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Abstract
Positron emission tomography (PET) has been widely used in paediatric oncology. 2-Deoxy-2-[18F]fluoro-D-glucose  ([18F]
FDG) is the most commonly used radiopharmaceutical for PET imaging. For oncological brain imaging, different amino 
acid PET radiopharmaceuticals have been introduced in the last years. The purpose of this document is to provide imaging 
specialists and clinicians guidelines for indication, acquisition, and interpretation of  [18F]FDG and radiolabelled amino acid 
PET in paediatric patients affected by brain gliomas. There is no high level of evidence for all recommendations suggested 
in this paper. These recommendations represent instead the consensus opinion of experienced leaders in the field. Further 
studies are needed to reach evidence-based recommendations for the applications of  [18F]FDG and radiolabelled amino acid 
PET in paediatric neuro-oncology. These recommendations are not intended to be a substitute for national and international 
legal or regulatory provisions and should be considered in the context of good practice in nuclear medicine. The present 
guidelines/standards were developed collaboratively by the EANM and SNMMI with the European Society for Paediatric 
Oncology (SIOPE) Brain Tumour Group and the Response Assessment in Paediatric Neuro-Oncology (RAPNO) working 
group. They summarize also the views of the Neuroimaging and Oncology and Theranostics Committees of the EANM and 
reflect recommendations for which the EANM and other societies cannot be held responsible.
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Preface

The European Association of Nuclear Medicine (EANM) 
is a professional non-profit medical association founded in 
1985 to facilitate worldwide communication among indi-
viduals pursuing clinical and academic excellence in nuclear 
medicine. The Society of Nuclear Medicine and Molecular 
Imaging (SNMMI) is an international scientific and profes-
sional organization founded in 1954 to promote science, 
technology, and practical application of nuclear medicine. 

SNMMI and EANM members are physicians, technolo-
gists, physicists, and scientists specialized in the research 
and clinical practice of nuclear medicine.

The SNMMI and EANM will periodically put forth new 
standards/guidelines for nuclear medicine practice to help 
advance the science of nuclear medicine and improve service 
to patients.

Existing standards/guidelines will be reviewed for revi-
sion or renewal, as appropriate, on their fifth anniversary or 
sooner, if indicated. Each standard/guideline, representing 
a policy statement by the SNMMI/EANM, has undergone 
a thorough consensus process, entailing extensive review. 
The SNMMI and EANM recognize that the safe and effec-
tive use of diagnostic nuclear medicine imaging requires 
particular training and skills, as described in each document. 
Reproduction or modification of the published practice 
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guideline by those entities not providing these services is 
not authorized.

These standards/guidelines are educational tools designed 
to assist practitioners in providing appropriate and effec-
tive nuclear medicine care for patients. These guidelines are 
consensus documents and are not inflexible rules or require-
ments of practice. They are not intended, nor should they be 
used, to establish a legal standard of care. For these reasons 
and those set forth below, the SNMMI and the EANM cau-
tions against the use of these standards/guidelines in liti-
gation in which the clinical decisions of a practitioner are 
called into question.

The ultimate judgement regarding the propriety of any 
specific procedure or course of action must be made by 
the physician or medical physicist in light of all the cir-
cumstances presented. Thus, there is no implication that 
an action differing from what is laid out in the standards/
guidelines, standing alone, is below standard of care. To 
the contrary, a conscientious practitioner may responsibly 
adopt a course of action different from that set forth in the 
standards/guidelines when, in the reasonable judgement of 
the practitioner, such course of action is indicated by the 
condition of the patient, limitations of available resources, or 
advances in knowledge or technology subsequent to publica-
tion of the standards/guidelines.

The practice of medicine involves not only the science, 
but also the art of dealing with the prevention, diagnosis, 
alleviation, and treatment of disease. The variety and com-
plexity of human conditions make it impossible for general 
guidelines to consistently allow for an accurate diagnosis to 
be reached or a particular treatment response to be predicted. 
Therefore, it should be recognized that adherence to these 
standards/guidelines will not ensure a successful outcome. 
All that should be expected is that the practitioners follow 
a reasonable course of action, based on their level of train-
ing, the current knowledge, the available resources, and the 
needs/context of the particular patient to deliver effective 
and safe medical care. The sole purpose of these guidelines 
is to assist practitioners in achieving this objective.

Positron emission tomography (PET) has been widely 
used in paediatric oncology. 2-Deoxy-2-[18F]fluoro-D-glu-
cose  ([18F]FDG) is the most commonly used radiopharma-
ceutical for PET imaging. For oncological brain imaging 
different amino acid PET radiopharmaceuticals have been 
introduced in the last years. The purpose of this document is 
to provide imaging specialists and clinicians guidelines for 
indication, acquisition, and interpretation of  [18F]FDG and 
radiolabelled amino acid PET in paediatric patients affected 
by brain gliomas. There is no high level of evidence for all 
recommendations suggested in this paper. These recommen-
dations represent instead the consensus opinion of experi-
enced leaders in the field. Further studies are needed to reach 
evidence-based recommendations for the applications of 

 [18F]FDG and radiolabelled amino acid PET in paediatric 
neuro-oncology. These recommendations are not intended to 
be a substitute for national and international legal or regula-
tory provisions and should be considered in the context of 
good practice in nuclear medicine.

The present guidelines/standards were developed collabo-
ratively by the EANM and SNMMI with the European Soci-
ety for Paediatric Oncology (SIOPE) Brain Tumour Group 
and the Response Assessment in Paediatric Neuro-Oncology 
(RAPNO) working group. They summarize also the views of 
the Neuroimaging and Oncology and Theranostics Commit-
tees of the EANM and reflect recommendations for which 
the EANM and other societies cannot be held responsible.

Introduction

Paediatric brain tumours include a heterogeneous variety of 
malignancies, which all present specific biological, prognos-
tic, and treatment-related features. Tumours arising within 
the central nervous system (CNS) are, from the epidemi-
ological point of view, the most frequent solid paediatric 
malignancy and the second most common after leukaemia. 
Indeed, they cause up to 27% of all malignancies in children 
aged 14 and younger and up to 10% of those occurring in 
adolescents between 15 and 19 years of age. Finally, CNS 
neoplasm are the main cause of paediatric cancer-related 
death [1, 2].

Paediatric brain gliomas are the most frequent central 
nervous system tumours in childhood and comprise a het-
erogeneous collection of neoplasms (including astrocytic 
and mixed neuronal-glial tumours), which varies from low-
grade to highly aggressive malignancies, and can present 
in a diffusely infiltrating or a more circumscribed growth 
pattern [3–7]. When compared with adult gliomas, paediat-
ric gliomas show divergent mechanisms of tumorigenesis, 
distinct molecular genetic alterations, and different clinical 
behaviour. In particular, low-grade paediatric gliomas evolve 
to their high-grade counterparts infrequently [8]. Therefore, 
paediatric gliomas are considered biologically distinct enti-
ties [3–5]. All these aspects were recently recognized in the 
2021 fifth edition of the World Health Organization (WHO) 
Classification of Tumours of the CNS (CNS5) where diffuse 
adult-type gliomas were classified separately from those of 
the paediatric population (“paediatric-type” gliomas) [9].

Paediatric low-grade gliomas (pLGG) are defined as 
grade 1 or 2 malignancies according to the WHO classifi-
cation. These tumours include many different histological 
subtypes that can manifest throughout the CNS. The most 
common entity is pilocytic astrocytoma (a circumscribed 
astrocytic glioma), whereas paediatric-type diffuse low-
grade gliomas and glioneuronal and neuronal tumours 
compose a notable minority. The most frequent genomic 
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alterations in pLGGs are related to an activation of the 
mitogen-activated protein kinase (MAPK) pathway [5, 10]. 
This alteration can occur in presence of gene rearrangement, 
due to a tandem duplication at 7q34 determining a fusion 
between KIAA1549 and BRAF (KIAA1549-BRAF fusion) 
or by point mutation at the codon 600, which results in an 
amino acid substitution from valine (V) to glutamic acid 
(E) (BRAF V600E mutation) [10, 11]. KIAA1549-BRAF 
fusion is present in up to 66% of pilocytic astrocytomas and 
in 15% of all other low-grade gliomas, and it is recognized as 
a factor associated with a better prognosis [10, 12]. In addi-
tion, a further gene possibly involved in tumorigenesis is the 
one encoding the isocitrate dehydrogenase (IDH) enzyme, 
which catalyse the oxidative decarboxylation of isocitrate 
and therefore has a pivotal role in cell energy production. 
This gene has been indeed found to be mutated in gliomas 
[13]. When compared with adult lower-grade gliomas, IDH 
mutations are less frequent in the paediatric population par-
ticularly in younger children, and malignant progression is 
extremely rare in paediatric IDH wild-type LGGs [3].

Paediatric high-grade gliomas (pHGG), on the other 
hand, are one of the main causes of cancer-related death in 
children. These include various WHO grade 3 and 4 entities 
(some of them newly recognized in the WHO CNS5 under 
the group of paediatric-type diffuse high-grade gliomas), as 
well as diffuse midline glioma, H3K27-altered first intro-
duced in the 2016 WHO classification [6]. The detection of 
H3K27 alteration, independent of the histological appear-
ance (which could even be that of a low grade diffusely infil-
trating lesion), constitutes classification as a WHO grade 4 
[6]. Diffuse midline gliomas (DMG) can arise in any of the 
central nervous system mid-line structures (e.g. the brain 
stem, the thalamus, and the spinal cord). The H3K27 altera-
tion is observed in up to 85% of diffuse intrinsic pontine 
gliomas (DIPG), which are aggressive malignant brainstem 
DMG for which the median survival is less than 1 year [14]. 
Of note, DIPG diagnosis can still be made based on clinical 
and imaging features alone, without tissue sampling. From 
the clinical point of view, these tumours manifest with a 
characteristic triad: multiple cranial neuropathies, long 
tract signs (hyperreflexia, clonus, increased tone, Babinski 
reflex), and ataxia. Classic features on MRI are a T1 hypoin-
tense and T2 hyperintense diffusely infiltrating lesion arising 
from and involving ≥ 50% of the pons [14].

Despite similar histological characteristics, pHGGs have 
different molecular features when compared with adult glio-
mas, both in terms of mutation pattern and in the prognostic 
implication of those mutations. In particular, approximately 
40% of pHGGs are associated with tumour suppressor gene 
TP53 mutations [15, 16]. Compared with adults, pHGGs are 
less likely to bear epidermal growth factor receptor (EGFR) 
gene amplification and less likely to display mutations in 
the tumour suppressor PTEN [16, 17]. Up to one-third 

of hemispheric pHGGs carry mutations at position 34 
(G34R/V) in H3F3A [3]. Conversely, hotspot mutations in 
IDH1/2 are rare in older adolescent and represent the lower 
age spectrum of adult gliomas [3, 18].

It is worth noting that familial syndrome might increase 
the occurrence of CNS paediatric tumours: in fact, 8–19% of 
these neoplasms is found in patients with genetic predisposi-
tion; this figure is significantly lower in adults [19]. These 
conditions include tuberous sclerosis, neurofibromatosis, 
Li-Fraumeni syndrome, rhabdoid tumour predisposition 
syndrome, von Hippel-Lindau disease, naevoid basal cell 
carcinoma syndrome, and Turcot’s syndrome [20].

Clinical management of paediatric brain gliomas is chal-
lenging and requires a multidisciplinary approach in order 
to devise the best diagnostic and therapeutic strategies in 
each individual patient. Surgery represents the treatment of 
choice and can have the most relevant impact on patients’ 
prognosis. If complete surgical resection is not feasible, 
biopsy or “debulking” can be considered, and adjuvant 
therapy with radiotherapy, chemotherapy, or a combination 
of both may be used. However, for pHGGs, due to possi-
ble persistence of microscopic disease, adjuvant therapy is 
proposed and performed even in case of complete tumour 
removal. In conclusion, the principal therapeutic approach 
in paediatric gliomas is represented by surgery in association 
with chemo- and/or radiotherapy [21].

