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Simple Summary: PET using radiolabelled amino acids has become an essential tool for diagnosing
brain tumours in addition to MRI. O-(2-[18F]fluoroethyl)-L-tyrosine (FET) is one of the most successful
tracers in the field. We analysed our database of 6534 FET PET examinations regarding the diagnostic
needs and preferences of the referring physicians for FET PET in the clinical decision-making process.
The demand for FET PET increased considerably in the last decade, especially for differentiating
tumour progress from treatment-related changes in gliomas. Accordingly, referring physicians rated
the diagnostics of recurrent glioma and recurrent brain metastases as the most relevant indication
for FET PET. The analysis and survey results confirm the high relevance of FET PET in the clinical
diagnosis of brain tumours and support the need for approval for routine use.

Abstract: O-(2-[18F]fluoroethyl)-L-tyrosine (FET) is a widely used amino acid tracer for positron
emission tomography (PET) imaging of brain tumours. This retrospective study and survey aimed to
analyse our extensive database regarding the development of FET PET investigations, indications,
and the referring physicians’ rating concerning the role of FET PET in the clinical decision-making
process. Between 2006 and 2019, we performed 6534 FET PET scans on 3928 different patients against
a backdrop of growing demand for FET PET. In 2019, indications for the use of FET PET were as
follows: suspected recurrent glioma (46%), unclear brain lesions (20%), treatment monitoring (19%),
and suspected recurrent brain metastasis (13%). The referring physicians were neurosurgeons (60%),
neurologists (19%), radiation oncologists (11%), general oncologists (3%), and other physicians (7%).
Most patients travelled 50 to 75 km, but 9% travelled more than 200 km. The role of FET PET in
decision-making in clinical practice was evaluated by a questionnaire consisting of 30 questions,
which was filled out by 23 referring physicians with long experience in FET PET. Fifty to seventy per
cent rated FET PET as being important for different aspects of the assessment of newly diagnosed
gliomas, including differential diagnosis, delineation of tumour extent for biopsy guidance, and
treatment planning such as surgery or radiotherapy, 95% for the diagnosis of recurrent glioma, and
68% for the diagnosis of recurrent brain metastases. Approximately 50% of the referring physicians
rated FET PET as necessary for treatment monitoring in patients with glioma or brain metastases.
All referring physicians stated that the availability of FET PET is essential and that it should be
approved for routine use. Although the present analysis is limited by the fact that only physicians
who frequently referred patients for FET PET participated in the survey, the results confirm the high
relevance of FET PET in the clinical diagnosis of brain tumours and support the need for its approval
for routine use.

Keywords: brain tumour diagnosis; positron emission tomography; O-(2-[18F]fluoroethyl)-L-tyrosine
(FET); glioma; brain metastasis; amino acid PET

1. Introduction

Today, contrast-enhanced magnetic resonance imaging (MRI) is the method of choice
for diagnosing brain tumours and clinical follow-up. Standard T1-weighted and T2-
weighted sequences provide high-resolution structural imaging and enable a reliable
diagnosis in many cases [1]. Nevertheless, differentiating tumour tissue from non-specific
tissue changes can be problematic, especially in diffuse tumour growth, lack of contrast
enhancement, and treatment-related tissue changes in pretreated tumours. Many studies
have demonstrated that positron emission tomography (PET) using radiolabelled amino
acids provides decisive additional information to solve the aforementioned problems [2].
Consequently, the Response Assessment in Neuro-Oncology (RANO) working group has
recommended using amino acid PET imaging and MRI in all stages of brain tumour
management [3–5].

In the 1990s, O-(2-[18F]fluoroethyl)-L-tyrosine (FET) was developed at the Forschungszen-
trum Jülich (FZJ) to provide an 18F-labelled amino acid PET tracer with a half-life (110 min)
suitable for routine clinical applications compared to the shorter-lived carbon-11-labelled
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amino acid tracers (half-life: 20 min; e.g., L-[methyl-11C]methionine (MET)) [6–9]. In the
last two decades, our team has contributed to the preclinical and clinical evaluation of FET
as a tracer of amino acid transport in brain tumours by publishing more than 170 research
papers. Fortunately, FET has become one of the most successful amino acid tracers for brain
tumour imaging [10,11]. The high diagnostic value of FET PET has attracted clinical inter-
est among neuro-oncologists, neurosurgeons, and radiation oncologists in the university
clinics in our area, resulting in considerable growth in the number of investigated patients.
Meanwhile, our department has performed more than 8000 FET PET investigations (May
2022) since 2001.

