab therapy.

Clin Cancer Res 2014; 20: 3550-59.

Galldiks N, Rapp M, Stoffels G, et al. Response assessment of
bevacizumab in patients with recurrent malignant glioma using
[18F]fluoroethyl-L-tyrosine PET in comparison to MRI.

Eur J Nucl Med Mol Imaging 2013; 40: 22-33.

Hutterer M, Nowosielski M, Putzer D, et al. O-(2-18F-fluoroethyl)-
L-tyrosine PET predicts failure of antiangiogenic treatment in
patients with recurrent high-grade glioma. J Nucl Med 2011;

52: 856-64.

e446



Policy Review

e447

89

90

91

92

93

94

95

96

97

98

99

100

Galldiks N, Dunkl V, Ceccon G, et al. Early treatment response
evaluation using FET PET compared to MRI in glioblastoma
patients at first progression treated with bevacizumab plus
lomustine. Eur | Nucl Med Mol Imaging 2018; 45: 2377-86.

Galldiks N, Werner JM, Tscherpel C, Fink GR, Langen KJ. Imaging
findings following regorafenib in malignant gliomas: FET PET adds
valuable information to anatomical MRI. Neurooncol Adv 2019;

1: vdz038.

Werner JM, Wollring MM, Tscherpel C, et al. Multimodal imaging
findings in patients with glioblastoma with extensive coagulative
necrosis related to regorafenib. Neuro Oncol 2023; 25: 1193-95.

Di Giorgio E, Cuocolo A, Mansi L, et al. Assessment of therapy
response to regorafenib by 18F-DOPA-PET/CT in patients with
recurrent high-grade gliomas: a case series. Clin Transl Imaging
2021; 9: 265-74.

Lombardi G, Spimpolo A, Berti S, et al. PET/MR in recurrent
glioblastoma patients treated with regorafenib: [18F]FET and DWI-
ADC for response assessment and survival prediction. Br ] Radiol
2022; 95: 20211018.

Wen P, Alexander B, Berry D, et al. CTNI-85. GBM AGILE platform
trial for newly diagnosed and recurrent GBM: results of first
experimental arm, regorafenib. Neuro Oncol 2023;

25 (suppl 5): v97-98.

Galldiks N, Werner M, Stetter I, et al. Evaluation of early metabolic
changes following vorasidenib using FET PET in patients with
IDH-mutant gliomas. Neurooncol Adv 2024; 6: vdae210.

Dunkl V, Cleff C, Stoffels G, et al. The usefulness of dynamic
O-(2-18F-fluoroethyl)-L-tyrosine PET in the clinical evaluation of
brain tumors in children and adolescents. ] Nucl Med 2015;

56: 88-92.

Kertels O, Krauf ], Monoranu CM, et al. [18F]FET-PET in children
and adolescents with central nervous system tumors: does it
support difficult clinical decision-making?

Eur | Nucl Med Mol Imaging 2023; 50: 1699-708.

Marner L, Lundemann M, Sehested A, et al. Diagnostic accuracy
and clinical impact of [18F]FET PET in childhood CNS tumors.
Neuro Oncol 2021; 23: 2107-16.

Marner L, Nysom K, Sehested A, et al. Early postoperative 18F-FET
PET/MRI for pediatric brain and spinal cord tumors. | Nucl Med
2019; 60: 1053-58.

Bag AK, Wing MN, Sabin ND, et al. 11C-methionine PET for
identification of pediatric high-grade glioma recurrence. J Nucl Med
2022; 63: 664-71.

101

102

10

X

104

105

106

107

108

109

110

11

Kim EY, Vavere AL, Snyder SE, et al. [11C]-methionine positron
emission tomography in the evaluation of pediatric low-grade
gliomas. Neurooncol Adv 2024; 6: vdae056.

Piccardo A, Albert NL, Borgwardt L, et al. Joint EANM/SIOPE/
RAPNO practice guidelines/SNMMI procedure standards for
imaging of paediatric gliomas using PET with radiolabelled amino
acids and [18F]FDG: version 1.0. Eur | Nucl Med Mol Imaging 2022;
49: 3852-69.

Piccardo A, Tortora D, Mascelli S, et al. Advanced MR imaging and
18F-DOPA PET characteristics of H3K27M-mutant and wild-type
pediatric diffuse midline gliomas. Eur ] Nucl Med Mol Imaging 2019;
46: 1685-94.

Morana G, Puntoni M, Garre ML, et al. Ability of (18)F-DOPA PET/
CT and fused (18)F-DOPA PET/MRI to assess striatal involvement
in paediatric glioma. Eur ] Nucl Med Mol Imaging 2016; 43: 1664-72.
Morana G, Piccardo A, Puntoni M, et al. Diagnostic and prognostic
value of 18F-DOPA PET and 1H-MR spectroscopy in pediatric
supratentorial infiltrative gliomas: a comparative study. Neuro Oncol
2015; 17: 163747,

Heinzel A, Miiller D, Langen K], et al. The use of O-(2-18F-
fluoroethyl)-L-tyrosine PET for treatment management of
bevacizumab and irinotecan in patients with recurrent high-grade
glioma: a cost-effectiveness analysis. | Nucl Med 2013; 54: 1217-22.
Heinzel A, Stock S, Langen K], Miiller D. Cost-effectiveness
analysis of FET PET-guided target selection for the diagnosis of
gliomas. Eur J Nucl Med Mol Imaging 2012; 39: 1089-96.

Rosen ], Ceccon G, Bauer EK, et al. Cost effectiveness of 18F-FET
PET for early treatment response assessment in glioma patients
after adjuvant temozolomide chemotherapy. | Nucl Med 2022;

63: 1677-82.

Tscherpel C, Dunkl V, Ceccon G, et al. The use of O-(2-18F-
fluoroethyl)-L-tyrosine PET in the diagnosis of gliomas located in
the brainstem and spinal cord. Neuro Oncol 2017; 19: 710-18.
Prenosil GA, Sari H, Fiirstner M, et al. Performance characteristics
of the biograph vision quadra PET/CT system with a long axial field
of view using the NEMA NU 2-2018 standard. ] Nucl Med 2022;

63: 476-84.

Albert NL, Le Rhun E, Minniti G, et al. Translating the theranostic
concept to neuro-oncology: disrupting barriers. Lancet Oncol 2024;
25: e441-51.

Copyright © 2025 The Author(s). Published by Elsevier Ltd. This is an
Open Access article under the CC BY 4.0 license.

www.thelancet.com/oncology Vol 26 August 2025



	Update to the RANO working group and EANO recommendations for the clinical use of PET imaging in gliomas
	Introduction
	Levels of evidence and strength of recommendations
	Clinical indications
	Newly diagnosed brain lesions: differentiation of neoplastic from non-neoplastic lesions
	Non-invasive prediction of molecular information
	Estimation of prognosis in patients with newly diagnosed, untreated gliomas
	Delineation of tumour extent
	Differentiation of glioma relapse from treatmentrelated changes
	Evaluation of treatment response
	Value of amino acid PET in paediatric patients with glioma

	Recommendations
	Limitations
	Outlook
	References