Sensitive and effective non-invasive imaging procedures 
are especially needed in this “era” of new surgical tech-
niques, radiotherapy planning, and novel systemic treat-
ment. Although conventional MRI is the pivotal imaging 
procedure in paediatric brain gliomas to determine tumour 
location, presence of oedema, presence of intratumoural 
necrosis, cyst formation, haemorrhage, vascularization, mass 
effect, and contrast enhancement, it has some limitations in 
distinguishing tumour from tumour mimics and in defin-
ing tumour type and grade. Moreover, it does not always 
allow for precise delineation of tumour margins, distinguish 
cells in the tumour microenvironment, or inform about the 
metabolism or state of tumour cells.

Indeed, after treatment, the differentiation between true 
tumour remnants and treatment-related changes (e.g. “pseu-
doprogression” or “pseudoresponse”) can be very difficult, 
specifically when an early response assessment is performed. 
Pseudoprogression occurs in approximately 21–44% of 
DIPG [22] and 7–12% of pHGG cases [23]; it is a subacute 
treatment-related reaction (occurring most frequently within 
the first 3 months after chemoradiotherapy) characterized 
by a “transient increase in tumour size due to an increase 
in blood–brain barrier permeability caused by treatment, 
resulting in increased oedema, or contrast enhancement, or 
both” [23].

Pseudoresponse is a different MRI phenomenon char-
acterized by “radiographical improvement, with overall 
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decreased oedema, or contrast enhancement secondary to 
the normalisation effect of antiangiogenic agents on the 
permeability of leaky endothelium, or both, without a 
change in survival outcome” [23]. Of note, differently from 
adult HGG, pseudoresponse is uncommon in pHGG [23].

In this setting, although response standard criteria for 
paediatric gliomas exist [22–24], the diffusely infiltrative 
pattern of pHGGs, often presenting undefined margins 
and inhomogeneous contrast enhancement, can compli-
cate tumour measurement and response assessment. In 
this context, MRI contrast enhancement for the estima-
tion of tumour size or growth has limited use. In fact, 
this parameter reflects the increased permeability of the 
disrupted blood-tumour barrier to the contrast medium 
rather than tumour-specific vascularization.

In addition, contrast enhancement can be altered by 
therapies that influence tumour vascular permeability, such 
as corticosteroid, antiangiogenic [25], or immunotherapy 
agents [26]. Finally, the real biological activity of gliomas on 
the first diagnosis is often not correctly estimated by MRI. 
This limits the usefulness of this imaging procedure in clini-
cal decision-making [27].

Multiparametric MRI procedures can overcome some 
of these constraints being able to reveal additional hemo-
dynamic and metabolic information of brain tumours. 
The lack of standardization, reproducibility, and compa-
rability of data has reduced their clinical applications. In 
this context, imaging biomarkers able to provide reliable 
parameters of tumour biological activity are required to 
tailor the clinical management of paediatric patients.

In the last two decades, PET imaging has been increas-
ingly used in the paediatric population affected by brain 
neoplasms, particularly in those suffering from gliomas. 
Different biological aspects can be studied using differ-
ent radiopharmaceuticals, with increasing evidence sup-
porting the role of amino acid PET radiopharmaceuti-
cals for use in glioma imaging [28, 29]. PET imaging 
of brain tumours with amino acid analogues (namely: L 
amino acid transport comprising  [11C-methyl]-methionine 
 ([11C]MET), O-(2-[18F]fluoroethyl)-L-tyrosine  ([18F]
FET) and 3,4-dihydroxy-6-[18F]fluoro-L-phenylalanine 
 ([18F]DOPA)) has shown clear advantages over  [18F]
FDG because of the better contrast between tumour and 
background uptake. Furthermore, considering that the 
uptake amino acid radiopharmaceutical does not depend 
on blood–brain barrier status, but rather on the expression 
of the amino acid transport system, these radiopharma-
ceuticals can be taken up in both contrast enhancing and 
non-enhancing tumour lesions [30, 31].

The present practical guidelines/procedure standards 
highlight, for the first time, the technical aspects of PET 
image acquisition with  [18F]FDG and amino acid PET radi-
opharmaceuticals in paediatric gliomas imaging.

Aim

These guidelines have been prepared to support nuclear 
medicine practitioners to optimize paediatric glioma 
imaging. These recommendations aim to assist the exe-
cution, the correct interpretation and reporting of PET 
results using  [18F]FDG, and amino acid radiopharma-
ceuticals. Given the paucity of data available, no other 
PET radiopharmaceuticals have been included in these 
guidelines.

Definitions

1. PET systems are able to provide static and dynamic 
images of radionuclide distribution within the 
patients by detecting coincidence 511 keV photon 
pairs. Images are produced by a reconstruction pro-
cess using the coincidence pair data derived from 
positrons’ annihilation.

2. Hybrid imaging is performed with PET/CT or PET/MRI 
systems to allow for correlative anatomic information 
and additional tissue characterization.

3. The CT component of a PET/CT is performed with 
adjustable radiological parameters (i.e. mAs, kVp, and 
pitch, with or without contrast) to address specific clini-
cal questions. However, a low-dose CT is sufficient for 
attenuation correction and anatomic localization.

4. Post procedural PET/MRI fusion refers to the display of 
co-registered, separately acquired MRI and PET images.

The radiopharmaceuticals considered in this guide-
line are 2-deoxy-2-[18F]fluoro-D-glucose  ([18F]FDG), 
L-[methyl-11C]methionine  ([11C]MET), O-(2-[18F]
fluoroethyl)-L-tyrosine  ([18F]FET), and 3,4-dihydroxy-
6-[18F]fluoro-L-phenylalanine  ([18F]DOPA).

Clinical indications

At the time of diagnosis

1) Differential diagnosis between neoplastic and non-neo-
plastic lesions

2) Glioma grading/DIPG biological behaviour
3) Identification of the optimal biopsy site (i.e. area of 

highest radiopharmaceutical uptake)
4) Delineation of glioma extent before surgery and radia-

tion therapy
5) Prognostication
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At restaging and follow-up

1) Differentiation of glioma recurrence from treatment-
induced changes (e.g. pseudo-progression, radio-necro-
sis, pseudo-response)

2) Response assessment during and after radiotherapy and/
or chemotherapy

3) Detection of high-grade malignant transformation of dif-
fuse low-grade gliomas

4) Detection of residual tumour after surgery and delinea-
tion of vital glioma tissue for planning of re-treatment 
(e.g. re-resection, re-irradiation)

In all these indications, amino acid PET radiopharmaceu-
ticals play a more pertinent role as compared to  [18F]FDG 
due to their low physiological brain uptake and their specific 
uptake by tumour cells.

Qualification and responsibilities 
of personnel

Physicians

All clinicians and personnel involved in performing and 
interpreting PET imaging should be qualified in accordance 
to the applicable regional laws. Responsibilities afforded to 
various individuals involved in the performance and inter-
pretation of these scans should be documented in standard 
operating procedures. The scan should be supervised and 
interpreted by a nuclear medicine physician or diagnostic 
radiologist with specific training in nuclear medicine. Please 
also see the Society of Nuclear Medicine Procedure Guide-
lines for General Imaging [32].

Technologists

PET/CT or PET/MRI scans should be performed by a quali-
fied registered/certified nuclear medicine technologist and 
advisably by technologists with specific training in handling 
children. Please refer to the following documents for fur-
ther details: Performance Responsibility and Guidelines for 
Nuclear Medicine Technologists 3.1 and the EANM Bench-
mark Document Nuclear Medicine Technologists’ Compe-
tencies [33, 34]. According to location of practice, additional 
qualifications may be requested for technologists to use the 
CT and MR component of the scanner.

Medical physicists

PET/CT systems should comply with the international stand-
ard of quality, including dosimetry and radiation protection 
procedure to limit the irradiation exposure of patients and 

healthcare personnel. This is of particular importance in the 
paediatric context.

A medical physicist should therefore optimize PET/CT 
scan protocols, ensuring that the established standards are 
met. A medical physicist can assist physicians to adhere to 
and maintain good practice, by monitoring and optimiz-
ing radiation dose and developing algorithms to reduce the 
radiation exposure of the CT component. Please consult the 
manufacturer manuals and the following documents for fur-
ther details: American College of Radiology, ACR-AAPM 
technical standard for medical physics performance moni-
toring of PET/CT imaging equipment, and the European 
guidelines on medical physics expert [35, 36]), Standards 
Publication Performance: Measurements of Positron Emis-
sion Tomographs (PET), EANM 2010, IAEA 2009 [37].

PET/MRI

A medical physicist should supervise the safety measures 
regarding access to the magnetic room, as prescribed by 
local regulations.

Quality assurance for the PET/MRI scanner includes the 
usual procedures for the PET component, as for PET/CT 
systems (see above), considering the peculiarities related to 
the attenuation correction of the phantoms. Details on the 
topic are provided by recent studies and consensus state-
ment [38–40]. The American College of Radiology MRI 
quality manual [41], the American association of Physicists 
in Medicine Report NO. 100 [42], offers guidance on MRI 
quality assurance. They should be integrated with the manu-
facturer’s recommendations and the local prescriptions.

The high sensitivity of PET/MRI scanners allows a reduc-
tion of the injected activity or of the acquisition time without 
compromising PET image quality [43, 44], depending on 
the clinical situation (degree of cooperation, sedation dura-
tion, etc.)

Procedure/examination

[18F]FDG and amino acid PET radiopharmaceuticals’ spe-
cific procedures are defined and described in previous guide-
lines in paediatrics and adults, respectively [28, 45]. In this 
document, only the paediatric-related recommendations that 
are new or specific in the context of gliomas are discussed.

Requirements

A strict collaboration among the nuclear medicine physi-
cian, paediatric radiologist, paediatric neuroradiologist, 
technologist, and the referring physician is required to 
obtain appropriate and useful images. The clinical indica-
tion, the histopathologic results (if available), any history 
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of previous studies (e.g. MRI), timing of previous inter-
ventions/therapies (biopsy, surgery, chemotherapy, and 
radiotherapy), history of recent infections or inflammation, 
medications (e.g. corticosteroid), and whether sedation or 
analgesia is required are aspects which should be clarified 
before performing the study.

Patient preparation and precautions

Imaging of the paediatric patient requires a proactive 
approach to reduce stress and discomfort to the mini-
mum. Detailed explanation of the procedure, parents’ 
involvement, distracting techniques (video, lighting, 
wall decorations, dedicated waiting spaces, etc.), and 
assistance from Child Life Specialists are useful aids. 
Specifically, patient preparation and precautions should 
be always considered as follows:

1) The patients should be able to lie down and maintain the 
position for at least 15–20 min (30–40 min, should be 
considered if a dynamic study is scheduled).

2) The procedure of the study should be explained and 
adapted to the patients’ age. Written informed consent 
will be provided, when required, to the patients and/or 
to their parents/caregivers.

3) The patients should fast for at least 4 h. For  [18F]FDG 
PET, serum glucose levels should be measured before 
the injection due to the potential implication on biodis-
tribution.

4) Body height and weight should be documented for cal-
culation of optimal dosing.

5) If the patient does not require sedation or general anaes-
thesia, drinking water before and after the injection is 
encouraged to increase the radiopharmaceutical elimina-
tion and reduce patient’s radiation exposure. Although 
anaesthesia should be reserved to very young or non-
compliant children, it could be necessary in some con-
ditions (e.g. long dynamic acquisition). In this case, a 
“nothing by mouth” preparation for 6–8 h is required, 
and anaesthesia should be administered immediately 
before the image acquisition and after the radiopharma-
ceutical injection (at least 30 min after for  [18F]FDG).