As several excellent review articles and meta-analyses have discussed the sensitivity,
specificity, and diagnostic accuracy of FET PET in various aspects of brain tumour imaging,
this study’s intention was not to review these aspects again [1–4,7,11–14].

Instead, this survey’s rationale was to obtain information on the acceptance and role of
FET PET, based on the development of clinical demands and the needs of the neurosurgeon,
neuro-oncologist, or radiation oncologist. Furthermore, we were interested in assessing
FET PET’s necessity according to the referring doctors.

Until 2005, the FET PET examinations in our department were primarily conducted
within the framework of prospective studies [15–19]. The considerable increase in the
number of examinations after that, especially in the last ten years, predominantly reflects
the clinical needs of the referring physicians (Figure 1). Therefore, we assumed that the
database accumulated at the FZJ provides an excellent footing for such an analysis because
our situation is different from PET centres located at university hospitals or other specialised
institutions, where the decision to use FET PET might be influenced by local factors such
as accessibility, preferences of the tumour therapists or the tumour board, or economic
issues. For example, internal billing of the PET costs does not play a role at our institution
as the FET PET investigations are free of charge for the referring clinic, and the effort
of the referring physician is limited to the arrangement of an appointment. This unique
arrangement at the FZJ provides a patient collective that reflects the diagnostic needs in
neuro-oncology beyond conventional neuro-radiological assessment and for which FET
PET plays an essential role in clinical decision making. Thus, this retrospective study and
survey aimed to analyse the clinical relevance of FET PET based on the referral practice in
a large population of patients driven by clinical needs. The results can contribute to the
current debate on whether a broader availability of amino acid PET is necessary for the
standard care of brain tumour patients.
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2. Patients and Methods
2.1. Study Design

The present study was conducted following the recommendation of the Strengthening
the Reporting of Observational Studies in Epidemiology: the STROBE statement [20] and
includes our experiences with FET PET since its introduction in 2001. In the years from 2001
to 2005, patients were mainly examined in the context of prospective studies (n = 374), such
as the diagnostic potential of FET PET to estimate the tumour extent in untreated gliomas in
a biopsy-controlled study, whole-body distribution, radiation dosimetry, and in comparison
with other tracers [18,21]. Since these studies do not reflect the clinical needs, these cohorts
were excluded from the present evaluation. Therefore, in this retrospective study, only
data from patients having a FET PET examination at the Institute of Neuroscience and
Medicine of the FZJ from 2006 until the end of 2019 were evaluated. During this time, 6534
FET PET investigations were performed on 3928 patients, which served as this study’s
database. The preparation of patients, the FET PET procedure, synthesis method, scanners
used, reconstruction and correction methods, and the evaluation of the FET PET data are
not the subject of this study and have been described in detail elsewhere [22–24].

2.2. Ethics Statement

The study adheres to the standards established in the Declaration of Helsinki. All
patients provided written informed consent before each FET PET investigation. The eth-
ical committee of the Medical Faculty of the RWTH Aachen University approved this
retrospective analysis of patient data (EK 386/20).

2.3. Objectives

We evaluated the database of FET PET examinations in the FZJ from 2006 to 2019
under the following aspects:

1. Total number of examinations;
2. Number of patients with multiple examinations;
3. Development of the number of examinations over time;
4. Indication for referral to FET PET;
5. The referring physicians’ specialty;
6. Distribution of FET PET examinations among the referring clinics;
7. Distance of the referrer from the FZJ.

2.4. Survey

In the neuro-oncology centres with more than 100 referrals, 23 specialists with more
than 3 years of experience in using FET PET in brain tumour diagnosis were identified. All
of them completed a questionnaire designed for this study. This questionnaire consisted of
30 Likert-like questions, which aimed at evaluating the relevance of FET PET under the
following aspects:

1. Rating of the additional value of FET PET in comparison to conventional MRI in
glioma patients at initial diagnosis, in early postoperative assessment, in the case of
suspected tumour recurrence, and for therapy monitoring.