6) When sedation is requested for amino acid radiophar-
maceuticals imaging, it should start about 20–60 min 
before the examination [28]. In case of  [18F]FDG imag-
ing, sedation should start as late as possible after  [18F]
FDG administration, ideally at least 30 min after  [18F]
FDG injection but prior to imaging [28].

7) To reduce stress to the patients and minimize irradiation 
of the personnel, an optimization of radiopharmaceutical 
injection should be achieved by obtaining a peripheral 
intravenous access in advance.

8) A pregnancy test for female patients who have reached 
puberty should be considered, especially in the case of 
recent brain lesion or glioma diagnosis.

9) The patients should sit in a comfortable chair or lie 
down on an appropriate bed in a warm and quiet room. 
Particularly for  [18F]FDG PET, patients should be 
instructed not to move, play or talk, and, whenever pos-
sible, to keep their eyes closed during the injection and 
the uptake phase [46].

10) Carbidopa premedication (2 mg/kg) 60 min before  [18F]
DOPA injection, which inhibits aromatic amino acid 
decarboxylase in extracerebral tissues, can increase  [18F]
DOPA brain availability, thus improving the quality of 
the PET images, and reduce the radiation exposure of 
the urinary tracts [47, 48]. However, this is an off-label 
indication in paediatrics, and its diagnostic benefit in 
neuro-oncological PET studies has not been proven. 
Moreover, possible drug interactions should be consid-
ered. For these reasons, its use should be considered 
only in selected cases when low-quality PET images are 
expected.

11) When choosing the protocol for the CT component, the 
ALARA (As Low As Reasonably Achievable) princi-
ple for reducing radiation exposure should be followed. 
Considering that a recent MRI should be always avail-
able to correctly interpret the PET findings, a non-
diagnostic and low-dose CT without contrast should be 
recommended.

12) In the case of a PET/MRI study, along minimal require-
ments related to the PET component, paediatric patients 
necessitate an additional screening checklist for relevant 
contraindication to MRI including metallic implants and 
claustrophobia [49]. Moreover, given the longer acqui-
sition time generally required for PET/MRI studies, a 
preliminary assessment for patient sedation or general 
anaesthesia must be performed. Metal (e.g. zippers, but-
tons, hairpins) must be removed from patients before 
entering the scanner room. Subjects with programmable 
cerebrospinal fluid shunt valves require prompt setting 
assessment and/or readjustment after MRI to correct 
changes in opening pressure induced by magnetic fields 
[50].

Specific indication and performance of  [18F]FDG PET

While also utilized for detecting seizure foci in paediatric 
epilepsy,  [18F]FDG was the first PET radiopharmaceutical 
to be used in evaluating children with brain tumours. The 
rationale behind the use of  [18F]FDG for paediatric brain 
tumour imaging is based on the well-known increased glu-
cose consumption in malignant gliomas. Indeed, given the 
increased energy requirement of the proliferating cells, 
the glucose analogue is taken up by the neoplastic clone 
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trough cell membrane glucose transporters [51]. On the 
other hand, the physiologic high glucose uptake in normal 
cerebral parenchyma results in a low tumour-to-background 
contrast ratio, which makes it difficult to differentiate intrac-
erebral malignancies from normal tissue or non-tumorous 
lesions. This is especially true for low-grade tumours, in 
which  [18F]FDG uptake is often similar to that of normal 
white matter [51, 52]. Consequently, the principal clinical 
application over the years has been the evaluation of the bio-
logical behaviour of CNS paediatric tumour. In particular, a 
glioma characterized by an extensively increased  [18F]FDG 
uptake is often associated with a more malignant and aggres-
sive behaviour [51]. This was observed in patients affected 
by typical paediatric tumours of the posterior fossa (e.g. 
medulloblastoma)[47], as well as for brain stem gliomas, 
including DIPG [47, 53]).  [18F]FDG can play a role even in 
low-grade gliomas (e.g. low-grade astrocytoma), in which 
higher uptake signals refer to a higher probability of dis-
ease progression [54]. However, no conclusive threshold for 
 [18F]FDG uptake able to identify patients at higher risk of 
progression has been defined. Nevertheless, a hotspot/brain 
index (i.e. 2 + 2 *(ROItumour-ROIwhite matter)/ (ROIgray 
matter-ROIwhite matter)) of 1.83 has been proposed as the 
best cut-off to differentiate low from high-grade tumours 
[51].

Different  [18F]FDG uptake patterns have been reported 
in paediatric brain lesions, and attempts have been made to 
associate the uptake intensity and uniformity with histopa-
thology. However, the pure intrinsic diagnostic reliability 
of  [18F]FDG PET/CT is suboptimal. In fact, high values of 
 [18F]FDG intensity and uniformity may be found not only 
in aggressive diseases as glioblastomas (GBM) and medul-
loblastoma, but also in low-grade lesions like pilocytic astro-
cytomas [55].

[18F]FDG PET has also been used in children to define 
targets for biopsy after proper co-registration with MRI. 
This point is of particular importance in paediatric patients 
affected by unresectable brain tumours with infiltrative 
pattern, where the biopsy cannot be guided by the area of 
contrast enhancement or the area with the highest signal 
on fluid attenuation inversion recovery (FLAIR) sequences 
[56]. Indeed,  [18F]FDG PET may reveal tumour heterogene-
ity, thus allowing the identification of the anaplastic tissue, 
often corresponding to the area with the highest uptake ame-
nable for biopsy. This approach can consequently reduce the 
frequency of non-contributory sampling [56].

However, regarding this issue, not concordant results have 
been reported, and recent evidence indicated that paediatric 
brain tumours were metabolically heterogeneous on  [18F]
FDG PET and magnetic resonance spectroscopic imaging 
(MRSI).  [18F]FDG PET and MSRI tend to identify slightly 
different area of tumour activity, and therefore the agreement 
in the estimation of tumour metabolic activity between the 

two techniques is limited [57]. Particularly, active tumour 
metabolism was observed more frequently using MRSI com-
pared with  [18F]FDG PET.

Specific indication and performance of amino acid 
PET radiopharmaceuticals

[11C]MET

L-[methyl-11C]Methionine  ([11C]MET) represents the 
oldest amino acid PET radiopharmaceutical introduced in 
clinical practice to study paediatric brain tumours [58]. It 
is incorporated in the majority of brain gliomas by means 
of an active amino acid transport. Its uptake mechanism is 
related to cell proliferation, Ki-67 expression, number of 
viable tumour cells, and micro-vessel density. For these rea-
sons, it is considered a reliable biomarker of brain tumour 
proliferation [59].

Owing to its low physiological uptake in normal brain 
tissue and the above-mentioned uptake mechanism,  [11C]
MET has been proved to be a sensitive radiopharmaceutical 
in tumour diagnosis, being able to identify even low-grade 
glioma often not detectable by  [18F]FDG. For example, it 
has been demonstrated that  [11C]MET PET is useful to dif-
ferentiate tumorous from non-tumorous lesions in children 
and young adults with high diagnostic performance, particu-
larly when routine structural imaging is equivocal [60]. In 
addition,  [11C]MET PET may disclose, even in the context 
of non-enhancing and low grade gliomas, areas with more 
aggressive biological behaviour, representing preferred tar-
get for biopsy [56, 61, 62]. Furthermore, a recent study in 
patients with paediatric high-grade gliomas suggested that 
 [11C]MET PET is superior to contrast-enhanced MRI in 
terms of diagnosing tumour recurrence [63].

Finally, it is important to underline that  [11C]MET PET 
plays an important prognostic role in paediatric high-grade 
gliomas, which show diverging radiological features when 
compared with their adult counterparts [64]. Indeed, paedi-
atric high-grade glioma may not show the classical imaging 
features of tumour aggressiveness (i.e. intense or inhomo-
geneous contrast enhancement on MRI), and intense  [11C]
MET uptake can provide important information about the 
presence of regions with intense tumour proliferation and 
neo-angiogenesis, which might be at high risk of disease 
progression [65]. This ability of  [11C]MET PET to identify 
tumours that are at higher risk of relapse was confirmed in a 
subgroup of paediatric midline gliomas, such as the DIPG, 
whose grade and aggressive behaviour are particularly dif-
ficult to predict by analysing only MRI features [66].
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[18F]FET

In the last two decades, novel fluorinated amino acid PET 
radiopharmaceuticals have emerged as effective alternative 
radiolabelled compounds to  [11C]MET for studying paedi-
atric gliomas.  [18F]FET is a well-established amino acid 
for PET imaging in adults [28, 29] and offers clear logistic 
advantages over  [11C]MET for clinical practice. The uptake 
mechanism is, like the other amino acid PET radiophar-
maceuticals, governed by transport via specific amino acid 
carrier systems [67]. However, although  [18F]FET is an 
analogue of L-tyrosine, which is a catecholamine precur-
sor, it is not incorporated into any metabolic pathway [67]. 
Indeed, considering the similar uptake mechanism, compara-
tive studies in adult brain tumours have shown that  [11C]
MET and  [18F]FET may provide comparable results [68]. 
However, the advantage of  [18F]FET over  [11C]MET is the 
longer half-life (110 min vs 20 min) allowing radiophar-
maceutical supply to facilities without in-house production, 
more patient evaluations per production, and the possibility 
to evaluate the time–activity curve (TAC) whose pattern may 
provide valuable additional diagnostic information.

Similar to  [11C]MET,  [18F]FET allows also in paediat-
ric patients with non-enhancing and/or low-grade glioma to 
identify areas with more aggressive biological behaviour, 
representing preferred target for biopsy [69, 70].

[18F]FET static parameters such as tumour-to-background-
ratio (TBRmax = SUVmax of the tumour / SUVmean normal brain tissue) 
are useful for interpretation. The addition of  [18F]FET PET 
to MRI and combined reading increased accuracy of tumour 
detection in untreated and treated lesions [71]when using a 
threshold of TBR > 1.6.

The dynamic parameters can assist in the discrimination 
between low-grade and high-grade paediatric glioma at pri-
mary diagnosis [71] and in the differentiation between treat-
ment related changes and glioma relapse [72, 73]. TAC with 
an early peak (≤ 20 min), followed by a constant descent, are 
associated with recurrence.

On the contrary, TACs with a constantly increasing pat-
tern or a late peak at greater than 20–40 min after injection 
are often associated with non-neoplastic lesion (e.g. inflam-
mation/infection, demyelinating or ischemic lesions) [72]. 
This approach may provide the best accuracy rate (about 
82%) with a very high specificity (about 90%) [72]. Static 
 [18F]FET images can also be of great help to distinguish post 
treatment changes from persistence of disease early after 
surgery, showing a higher specificity when compared with 
MRI, especially when the activity of the lesion presents a 
TBRmax > 2 [74].

Overall, the addition of  [18F]FET PET to conventional 
imaging modalities is able to prompt modifications in the 
clinical management in about 8% of patients and to integrate 
relevant clinical information in 26%. The additional value 

provided by  [18F]FET PET is related to its high specificity, 
especially in the case of suspected disease relapse [71].

[18F]DOPA

Intracellular uptake of  [18F]DOPA is predominantly deter-
minated by active transport systems carrying this radi-
opharmaceutical into the tumour. However, the uptake 
mechanisms of  [18F]DOPA in brain tumours are not fully 
understood. Indeed, a significant increase in L-type 
amino acid transporter 1 (LAT1) expression has been 
determined in glioma; such increase has been found to 
correlate with gliomas  [18F]DOPA uptake both in vitro 
and in vivo [75]. However,  [18F]DOPA glioma uptake is 
not entirely dependent on LAT 1 expression [76]. Indeed, 
it has been reported that also the glutamine transporter 
sodium-coupled neutral amino-acid transporter (SNAT) 
1 (Slc38a1) can drive  [18F]DOPA uptake of cell lines of 
pHGGs [77]. Indeed, glutamine integration in high-grade 
gliomas is widely recognized [78].

Of note, H3K27M-mutant paediatric and adult diffuse 
midline gliomas are able to express dopamine receptor (DR) 
D2 [79] which have been showed to be functionally cou-
pled with G protein that, in turn, promotes tumour growth. 
Moreover, an autocrine signalling process based on dopa-
mine production has been demonstrated in glioblastoma 
cells [80]. Indeed, DOPA is a precursor in the dopamine 
synthesis and its uptake could represent a specific biomarker 
of cells that synthesize and secrete dopamine.

Studies demonstrated that  [18F]DOPA PET results are 
associated to WHO tumour grade and outcome in paedi-
atric infiltrative gliomas; moreover, they can be used for 
biopsy planning and treatment response assessment (e.g. 
discrimination between non-enhancing disease progression 
and treatment-related changes) [81, 82].

In differentiating paediatric non-neoplastic lesions from 
supratentorial infiltrative gliomas, MRSI demonstrated 
higher sensitivity and accuracy than  [18F]DOPA PET [82]. 
The lower sensitivity of  [18F]DOPA PET can be ascribed 
to the high prevalence of negative results in paediatric low-
grade diffuse astrocytomas, which are considered separate 
and less aggressive tumours when compared with their adult 
counterpart [82].

In the setting of multimodal imaging of paediatric 
patients with diffuse astrocytic tumours,  [18F]DOPA uptake 
correlated better with outcome and was an independent 
predictor of progression free survival when compared with 
MRI-derived diffusion weighted imaging (DWI) and arterial 
spin labelling (ASL) perfusion imaging [83]. In paediatric 
patients with H3K27M-mutant and wild-type DMG,  [18F]
DOPA PET was the only technique which was able to dif-
ferentiate between H3K27M-mutant and wild-type lesions, 
when compared with MRI-derived DWI, MRSI, and ASL. 
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This highlights its potential role to determine the H3K27M 
mutation status non-invasively [27].

In newly diagnosed DIPGs,  [18F]DOPA PET imaging pro-
vided useful non-invasive information for evaluating their 
metabolism when compared with conventional MRI. The 
 [18F]DOPA PET static parameter of target to contralateral 
striatum ratio (TSR) was an independent predictor of overall 
survival and  [18F]DOPA uptake extent corresponded to more 
aggressive tumour component, which may be less sensitive 
to first-line treatment with chemotherapy/radiotherapy [77].

In this context,  fused[18F]DOPA PET/MRI has shown 
to have a relevant role in patients treated with antiangio-
genic agents in which it can early identify tumour “pseu-
doresponse” and non-enhancing tumour progression [84]. 
A more recent pilot study suggested that  [18F]DOPA PET is 
of value to assess early response to bevacizumab in children 
with glioma relapse [85].

The main potential limitation of  [18F]DOPA, compared 
with other amino acid radiopharmaceuticals, is its specific 
uptake in the striatum that could impair the ability to evalu-
ate basal ganglia tumoural infiltration. However, in paediat-
ric patients with glioma,  [18F]DOPA PET has been reported 
to properly identify striatal involvement for lesions with 
a TSR > 1. On the other hand,  [18F]DOPA striatal uptake 
implies the possibility to stratify tumour uptake further by 
enabling the calculation of two TBR indices (tumour/paren-
chyma and tumour/striatum) [86].

Radiopharmaceuticals

All radiopharmaceuticals considered in these guidelines 
 ([18F]FDG,  [11C]MET,  [18F]FET, and  [18F]DOPA) must 
be produced by a qualified and certified company or by 
qualified personnel in a well-equipped radiochemistry/
radiopharmacy unit. All the methods applied should sat-
isfy regulatory requirements [28, 45, 87]. Quality controls 
of PET radiopharmaceuticals are usually performed by 
the producer.

According to the 2016 Update of the North Ameri-
can Consensus Guidelines for Paediatric Administered 
Radiopharmaceutical Activities and the 2016 EANM 
paediatric Dosage Card [88, 89], the administered activ-
ity should be the lowest possible but has to guarantee 
diagnostic image quality.

The radiation exposure depends on the injected activ-
ity and on the CT component. As reported above, this 
component should be optimized for adequate attenuation 
correction but also to avoid futile irradiation. Indeed, in 
the particular setting of paediatric gliomas, no significant 
information can be obtained from the CT component. 
Thus, an adequate PET/MRI co-registration is crucial Ta
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and can be easily implemented by using various dedi-
cated software tools.

Although for  [18F]FDG an established administered 
activity has been widely accepted [89], for amino acid 
PET radiopharmaceuticals, the proposed administered 
activity is not yet standardized. However, by considering 
the published studies, the appropriate activity to admin-
ister can be determined according to Table 1. Currently, 
no minimum administered activity has been determined 
for brain  [18F]FDG or amino acid imaging.

PET acquisition protocol

The patients should be positioned in the gantry with the 
head in a dedicated headrest and the arms along the body; 
the position should be maintained for the duration of the 
examination. Then, it should be accurately checked that 
the entire brain is located within the field of view. Once 
this is done, using flexible head restraints is very helpful 
to improve the stability of the head. After the rapid CT 
acquisition, the presence of parents or caregivers during 
the PET acquisition may be helpful to reassure the chil-
dren and avoid head movements. Finally, if available, a 
monitor system for the patients’ condition and movements 
should be implemented during the entire acquisition.

For PET/CT, a single field of view acquisition should be 
performed with a low-dose CT component executed only 
for attenuation correction. In this setting, the CT param-
eters should be chosen to provide the lowest dose possible.

For PET/MRI, the acquisition protocol depends on 
the type of technique applied, which can be sequential 
or simultaneous [91–93]. In sequential imaging, the 
PET and the MRI scanners are positioned in-line with 
the patient tabletop moving between the two gantries 
[91]. Following the advent of semiconductor detectors, 

including avalanche photodiode or silicon photomultipli-
ers, replacing former photomultiplier tubes, integrated 
PET/MRI scanners have been implemented which allow 
for a simultaneous acquisition of both components. The 
simultaneous PET/MR imaging is to be preferred for the 
paediatric population, given the significantly reduced 
scanning time and reduced need for patient sedation or 
anaesthesia [91]. Attenuation correction in PET/MRI 
systems are based on MRI imaging. Various correction 
strategies have been implemented and some may lead to 
systematic errors [94]. Care should be taken to identify 
artefacts in the attenuation correction, particularly in 
bone and lung [95]. Indeed, as the image quality of newer 
stand-alone PET/CT and MRI have improved compared to 
present generation PET/MRI, the scanner choice should 
be determined by weighting the expected image quality 
obtained with the discomfort of repeated examinations.

For PET/MRI sequences, axial fluid attenuation inver-
sion recovery (FLAIR), T2-weighted and T1-weighted 
images, coronal FLAIR and T2-weighted images, and 
contrast-enhanced (gadolinium chelate, 0.1 mmol/kg) 
axial, coronal, and sagittal T1-weighted images are 
performed in addition to those for attenuation correc-
tion with a typical total acquisition time of 20–40 min 
depending on sequence composition and radiopharma-
ceutical [91, 96–98].

PET acquisition protocol should be adapted to the radi-
opharmaceutical used. These are briefly summarized in 
Table 2:

Image reconstruction

There are no reconstruction procedures specific to paediatric 
patients. How to implement image reconstruction is defined 
in previous guidelines [28].

Table 2  Acquisition protocols 
for  [18F]FDG and amino acid 
PET tracers

* Dynamic PET acquisition should be acquired in list mode and the properly reframed (short frame first and 
then longer ones) to provide precise information about the initial and late uptake phases which are essential 
to obtain the curve slope

Radiopharmaceuticals Time interval between radi-
otracer injection and image 
acquisition

Type of acquisition Acquisition time

[18F]FDG 45–60 min Static 10 min
[11C]MET 10 min Static 10–20 min
[18F]FET 20 min (static), imme-

diately after injection 
(dynamic)

Static and dynamic 10–20 min (static), 
40–50 min 
(dynamic)*

[18F]DOPA 10–20 min static 20 min
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Image interpretation

Prior to image interpretation, an adequate quality check 
of the images (e.g. for movement artefacts) including 
factors that may affect the semiquantification (i.e. SUV) 
should be performed (e.g. activity, weight, and height 
should be correctly reported).

In the case of PET/CT, co-registration with recent 
MRI images should be always performed (i.e. at least 
with T1 sequence with contrast medium and T2/FLAIR 
sequence). Automatic or semiautomatic co-registration 
is strongly recommended. This allows precise evaluation 
even of faint uptake areas and easy identification of any 
brain lesion that needs metabolic characterization with-
out having to adjust the PET display setting from default.

Visual analysis is the “corner stone” for correct inter-
pretation of PET findings. Although SUV should be 
calculated when needed, its absolute value bears, per 
se, limited clinical relevance (see below). As the first 
step, for interpreting static PET images, the brain lesions 
should be identified, and their uptake should be assessed 
qualitatively. In the case of a non-negligible uptake (i.e. 
more intense than white matter), a semi-quantification 
should be performed by using the contralateral normal 
brain tissue activity as a reference (i.e. VOI including 
white and grey matter, measured at the level of the cen-
trum semiovale) [31]. The target to background ratios (as 
TBRmean and TBRmax) should be calculated. Both work 
for  [18F]FDG,  [11C]MET, and  [18F]FET, but for  [18F]
DOPA, the TSR should always be used in addition to 

Table 3  The 2021 World Health 
Organization classification 
of gliomas of the central 
nervous system [9] combining 
histopathological and molecular 
features into diagnoses 
according to the two different 
growing patterns which may 
influence PET/CT interpretation

Diffuse infiltrative pattern
  Paediatric-type diffuse low-grade gliomas
    Diffuse Astrocytoma, MYB- or MYBL1-altered
    Angiocentric glioma
    Polymorphous low-grade neuroepithelial tumour of the young
    Diffuse low-grade glioma, MAPK pathway-altered
  Paediatric-type diffuse high-grade gliomas
    Diffuse midline glioma, H3 K27-altered
    Diffuse hemispheric glioma, H3 G34-mutant
    Diffuse pediatric-type high-grade glioma, H3 wild type, and IDH wild type

Circumscribed growth pattern
  Circumscribed astrocytic gliomas
    Pilocytic astrocytoma
    High-grade astrocytoma with piloid features
    Pleomorphic xanthoastrocytoma
    Subependymal giant cell astrocytoma
    Chordoid glioma
    Astroblastoma, MN1-altered
  Glioneuronal and neuronal tumours
    Ganglioglioma
    Desmoplastic infantile ganglioglioma/desmoplastic infantile astrocytoma
    Dysembryoplastic neuroepithelial tumour
    Diffuse glioneuronal tumour with oligodendroglioma-like features and nuclear clusters
    Papillary glioneuronal tumour
    Diffuse leptomeningeal glioneuronal tumour
    Rosette-forming glioneuronal tumour
    Myxoid glioneuronal tumour
    Multinodular and vacuolating neuronal tumour
    Gangliocytoma
    Dysplastic cerebellar gangliocytoma (Lhermitte-Duclos disease)
    Central neurocytoma
    Extraventricular neurocytoma
    Cerebellar liponeurocytoma
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TBRs. In the case of anaesthesia or sedation, TBRs can 
be affected; for example, a reduction in cortical  [18F]
FDG uptake can be expected especially in the parietal 
and occipital regions [99].

Interpretation of static amino acid PET data

1) In the case of suspicious brain lesion on MRI, any 
detectable uptake (higher than normal background) may 
guide a selective biopsy. In this setting, no TBR thresh-
old has been proposed.

2) At the time of first diagnosis, an important distinction 
should be made between suspected gliomas with dif-
fuse infiltrative pattern vs. gliomas with a more circum-
scribed pattern of growth on MRI (Table 3).