2. Rating of the additional value of FET PET in comparison to conventional MRI in
patients with brain metastases in the case of suspected tumour recurrence and for
therapy monitoring.

3. Percentage of patients in which FET PET is considered helpful for the various indications.
4. Rating of the value of advanced MR procedures (e.g., PWI, MRS, and DWI) for the

various indications compared to FET PET.
5. General statements on the need for FET PET in brain tumour assessment.

Each observer rated each question or statement according to a rating scale ranging
from 1, very important, to 5, unimportant, or in the case of percentages in five steps: <10%;
25%, 50%, 75%, and >90%.
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Figure S1 of the supplemental material provides the English version of the questionnaire.

2.5. Statistics

Descriptive statistics are provided as mean ± standard deviation (SD). One-way
repeated measures ANOVAs with All Pairwise Multiple Comparison Procedures (Holm–
Sidak method) were performed to determine differences across groups of medical special-
ists. P values of 0.05 or less were considered significant. Statistical analysis was performed
using SigmaPlot for Windows, Version 12.5.

3. Results
3.1. Database

A total of 6534 FET PET studies were performed on 3928 patients between 2006 and the
end of 2019. Figure 1 illustrates the growing demand for FET PET examinations. Sixty-six
per cent of the patients had one PET scan, 18% had two PET scans, and the remaining
patients had three or more PET scans. Predominantly, glioma patients were examined
using FET PET, but from 2010 onwards, patients with brain metastases were increasingly
referred, accounting for 13% of the patients examined in the last survey year.

Based on the referral spectrum of 2019, the frequencies of FET PET indications were:
the diagnosis of suspected recurrent glioma in 46%, differential diagnosis of unclear brain
lesions in 20%, treatment monitoring in patients with glioma in 19%, diagnosis of suspected
recurrent brain metastasis in 13%, and 1% with other indications (Figure 2). Forty-three
percent of the patients were treated at the University Clinic of Düsseldorf (distance from
the FZJ, 58 km), 28% at the University Clinic of Cologne (distance from the FZJ, 48 km),
13% at the University Clinic of Aachen (distance from the FZJ, 37 km), 9% at the University
Clinic of Frankfurt (distance from the FZJ, 233 km), and 7% at the Clinic and Gammaknife
Center in Krefeld (distance from the FZJ, 70 km). Thus, most patients were referred by
centres located up to 75 km away, but 9% also were referred from centres at a distance of
more than 200 km. In addition, most patients for FET PET were referred by neurosurgeons
(60%), followed by neurologists (19%), radiation oncologists (11%), general oncologists
(3%), and other physicians (7%).
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3.2. Survey

The questionnaire was completed by 23 physicians: neurosurgeons (n = 7), neurologists
(n = 9), and radiation oncologists (n = 7). Tables 1–4 summarise the survey’s results. Fifty
to seventy percent of the referrers rated FET PET as being important or very important
for the assessment of newly diagnosed gliomas, including the confirmation of suspected
glioma, estimation of tumour extent, biopsy guidance, and planning for surgery and
radiotherapy (Table 1). A more detailed analysis revealed differences in the assessment of
the various specialist groups for this indication: while approx. 80% of the neurosurgeons
and neurologists rated FET PET as important in newly diagnosed gliomas, the rating of the
radiation oncologists was only approx. 20% (p < 0.01).

Table 1. Referrers’ rating of the significance of FET PET for different indications.

Indication. Very Important or Important

In newly diagnosed gliomas
Confirmation of suspected glioma 50%

Extent of glioma 59%
Biopsy guidance 64%

OP/RTX planning 73%

Early postoperative
Tumour residuals (yes/no) 41%

Estimation of tumour extent 45%

Recurrent gliomas
Suspected recurrence (yes/no) 95%

Detection of pseudoprogression/radionecrosis 95%
Extent of the recurrent tumour 95%

Planning of surgery/radiotherapy 91%

Therapy monitoring in gliomas
Temozolomide 55%

PCV scheme 55%
Antiangiogenic therapy 55%

Immunotherapy 50%
Other therapies 53%

Brain Metastases
Suspected recurrence (yes/no) 68%

Therapy monitoring 50%
“Very important or important” = Rating <3 according to a rating scale ranging from 1, very important, to 5,
unimportant. Right column: percentage of referrers rating <3.