A) In the case of a brain lesion with diffuse infiltrative pattern 
without contrast enhancement on MRI, the absence of 
uptake or faint uptake is mainly associated with low-grade 
gliomas. High-grade gliomas may be excluded, although 
midline gliomas may not show significant uptake. This 
poorly avid uptake pattern may also exclude oligoden-
drogliomas which are characterized by intense uptake in 
adult patients regardless of their histopathological grading 
and are exceptionally rare in the paediatric population.

  On the other hand, when intense uptake is observed, 
a high-grade lesion should be suspected. These lesions 
may also be present with contrast enhancement on 
MRI. The degree of uptake intensity cannot provide 
a distinction between WHO grades 3 and 4. However, 

distinguishing between these grades has limited clini-
cal relevance.

B) In the case of brain lesions with a more circum-
scribed growth pattern and lack of contrast enhance-
ment on MRI, absence of uptake or faint uptake is 
more likely associated with non-neoplastic lesions, 
although some low-grade gliomas (e.g. dysembryo-
plastic neuroepithelial tumour) cannot be excluded.

  In this circumscribed growth pattern, intense radi-
opharmaceutical uptake and contrast enhancement on 
MRI may often be associated with low-grade gliomas. 
Indeed, low-grade gliomas, such as pilocytic astrocy-
tomas or gangliogliomas, are often characterized by 
intense radiopharmaceutical uptake. This is caused 
by the fact that these low-grade lesions may have sig-
nificant neovascularization that presents a fenestrated 
epithelium, thus favouring an abundant radiopharma-
ceutical uptake [100, 101].

3) At the time of suspected relapse, intense uptake is 
highly specific for recurrent or residual tumour and may 
exclude the hypothesis of treatment-related changes (i.e. 
pseudo-progression or radio-necrosis).

4) In the case of ascertained gliomas with infiltrative 
growth pattern, the uptake intensity is often associated 
with prognosis, making the uptake intensity a very inde-
pendent risk factor.

The most common uptake thresholds suggested in the 
literature to define a positive amino acid PET scan are sum-
marized in Table 4.

Table 4  Commonly used TBR 
thresholds for amino acid PET 
in paediatric gliomas

N.R. = not reported, N.A. = not applicable
N.R. = not reported, N.A. = not applicable

Clinical Indication Amino acid Radi-
opharmaceutical

Method Threshold Reference

Differentiation between neoplas-
tic a non-neoplastic brain lesion

[18F]FET TBRmax 1.6 [71]
[11C]MET TBR max 1–1.5 [56, 58, 102]
[18F]DOPA TBRmax 1 [81, 82]

Tumour Grading [18F]FET TAC curve shape N.A [72]
[11C]MET N.R N.R
[18F]DOPA TSRmax 1 [81, 82]

Prognostic value [18F]FET TBR max and 
TAC curve shape

1.6 [71, 72]

[11C]MET SUVmax 3 [65]
[18F]DOPA TSRmax 1 [81, 82]

Tumour Relapse [18F]FET TBRmax 1.6 [71]
[11C]MET SUVmax 3 [65]
[18F]DOPA Not available Not available Not available
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Interpretation of dynamic  [18F]FET PET data

Only for  [18F]FET, there is literature available, reporting the 
diagnostic role of dynamic parameters in paediatric patients [72, 
74]. Three different patterns of time-activity curves are reported:

First, a rapid intake phase with subsequent further accu-
mulation without any decreasing phases over time. This 
pattern is typical for benign or low-grade gliomas or with 
treatment-related changes when a relapse is suspected.

The second and third patterns are characterized by 
a first intake phase followed by a plateau or by a rapid 
decline in activity, respectively. These two curve shapes 
are associated with high-grade tumour at the time of initial 
diagnosis and may be indicative of relapse at follow-up, 
when disease recurrence is suspected.

For  [18F]DOPA, as reported in adults patients, dynamic 
acquisition and related imaging interpretation could poten-
tially provide additional information to static images [103].

Interpretation of static  [18F]FDG data

At initial diagnosis

As for amino acid PET radiopharmaceuticals, increased 
 [18F]FDG uptake by gliomas with infiltrative pattern is 
correlated with higher-grade and worse prognosis [104]. 
Accordingly, low-grade gliomas typically have  [18F]FDG 
uptake similar to or less than white matter uptake, whereas 
high-grade gliomas have usually an  [18F]FDG uptake that is 
higher than that of the white matter. However, as reported 
for the amino acid PET radiopharmaceuticals, some low-
grade gliomas with more circumscribed growth pattern 
(e.g. pilocytic astrocytomas and pleomorphic xanthoastro-
cytoma) are characterized by high  [18F]FDG uptake [51].

Suspected tumour recurrence

Even though intense  [18F]FDG uptake in enhancing brain 
lesions close to the site of previous surgery is associated 
with disease relapse, the specificity of discriminating 
tumour recurrence from therapeutic related changes is 
suboptimal. Indeed, persistent high  [18F]FDG uptake may 
be observed after radiation therapy. However, recurrent 
tumours may also have relatively low  [18F]FDG uptake. 
In this setting, visual or semi-quantitative criteria, able 
to provide high diagnostic accuracy, are not available.

As reported in adult guideline, dynamic  [18F]FDG PET/
CT acquisition may be performed to evaluate the regional 

metabolic rate (MRglu) [28]. This parameter is used to 
correctly estimate the real glucose consumption of the 
tumour. Dissociation between SUV and MRglu follow-
ing (and during) therapy is possible, probably because of 
a change in plasma clearance induced by drugs. In those 
cases, SUV will underestimate or overestimate response 
[105]. Therefore, dynamic scanning with simultaneous 
SUV and regional metabolic rate calculation can be con-
sidered when new treatments are explored. However, 
considering that limited data are available, this approach 
cannot be recommended in clinical practice at this time.

Pitfalls

In the process of image interpretation, some pitfalls should 
always be considered before providing a structured report.

The most common brain pitfalls have already been 
reported in the previous Joint EANM/EANO/RANO 
practice guidelines/SNMMI procedure standards for 
imaging of gliomas using PET with radiolabelled amino 
acids and  [18F]FDG [28] or in another dedicated study 
[106]. Previous recommendations also apply to paediat-
ric patients, with some caveats [86, 107–109].

In detail, because an increased prevalence of devel-
opmental venous anomalies (DVAs) in the setting of 
paediatric patients with brain tumours has been reported 
[110], increased amino acid uptake associated with 
DVAs may lead to a false-positive interpretation of brain 
tumour metabolism, potentially resulting in a haemor-
rhagic complication if a biopsy involves a DVA [107, 
111]. Increased amino acid uptake of diffusely infil-
trating low-grade epileptogenic tumours and adjacent 
brain parenchyma should also be evaluated in the light 
of clinical and electroencephalographic findings related 
to seizure activity [86]. In the setting of paediatric brain 
tumour surveillance, focal increased striatal  [18F]DOPA 
uptake should be carefully interpreted in the light of MRI 
findings and of pathological changes related to cortico-
striatal connections [109].

Documentation and reporting

How to provide a structured report and describe PET find-
ings has already been discussed in previously published 
guidelines on paediatric  [18F]FDG PET/CT for oncology 
[45] and on imaging guidelines of gliomas using PET 
with radiolabelled amino acids and  [18F]FDG [28].
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Equipment specifications

Paediatric patients are imaged with the same PET/CT and 
PET/MRI scanners designed for adult patients. It is advisa-
ble to use state-of-the-art scanners to achieve high-resolution 
images keeping a balance between administered activity and 
duration of the acquisition.

CT acquisition should be optimized using dedicated 
paediatric protocols whenever possible, whereas MRI 
sequences should be adapted to the degree of patient 
cooperation [112].

Sedation/anaesthesia requirements need to be consid-
ered in the set-up of the exam, taking into account the 
additional instrumentation (pulse monitor, oximeter, etc.) 
and the necessity of continuous patient monitoring.

Conclusion

Considering the increasing use of hybrid imaging with 
PET/CT and PET/MRI in paediatric glioma, new guide-
lines providing proper information about patient selec-
tion, preparation and precautions, useful radiopharma-
ceuticals, radiation exposure, acquisition protocol, and 
image interpretation are required.

This document reports the main applications of  [18F]
FDG and amino acid PET radiopharmaceuticals in pae-
diatric gliomas but is unable to provide evidence-based 
answers to the questions about which are the most effec-
tive radiopharmaceuticals or which are the most impor-
tant indications to drive clinical management. However, 
in recent years, a growing body of evidence has shown 
that fluorinated amino acid PET radiopharmaceuticals 
have several diagnostic and logistic advantages over  [18F]
FDG and  [11C]MET, respectively.

Regarding image interpretation, co-registration with 
the MRI is pivotal for a proper analysis of PET data. In 
this context, a continuous and close interaction between 
the image specialists (i.e. nuclear medicine physician and 
neuroradiologists) is the main requisite to provide clini-
cians with more robust information to define tailored 
treatment strategies [113].

Liability statement

This guideline summarizes the views of the EANM (Pae-
diatric, Neuroimaging and Oncology and Theranostic 
Committees), SNMMI, SIOPE, and RAPNO. It reflects 
recommendations for which the EANM cannot be held 
responsible. The recommendations should be taken into 

context of good practice of nuclear medicine and do not 
substitute for national and international legal or regula-
tory provisions.

Abbreviations ALARA :  As Low As Reasonably Achievable; 
[11C]MET:  L-[methyl-11C]methionine; CNS:  Central nervous 
system; CT:  Computed tomography; DIPG:  Diffuse intrinsic 
pontine gliomas; DMG: Diffuse midline gliomas; DR: Dopamine 
receptor; DVA: Developmental venous anomalies; DWI: Diffu-
sion weighted imaging; EGFR: Epidermal growth factor recep-
tor; [18F]DOPA: 3,4-Dihydroxy-6-[18F]fluoro-L-phenylalanine; 
[18F]FDG:  2-Deoxy-2-[18F]fluoro-D-glucose; [18F]FET:  O-(2-
[18F]fluoroethyl)-L-tyrosine; FLAIR: Fluid attenuation inversion 
recovery; IDH:  Isocitrate dehydrogenase; LAT1: L-type amino 
acid transporter 1; MAPK:  Mitogen-activated protein kinase; 
MRglu: Metabolic rate of glucose; MRI: Magnetic resonance imag-
ing; MRSI: Magnetic resonance spectroscopic imaging; PET: Posi-
tron emission tomography; PET/CT: Positron emission tomogra-
phy/computed tomography; pLGG: Paediatric low-grade gliomas; 
pHGG: Paediatric high-grade gliomas; SNAT: Sodium-coupled 
neutral amino-acid transporter; SUV: Standardized uptake value; 
TAC : Time–activity curve; TBR: Tumour-to-background-ratio; 
TSR: Target to contralateral striatum ratio; WHO: World Health 
Organization; VOI: Volume of interest

Acknowledgements The guidelines were brought to the attention of 
the relevant EANM Committees and the National Societies of Nuclear 
Medicine. The comments and suggestions from the Neuroimaging, 
Technologist and Radiopharmacy EANM Committees, and the Ital-
ian National Society (AIMN) are highly appreciated and have been 
considered for this Guideline.

Funding Open Access funding enabled and organized by Projekt 
DEAL. Open Access funding enabled and organized by Project DEAL.

Declarations 

Ethics approval This article does not contain any studies with human 
participants or animals performed by any of the authors.

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Ward E, DeSantis C, Robbins A, Kohler B, Jemal A. Child-
hood and adolescent cancer statistics, 2014. CA Cancer J Clin. 
2014;64:83–103.

http://creativecommons.org/licenses/by/4.0/


European Journal of Nuclear Medicine and Molecular Imaging 

1 3

 2. Lamba N, Groves A, Torre M, Yeo KK, Iorgulescu JB. 
The epidemiology of primary and metastatic brain tumors 
in infancy through childhood. J Neurooncol [Internet]. 
2022;156:419–29. https:// doi. org/ 10. 1007/ s11060- 021- 
03927-z (Springer US).

 3. Sturm D, Pfister SM, Jones DTW. Pediatric gliomas: current 
concepts on diagnosis, biology, and clinical management. J Clin 
Oncol. 2017;35:2370–7.

 4. Paugh BS, Qu C, Jones C, Liu Z, Adamowicz-Brice M, 
Zhang J, et  al. Integrated molecular genetic profiling of 
pediatric high-grade gliomas reveals key differences with 
the adult disease. J Clin Oncol. 2010;28:3061–8.

 5. Ryall S, Tabori U, Hawkins C. Pediatric low-grade glioma in 
the era of molecular diagnostics. Acta Neuropathol Commun 
Acta Neuropathologica Communications. 2020;8:1–22.

 6. Louis DN, Perry A, Reifenberger G, von Deimling A, Figarella-
Branger D, Cavenee WK, et al. the 2016 World Health Organi-
zation classification of tumors of the central nervous system: a 
summary. Acta Neuropathol. 2016;131:803–20 (Springer Berlin 
Heidelberg).

 7. Gajjar A, Bowers DC, Karajannis MA, Leary S, Witt H, Got-
tardo NG. Pediatric brain tumors: innovative genomic infor-
mation is transforming the diagnostic and clinical landscape. 
J Clin Oncol. 2015;33:2986–98.

 8. Collins KL, Pollack IF. Pediatric low-grade Gliomas. Cancers 
(Basel). 2020;12:1152.

 9. Louis DN, Perry A, Wesseling P, Brat DJ, Cree IA, Figarella-
Branger D, The, et al. WHO classification of tumors of the cen-
tral nervous system: a summary. Neuro Oncol. 2021;2021:23.

 10. Ramaglia A, Tortora D, Mankad K, Lequin M, Severino M, 
D’Arco F, et al. Role of diffusion weighted imaging for dif-
ferentiating cerebral pilocytic astrocytoma and ganglioglioma 
BRAF V600E-mutant from wild type. Neuroradiology. 
2020;62:71–80.

 11. Rodriguez FJ, Lim KS, Bowers D, Eberhart CG. Pathologic and 
molecular advances in peadiatrics low grade astrocytoma. Annu 
Rev Pathol. 2013;8:361–79.

 12. Hawkins C, Walker E, Mohamed N, Zhang C, Jacob K, Shirin-
ian M, et al. BRAF-KIAA1549 fusion predicts better clinical 
outcome in pediatric low-grade astrocytoma. Clin Cancer Res. 
2011;17:4790–8.

 13. Han S, Liu Y, Cai SJ, Qian M, Ding J, Larion M, Gilbert MR, 
Yang C. IDHmutation in glioma: molecular mechanisms and 
potential therapeutic targets. Br JCancer. 2020;122:1580–9.

 14. Cohen KJ, Jabado N, Grill J. Diffuse intrinsic pontine gliomas 
- current management and new biologic insights. Is there a glim-
mer of hope? Neuro Oncol. 2017;19:1025–34.

 15. Pollack IF, Hamilton RL, James CD, Finkelstein SD, Burn-
ham J, Yates AJ, et al. Rarity of PTEN deletions and EGFR 
amplification in malignant gliomas of childhood: results from 
the Children’s Cancer Group 945 cohort. J Neurosurg Pediatr. 
2006;105:418–24.

 16. Braunstein S, Raleigh D, Bindra R, Mueller S, Haas-Kogan D. 
Pediatric high-grade glioma: current molecular landscape and 
therapeutic approaches. J Neurooncol. 2017;134:541–9.

 17. Nakamura M, Shimada K, Ishida E, Higuchi T, Nakase H, Sakaki 
T, et al. Molecular pathogenesis of pediatric astrocytic tumors. 
Neuro Oncol. 2007;9:113.

 18. Rizzo D, Ruggiero A, Martini M, Rizzo V, Maurizi P, Ric-
cardi R. Molecular biology in pediatric high-grade gli-
oma: impact on prognosis and treatment. Biomed Res Int. 
2015;2015:215135.

 19. Farouk Sait S, Walsh MF, Karajannis MA. Genetic syndromes 
predisposing topediatric brain tumors. Neurooncol Pract. 
2021;8:375–90.

 20. Ripperger T, Bielack SS, Borkhardt A, Brecht IB, Burkhardt 
B, Calaminus G, et al. Childhood cancer predisposition syn-
dromes—a concise review and recommendations by the Can-
cer Predisposition Working Group of the Society for Pedi-
atric Oncology and Hematology. Am J Med Genet Part A. 
2017;173:1017–37.

 21. Pollack IF. Multidisciplinary management of childhood brain 
tumors: a reviewof outcomes, recent advances, and challenges. J 
Neurosurg Pediatr. 2011;8:135–48.

 22. Cooney TM, Cohen KJ, Guimaraes CV, Dhall G, Leach J, 
Massimino M, et al. Response assessment in diffuse intrin-
sic pontine glioma: recommendations from the Response 
Assessment in Pediatric Neuro-Oncology (RAPNO) work-
ing group. Lancet Oncol [Internet]. 2020;21:e330-6. https:// 
doi. org/ 10. 1016/ S1470- 2045(20) 30166-2 (Elsevier Ltd).

 23. Erker C, Tamrazi B, Poussaint TY, Mueller S, Mata-Mbemba 
D, Franceschi E, et al. Response assessment in paediatric high-
grade glioma: recommendations from the response assessment 
in pediatric neuro-oncology (RAPNO) working group. Lancet 
Oncol. 2020;21:e317–29.

 24. Fangusaro J, Witt O, Hernáiz Driever P, Bag AK, de Blank P, 
Kadom N, et al. Response assessment in paediatric low-grade 
glioma: recommendations from the response assessment in pedi-
atric neuro-oncology (RAPNO) working group. Lancet Oncol. 
2020;21:e305–16.

 25. Reardon DA, Ballman KV, Buckner JC, Chang SM, Ell-
ingson BM. Impact of imaging measurements on response 
assessment in glioblastoma clinical trials. Neuro Oncol. 
2014;16:vii24–35.

 26. Okada H, Weller M, Huang R, Finocchiaro G, Gilbert MR, 
Wick W, et al. Immunotherapy response assessment in neuro-
Oncology: A report of the RANO working group. Lancet 
Oncol. 2015;16:e534–42.

 27. Piccardo A, Tortora D, Mascelli S, Severino M, Piatelli G, 
Consales A, et  al. Advanced MR imaging and 18F-DOPA 
PET characteristics of H3K27M-mutant and wild-type pedi-
atric diffuse midline gliomas. Eur J Nucl Med Mol Imaging. 
2019;46:1685–94.

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

 29. Albert NL, Weller M, Suchorska B, Galldiks N, Soffietti R, Kim 
MM, et al. Response assessment in neuro-oncology working 
group and European Association for Neuro-Oncology recom-
mendations for the clinical use of PET imaging in gliomas. Neuro 
Oncol. 2016;18:1199–208.

 30. Peet AC, Arvanitis TN, Leach MO, Waldman AD. Functional 
imaging in adult and paediatric brain tumours. Nat Rev Clin 
Oncol. 2012;9:700–11.

 31. Chen W, Silverman DHS, Delaloye S, Czernin J, Kamdar N, Pope 
W, et al. 18F-FDOPA PET imaging of brain tumors: Comparison 
study with 18F-FDG PET and evaluation of diagnostic accuracy. 
J Nucl Med. 2006;47:904–11.

 32. Wilson J, Parker JA, Yester MV, Daube-Witherspoon ME, 
Todd-Pokropek AE, Royal HJ. Procedure guideline for general 
imaging: 1.0. J Nucl Med. 1996;37:2087–92.

 33. Fragoso Costa P, Santos A, Testanera G. An insight into the 
EANM technologist committee benchmark document on 
nuclear medicine technologists’ competencies. Eur J Nucl 
Med Mol Imaging. 2017;44:1604–6.

 34. Performance and responsibility guidelines for the nuclear medi-
cine technologist: 1998 revision. Society of Nuclear Medicine-
Technologists. J Nucl Med Technol. 1998;26:45-9

https://doi.org/10.1007/s11060-021-03927-z
https://doi.org/10.1007/s11060-021-03927-z
https://doi.org/10.1016/S1470-2045(20)30166-2
https://doi.org/10.1016/S1470-2045(20)30166-2


 European Journal of Nuclear Medicine and Molecular Imaging

1 3

 35. ACR – AAPM Technical standard for diagnostic medical 
physics performance monitoring of PET/CT Equipment. 
2018;1–7. available at https:// www. acr. org/-/ media/ ACR/ 
Files/ Pract ice- Param eters/ pet- ct- equip. pdf? la= en

 36. Guibelalde E, Christofides S, Caruana CJ, Evan SH, Van der 
Putten W. Radiation protection no 174. Eur Comm [Internet]. 
2014;30. Available from: https:// ec. europa. eu/ energy/ sites/ ener/ 
files/ docum ents/ 174. pdf

 37. Busemann Sokole E, Płachcínska A, Britten A, Lyra Georgoso-
poulou M, Tindale W, Klett R. Routine quality control recom-
mendations for nuclear medicine instrumentation. Eur J Nucl 
Med Mol Imaging. 2010;37:662–71.

 38. Boellaard R, Rausch I, Beyer T, Delso G, Yaqub M, Quick HH, 
et al. Quality control for quantitative multicenter whole-body 
PET/MR studies: A NEMA image quality phantom study with 
three current PET/MR systems. Med Phys. 2015;42:5961–9.

 39. Valladares A, Ahangari S, Beyer T, Boellaard R, Chalampalakis 
Z, Comtat C, et al. Clinically valuable quality control for PET/
MRI systems: consensus recommendation from the HYBRID 
consortium. Front Phys. 2019;7.

 40. Keller SH, Jakoby B, Svalling S, Kjaer A, Højgaard L, Klausen 
TL. Cross-calibration of the Siemens MMR: easily acquired 
accurate pet phantom measurements, long-term stability and 
reproducibility. EJNMMI Phys. 2016;3:11.

 41. ACR COMMITTEE ON MR SAFETY. ACR Manual on MR 
Safety. American College of Radiology | 1891 Preston White 
Drive RV 20191, 2020. Available at https:// www. acr. org/-/ media/ 
ACR/ Files/ Radio logy- Safety/ MR- Safety/ Manual- on- MR- Safety. 
pdf

 42. Jackson E, Bronskill M, Drost D, Och J, Pooley R, Sobol W, 
et al. Acceptance testing and quality assurance procedures for 
magnetic resonance imaging facilities. 2010. Available at https:// 
www. aapm. org/ pubs/ repor ts/ RPT_ 100. pdf

 43. Gatidis S, Schmidt H, la Fougère C, Nikolaou K, Schwenzer 
NF, Schäfer JF. Defining optimal tracer activities in pediatric 
oncologic whole-body 18F-FDG-PET/MRI. Eur J Nucl Med Mol 
Imaging. 2016;43:2283–9.

 44. Zucchetta P, Branchini M, Zorz A, Bodanza V, Cecchin D, 
Paiusco M, et al. Quantitative analysis of image metrics for 
reduced and standard dose pediatric 18F-FDG PET/MRI 
examinations. Br J Radiol. 2019;92:20180438.

 45. Vali R, Alessio A, Balza R, Borgwardt L, Bar-Sever Z, Cza-
chowski M, et al. SNMMI Procedure standard/EANM practice 
guideline on pediatric 18F-FDG PET/CT for oncology 1.0. J 
Nucl Med. 2021;62:99–110.

 46. Borgwardt L, Larsen HJ, Pedersen K, Højgaard L. Practical use 
and implementation of PET in children in a hospital PET centre. 
Eur J Nucl Med Mol Imaging. 2003;30:1389–97.

 47. Hoffman JM, Hanson MW, Friedman HS, Hockenberger BM, 
Oakes WJ, Halperin EC, et al. Fdg-pet in pediatric posterior fossa 
brain tumors. J Comput Assist Tomogr. 1992;16:62–8.

 48. Brown WD, Oakes TR, DeJesus OT, Taylor MD, Roberts AD, 
Nickles RJ, et al. Fluorine-18-fluoro-L-DOPA dosimetry with car-
bidopa pretreatment. J Nucl Med. 1998;39:1884–91.

 49. Parikh N, Friedman KP, Shah SN, Chandarana H. Practical 
guide for implementing hybrid PET/MR clinical service: lessons 
learned from our experience. Abdom Imaging. 2015;40:1366–73.

 50. Lollis SS, Mamourian AC, Vaccaro TJ, Duhaime AC. Program-
mable CSF shunt valves: Radiographic identification and inter-
pretation. Am J Neuroradiol. 2010;31:1343–6.

 51. Borgwardt L, Højgaard L, Carstensen H, Laursen H, Nowak 
M, Thomsen C, et al. Increased fluorine-18 2-fluoro-2-deoxy-
D-glucose (FDG) uptake in childhood CNS tumors is corre-
lated with malignancy grade: A study with FDG positron 
emission tomography/magnetic resonance imaging coregis-
tration and image fusion. J Clin Oncol. 2005;23:3030–7.

 52. Utriainen M, Metsähonkala L, Salmi TT, Utriainen T, Kalimo 
H, Pihko H, et al. Metabolic characterization of childhood brain 
tumors: comparison of 18F-fluorodeoxyglucose and 11C-methio-
nine positron emission tomography. Cancer. 2002;95:1376–86.

 53. Zukotynski KA, Fahey FH, Kocak M, Alavi A, Wong TZ, 
Treves ST, et al. Evaluation of 18F-FDG PET and MRI asso-
ciations in pediatric diffuse intrinsic brain stem glioma: a 
report from the pediatric brain tumor consortium. J Nucl 
Med. 2011;52:188–95.

 54. Kruer MC, Kaplan AM, Etzl MM, Carpentieri DF, Dickman 
PS, Chen K, et al. The value of positron emission tomography 
and proliferation index in predicting progression in low-grade 
astrocytomas of childhood. J Neurooncol. 2009;95:239–45.

 55. Zukotynski K, Fahey F, Kocak M, Kun L, Boyett J, Fou-
ladi M, et  al. 18F-FDG PET and MR imaging associa-
tions across a spectrum of pediatric brain tumors: a report 
from the Pediatric Brain Tumor Consortium. J Nucl Med. 
2014;55:1473–80.

 56. Pirotte BJM, Lubansu A, Massager N, Wikler D, Goldman S, 
Levivier M. Results of positron emission tomography guidance 
and reassessment of the utility of and indications for stereotactic 
biopsy in children with infiltrative brainstem tumors. J Neuro-
surg. 2007;107:392–9.

 57. Hipp SJ, Steffen-Smith EA, Patronas N, Herscovitch P, Solo-
mon JM, Bent RS, et al. Molecular imaging of pediatric brain 
tumors: comparison of tumor metabolism using 18F-FDG-PET 
and MRSI. J Neurooncol. 2012;109:521–7.

 58. O’Tuama LA, Phillips PC, Strauss LC, Carson BC, Uno Y, Smith 
QR, et al. Two-phase [11C]l-methionine PET in childhood brain 
tumors. Pediatr Neurol. 1990;6:163–70.

 59. Kracht LW, Friese M, Herholz K, Schroeder R, Bauer B, Jacobs 
A, et al. Methyl-[11C]-L-methionine uptake as measured by 
positron emission tomography correlates to microvessel den-
sity in patients with glioma. Eur J Nucl Med Mol Imaging. 
2003;30:868–73.

 60. Galldiks N, Kracht LW, Berthold F, Miletic H, Klein JC, Herholz 
K, et al. [11C]-L-Methionine positron emission tomography in 
the management of children and young adults with brain tumors. 
J Neurooncol. 2010;96:231–9.

 61. Pirotte BJM, Lubansu A, Massager N, Wikler D, Van Bogaert P, 
Levivier M, et al. Clinical impact of integrating positron emis-
sion tomography during surgery in 85 children with brain tumors. 
J Neurosurg Pediatr. 2010;5:486–99.

 62. Preuss M, Werner P, Barthel H, Nestler U, Christiansen H, Hirsch 
FW, et al. Integrated PET/MRI for planning navigated biopsies 
in pediatric brain tumors. Child’s Nerv Syst. 2014;30:1399–403.

 63. Bag AK, Wing MN, Sabin ND, Hwang SN, Armstrong GT, Han 
Y, et al. [11 C]-methionine PET for identification of pediatric 
high-grade glioma recurrence. J Nucl Med. 2021;63(5):664–71.

 64. Singhal T, Tanjore KN, Martin PJ, Bal C, Mantil JC. 
11C-methionine PET for grading and prognostication in gli-
omas: a comparison study with 18F-FDG PET and contrast 
enhancement on MRI. J Nucl Med. 2012;53:1709–15.

 65. Lucas JT, Serrano N, Kim H, Li X, Snyder SE, Hwang S, et al. 
11C-Methionine positron emission tomography delineates non-
contrast enhancing tumor regions at high risk for recurrence in 
pediatric high-grade glioma. J Neurooncol. 2017;132:163–70.

 66. Tinkle CL, Duncan EC, Doubrovin M, Han Y, Li Y, Kim H, 
et al. Evaluation of 11 C-methionine PET and anatomic MRI 
associations in diffuse intrinsic pontine glioma. J Nucl Med. 
2019;60:312–9.

 67. Langen KJ, Hamacher K, Weckesser M, Floeth F, Stoffels G, 
Bauer D, et al. O-(2-[18F]fluoroethyl)-l-tyrosine: uptake mecha-
nisms and clinical applications. Nucl Med Biol. 2006;33:287–94.

 68. Grosu AL, Astner ST, Riedel E, Nieder C, Wiedenmann N, 
Heinemann F, et al. An interindividual comparison of O-(2-[18F]

https://www.acr.org/-/media/ACR/Files/Practice-Parameters/pet-ct-equip.pdf?la=en
https://www.acr.org/-/media/ACR/Files/Practice-Parameters/pet-ct-equip.pdf?la=en
https://ec.europa.eu/energy/sites/ener/files/documents/174.pdf
https://ec.europa.eu/energy/sites/ener/files/documents/174.pdf
https://www.acr.org/-/media/ACR/Files/Radiology-Safety/MR-Safety/Manual-on-MR-Safety.pdf
https://www.acr.org/-/media/ACR/Files/Radiology-Safety/MR-Safety/Manual-on-MR-Safety.pdf
https://www.acr.org/-/media/ACR/Files/Radiology-Safety/MR-Safety/Manual-on-MR-Safety.pdf
https://www.aapm.org/pubs/reports/RPT_100.pdf
https://www.aapm.org/pubs/reports/RPT_100.pdf


European Journal of Nuclear Medicine and Molecular Imaging 

1 3

fluoroethyl)-L- tyrosine (FET)- and L-[methyl- 11C]methionine 
(MET)-PET in patients with brain gliomas and metastases. Int J 
Radiat Oncol Biol Phys. 2011;81:1049–58.

 69. Misch M, Guggemos A, Driever PH, Koch A, Grosse F, Steffen 
IG, et al. 18F-FET-PET guided surgical biopsy and resection in 
children and adolescence with brain tumors. Child’s Nerv Syst. 
2015;31:261–7.

 70. Messing-Jünger AM, Floeth FW, Pauleit D, Reifenberger G, 
Willing R, Gärtner J, et al. Multimodal target point assessment 
for stereotactic biopsy in children with diffuse bithalamic astro-
cytomas. Child’s Nerv Syst. 2002;18:445–9.

 71. Marner L, Lundemann M, Sehested A, Nysom K, Borgwardt 
L, Mathiasen R, et al. Diagnostic accuracy and clinical impact 
of [18F]FET PET in childhood CNS tumors. Neuro Oncol. 
2021;1(23):2107–16.

 72. Dunkl V, Cleff C, Stoffels G, Judov N, Sarikaya-Seiwert S, Law I, 
et al. The usefulness of dynamic O-(2–18F-fluoroethyl)-L-tyros-
ine PET in the clinical evaluation of brain tumors in children and 
adolescents. J Nucl Med. 2015;56:88–92.

 73. Elahmadawy MA, M El-Ayadi. F18-FET PET in pediatric brain 
tumors: integrative analysis of image derived parameters and 
clinico-pathological data. Q J Nucl Med Mol Imaging. 2020. 
https:// doi. org/ 10. 23736/ S1824- 4785. 20. 03267-7. Online ahead 
of print

 74. Marner L, Nysom K, Sehested A, Borgwardt L, Mathiasen 
R, Henriksen OM, et al. Early postoperative 18F-FET PET/
MRI for pediatric brain and spinal cord tumors. J Nucl Med. 
2019;60:1053–8.

 75. Youland RS, Kitange GJ, Peterson TE, Pafundi DH, Ramiscal 
JA, Pokorny JL, et al. The role of LAT1 in 18F-DOPA uptake in 
malignant gliomas. J Neurooncol. 2013;111:11–8.

 76. Dadone-Montaudié B, Ambrosetti D, Dufour M, Darcourt J, 
Almairac F, Coyne J, et al. [18F] FDOPA standardized uptake 
values of brain tumors are not exclusively dependent on LAT1 
expression. PLoS One. 2017;12:e0184625.

 77. Morana G, Tortora D, Bottoni G, Puntoni M, Piatelli G, Gari-
botto F, et al. Correlation of multimodal 18F-DOPA PET and 
conventional MRI with treatment response and survival in 
children with diffuse intrinsic pontine gliomas. Theranostics. 
2020;10:11881–91.

 78. Obara-Michlewska M, Szeliga M. Targeting glutamine addiction 
in gliomas. Cancers (Basel). 2020;29(12):310.

 79. Chi AS, Tarapore RS, Hall MD, Shonka N, Gardner S, Umemura 
Y, et al. Pediatric and adult H3 K27M-mutant diffuse midline 
glioma treated with the selective DRD2 antagonist ONC201. J 
Neurooncol. 2019;145:97–105.

 80. Caragher SP, Shireman JM, Huang M, Miska J, Atashi F, Baisi-
wala S, et al. Activation of dopamine receptor 2 prompts tran-
scriptomic and metabolic plasticity in glioblastoma. J Neurosci. 
2019;39:1982–93.

 81. Morana G, Piccardo A, Milanaccio C, Puntoni M, Nozza P, Cama 
A, et al. Value of 18F–3,4-dihydroxyphenylalanine pet/mr image 
fusion in pediatric supratentorial infiltrative astrocytomas: a pro-
spective pilot study. J Nucl Med. 2014;55:718–23.

 82. Morana G, Piccardo A, Puntoni M, Nozza P, Cama A, Raso A, 
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;17:1637–47.

 83. Morana G, Piccardo A, Tortora D, Puntoni M, Severino M, 
Nozza P, et al. Grading and outcome prediction of pediatric dif-
fuse astrocytic tumors with diffusion and arterial spin labeling 
perfusion MRI in comparison with 18F–DOPA PET. Eur J Nucl 
Med Mol Imaging. 2017;44:2084–93.

 84. Morana G, Piccardo A, Garrè ML, Nozza P, Consales A, Rossi 
A. Multimodal magnetic resonance imaging and18F-L- dihy-
droxyphenylalanine positron emission tomography in early 

characterization of pseudoresponse and nonenhancing tumor 
progression in a pediatric patient with malignant transforma-
tion of ganglioglioma treated with bevacizumab. J Clin Oncol. 
2013;31:e1-5.

 85. Gauvain K, Ponisio MR, Barone A, Grimaldi M, Parent E, Leeds 
H, et al. 18F-FDOPA PET/MRI for monitoring early response 
to bevacizumab in children with recurrent brain tumors. Neuro-
Oncology Pract. 2018;5:28–36.

 86. Morana G, Bottoni G, Mancardi MM, Verrico A, Piccardo A. 
Seizure-induced increased 18F-DOPA uptake in a child with dif-
fuse astrocytoma and transient brain MRI abnormalities related 
to status epilepticus. Clin Nucl Med. 2018;43:e149–50.

 87. Gillings N, Hjelstuen O, Ballinger J, Behe M, Decristoforo C, 
Elsinga P, et al. Guideline on current good radiopharmacy prac-
tice (cGRPP) for the small-scale preparation of radiopharmaceu-
ticals. EJNMMI Radiopharm Chem; 2021;6:8

 88. Treves ST, Gelfand MJ, Fahey FH, Parisi MT. update of the 
North American consensus guidelines for pediatric administered 
radiopharmaceutical activities. J Nucl Med. 2016;2016:57.

 89. EANM. EANM - Dosage Card. 2016;43:1–2. Available at https:// 
www. eanm. org/ docs/ EANM_ Dosage_ Card_ 040214. pdf

 90. Phi JH, Paeng JC, Lee HS, Wang KC, Cho BK, Lee JY, et al. 
Evaluation of focal cortical dysplasia and mixed neuronal and 
glial tumors in pediatric epilepsy patients using 18F-FDG and 
11C-methionine pet. J Nucl Med. 2010;51:728–34.

 91. Kwatra NS, Lim R, Gee MS, States LJ, Vossough A, Lee EY. 
PET/MR imaging: current updates on pediatric applications. 
Magn Reson Imaging Clin N Am. 2019;27:387–407.

 92. Zaidi H, Ojha N, Morich M, Griesmer J, Hu Z, Maniawski P, 
et al. Design and performance evaluation of a whole-body inge-
nuity TF PET-MRI system. Phys Med Biol. 2011;56:3091–106.

 93. Delso G, Fürst S, Jakoby B, Ladebeck R, Ganter C, Nekolla 
SG, et al. Performance measurements of the Siemens mMR 
integrated whole-body PET/MR scanner. J Nucl Med. 
2011;52:1914–22.

 94. Ladefoged CN, Marner L, Hindsholm A, Law I, Højgaard L, 
Andersen FL. Deep learning based attenuation correction of 
PET/MRI in pediatric brain tumor patients: evaluation in a clini-
cal setting. Front Neurosci. 2019;7(12):1005.

 95. Ladefoged CN, Andersen FL, Kjær A, Højgaard L, Law I. 
RESOLUTE PET/MRI attenuation correction for O-(2–18F-
fluoroethyl)-L-tyrosine (FET) in brain tumor patients with metal 
implants. Front Neurosci. 2017;11:453.

 96. Morana G, Puntoni M, Garrè ML, Massollo M, Lopci E, Naseri 
M, et al. Ability of 18F-DOPA PET/CT and fused 18F-DOPA 
PET/MRI to assess striatal involvement in paediatric glioma. Eur 
J Nucl Med Mol Imaging. 2016;43:1664–72.

 97. Henriksen OM, Marner L, Law I. Clinical PET/MR imaging in 
dementia and neuro-oncology. PET Clin. 2016;11:441–52.

 98. Avula S, Peet A, Morana G, Morgan P, Warmuth-Metz M, Jaspan T. 
Correction to: European Society for Paediatric Oncology (SIOPE) 
MRI guidelines for imaging patients with central nervous system 
tumours (Child’s Nervous System, (2021), 37, 8, (2497-2508), 
10.1007/s00381-021-05199-4). Child’s Nerv Syst. 2021;37:2509–10.

 99. Juengling FD, Kassubek J, Martens-Le Bouar H, Reinhardt 
MJ, Krause T, Nitzsche EU, et al. Cerebral regional hypome-
tabolism caused by propofol-induced sedation in children with 
severe myoclonic epilepsy: A study using fluorodeoxyglucose 
positron emission tomography and statistical parametric map-
ping. Neurosci Lett. 2002;335:79–82.

 100. Puget S, Alshehri A, Beccaria K, Blauwblomme T, Paternoster 
G, James S, et al. Pediatric infratentorial ganglioglioma. Child’s 
Nerv Syst. 2015;31:1707–16.

 101. Luo CB, Teng MM, Chen SS, Lirng JF, Guo WY, Lan GY, et al. 
Intracranial ganglioglioma: CT and MRI findings. Kaohsiung J 
Med Sci. 1997;13:467–74.

https://doi.org/10.23736/S1824-4785.20.03267-7
https://www.eanm.org/docs/EANM_Dosage_Card_040214.pdf
https://www.eanm.org/docs/EANM_Dosage_Card_040214.pdf


 European Journal of Nuclear Medicine and Molecular Imaging

1 3

 102. Pirotte B, Acerbi F, Lubansu A, Goldman S, Brotchi J, Levivier 
M. PET imaging in the surgical management of pediatric brain 
tumors. Child’s Nerv Syst. 2007;23:739–51.

 103. Ginet M, Zaragori T, Marie PY, Roch V, Gauchotte G, Rech 
F, et  al. Integration of dynamic parameters in the analy-
sis of 18F-FDopa PET imaging improves the prediction of 
molecular features of gliomas. Eur J Nucl Med Mol Imaging. 
2020;47:1381–90.

 104. Fulham MJ, Melisi JW, Nishimiya J, Dwyer AJ, Di Chiro G. 
Neuroimaging of juvenile pilocytic astrocytomas: An enigma. 
Radiology. 1993;189:221–5.

 105. Holthoff VA, Herholz K, Berthold F, Widemann B, Schröder R, 
Neubauer I, et al. In vivo metabolism of childhood posterior fossa 
tumors and primitive neuroectodermal tumors before and after 
treatment. Cancer. 1993;72:1394–403.

 106. Cecchin D, Garibotto V, Law I, Goffin K. PET imaging in neu-
rodegeneration and neuro-oncology: Variants and Pitfalls. Semin 
Nucl Med. 2021;51:408–18.

 107. Morana G, Piccardo A, Garrè ML, Cabria M, Rossi A. 
18F-DOPA uptake of developmental venous anomalies in chil-
dren with brain tumors. Clin Nucl Med. 2016;41:e351-2.

 108. Stanescu L, Ishak GE, Khanna PC, Biyyam DR, Shaw DW, 
Parisi MT. FDG PET of the brain in pediatric patients: 

imaging spectrum with MR imaging correlation. Radiograph-
ics. 2013;33:1279–303.

 109. Morana G, Piccardo A, Garrè ML, Nobili F, Rossi A. Late persis-
tent increased putaminal 18F-DOPA uptake following ipsilateral 
frontal resection: Evidence for corticostriatal synaptic plasticity? 
Clin Nucl Med. 2015;40:e451–2.

 110. Jones BV, Linscott L, Koberlein G, Hummel TR, Leach JL. 
Increased prevalence of developmental venous anomalies 
in children with intracranial neoplasms. Am J Neuroradiol. 
2015;36:1782–5.

 111. Harreld JH, Doubrovin M, Butch ER, Edwards A, Shulkin B. 
Developmental venous anomalies mimicking neoplasm on 
11C-methionine PET and DSC perfusion MRI. Clin Nucl Med. 
2017;42:e275–6.

 112. Parisi MT, Bermo MS, Alessio AM, Sharp SE, Gelfand MJ, 
Shulkin BL. Optimization of pediatric PET/CT. Semin Nucl 
Med. 2017;47:258–74.

 113. Chiti A, Menu Y. Radiology and nuclear medicine: advancing 
together in the era of precision medicine. Eur J Nucl Med Mol 
Imaging. 2020;47:517–8.

Publisher’s note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Authors and Affiliations

Arnoldo Piccardo1 · Nathalie L. Albert2 · Lise Borgwardt3 · Frederic H. Fahey4 · Darren Hargrave5 · 
Norbert Galldiks6,7 · Nina Jehanno8 · Lars Kurch9  · Ian Law3 · Ruth Lim10 · Egesta Lopci11 · Lisbeth Marner12 · 
Giovanni Morana13 · Tina Young Poussaint4 · Victor J. Seghers14,15 · Barry L. Shulkin16 · Katherine E. Warren17 · 
Tatjana Traub‑Weidinger18 · Pietro Zucchetta19

1 Department of Nuclear Medicine, E.O. “Ospedali Galliera”, 
Genoa, Italy

2 Department of Nuclear Medicine, University Hospital 
of LMU Munich, Munich, Germany

3 Department of Clinical Physiology, Nuclear Medicine 
and PET, Rigshospitalet, University of Copenhagen, 
Copenhagen, Denmark

4 Department of Radiology, Boston Children’s Hospital, 
Harvard Medical School, Boston, MA, USA

5 Department of Paediatric Oncology, Great Ormond Street 
Hospital NHS Trust, London, UK

6 Department of Neurology, Faculty of Medicine 
and University Hospital Cologne, University of Cologne, 
Cologne, Germany

7 Institute of Neuroscience and Medicine (INM-3), Research 
Center Juelich, Juelich, Germany

8 Department of Nuclear Medicine, Institut Curie Paris, Paris, 
France

9 Department of Nuclear Medicine, University Hospital 
Leipzig, Leipzig, Germany

10 Department of Radiology, Massachusetts General Hospital, 
Boston, MA, USA

11 Nuclear Medicine Unit, IRCCS-Humanitas Research 
Hospital, Via Manzoni 56, 20089 Rozzano, Milano, Italy

12 Department of Clinical Physiology and Nuclear Medicine, 
Copenhagen University Hospital Bispebjerg, Copenhagen, 
Denmark

13 Department of Neurosciences, University of Turin, Turin, 
Italy

14 Singleton Department of Pediatric Radiology, Texas 
Children’s Hospital, Houston, TX, USA

15 Department of Radiology, Baylor College of Medicine, 
Houston, TX, USA

16 Nuclear Medicine Department of Diagnostic Imaging 
St. Jude Children’s Research Hospital, University 
of Tennessee Health Science Center, Memphis, TN, USA

17 Department of Pediatric Oncology, Dana Farber Cancer 
Institute, Boston, MA, USA

18 Division of Nuclear Medicine, Department of Biomedical 
Imaging and Image-Guided Therapy, Medical University 
of Vienna, Vienna, Austria

19 Nuclear Medicine Unit, Department of Medicine - DIMED, 
University Hospital of Padova, Padua, Italy

http://orcid.org/0000-0002-3396-4880

	Joint EANMSIOPERAPNO practice guidelinesSNMMI procedure standards for imaging of paediatric gliomas using PET with radiolabelled amino acids and [18F]FDG: version 1.0
	Abstract
	Preface
	Introduction
	Aim
	Definitions
	Clinical indications
	Qualification and responsibilities of personnel
	Physicians
	Technologists
	Medical physicists
	PETMRI

	Procedureexamination
	Requirements

	Patient preparation and precautions
	Specific indication and performance of [18F]FDG PET
	Specific indication and performance of amino acid PET radiopharmaceuticals
	[11C]MET
	[18F]FET
	[18F]DOPA


	Radiopharmaceuticals
	PET acquisition protocol
	Image reconstruction
	Image interpretation
	Interpretation of static amino acid PET data
	Interpretation of dynamic [18F]FET PET data
	Interpretation of static [18F]FDG data
	At initial diagnosis
	Suspected tumour recurrence

	Pitfalls
	Documentation and reporting
	Equipment specifications
	Conclusion
	Liability statement
	Acknowledgements 
	References