Table 2. Referrers’ rating of the percentage of patients in which FET PET is necessary for
different indications.

Indication Mean ± SD (%) FET PET Necessary in
≥50% of the Patients

Differential diagnosis of brain lesion 47 ± 31% 55%
Prognosis of gliomas 43 ± 28% 55%

Biopsy guidance in gliomas 50 ± 30% 64%
Tumour extent for OP/RT planning 54 ± 24% 75%

Diagnosis of recurrent gliomas 68 ± 22% 91%
Therapy monitoring in gliomas 53 ± 27% 73%

Diagnosis of recurrent brain metastasis 45 ± 31% 45%
Therapy monitoring of brain metastasis 36 ± 29% 36%

Rating of the referrers regarding the necessity of FET PET in different indications in five steps: <10%; 25%, 50%,
75% and >90% of patients. Right column: percentage of referrers rating FET PET as necessary in ≥ 50% of
the patients.



Cancers 2022, 14, 3336 7 of 11

Table 3. Rating of the significance of advanced MR procedures (PWI, MRS, and DWI) for different
indications compared to FET PET.

Indication Adv. MRI Very Important or Important

Differential diagnosis of brain lesion 52%
Diagnosis of recurrent gliomas 57%
Therapy monitoring in gliomas 52%

Diagnosis of recurrent brain metastasis 52%
Therapy monitoring of brain metastasis 38%

“Very important or important” = Rating <3 according to a rating scale ranging from 1, very important, to 5,
unimportant. Right column: percentage of referrers’ rating <3.

Table 4. Referrers’ rating on the general availability of FET PET.

Statement Correct

The availability of FET PET is very important for me 100%
The availability of FET PET is sufficient for my needs 86%
FET PET should be approved as a standard procedure 100%

FET PET should be available in specialised
neuro-oncological centres only 86%

“Correct” = Rating <3 according to a rating scale ranging from 1, correct, to 5, not correct. Right column: percentage
of referrers rating <3.

In the early postoperative situation, 41% of the physicians considered FET PET helpful.
In patients with recurrent glioma, 95% of the referring physicians considered FET PET
as important or very important for differentiating tumour recurrence from treatment-
related changes (e.g., pseudoprogression and radionecrosis), for the estimation of the
recurrent tumour’s extent, and 91% for the planning of additional surgery or radiotherapy.
Approximately 50% of physicians rated FET PET as essential for treatment monitoring,
especially in glioma patients undergoing chemotherapy. Again, a more detailed analysis
revealed differences in the assessment of the various specialist groups for this indication.
While 83% of the neurologists rated FET PET as important in this indication, the fraction of
neurosurgeons was 43%, and that of the radiotherapists only 20% (p < 0.001). In patients
with brain metastases, 68% of the physicians considered FET PET important or very
important for identifying suspected recurrence, and 50 % for treatment monitoring.

Regarding the fraction of patients for whom FET PET was considered beneficial, the
highest values were again achieved for diagnosing recurrent gliomas (68 ± 22%) (Table 2)
and was around 50% for other indications. The value of advanced MR procedures for the
various indications compared to FET PET was rated as important or very important by
approx. 50% of the referrers (Table 3).

In the survey’s final question, 100% of the referring physicians stated that FET PET
availability is very important and should be approved for routine use (Table 4). About 90%
stated that the availability of FET PET at the FZJ is sufficient for their needs and that FET
PET needs to be available in specialised centres only.

4. Discussion

The study’s rationale was to obtain information on the clinical acceptance of FET
PET in brain tumour diagnosis in an environment that reflects the clinical needs for this
examination. The PET facility, which includes a cyclotron and a radiochemistry department,
located at the FZJ, is not part of a single university hospital. Instead, it is open to neuro-
oncological departments from several university hospitals and specialised centres. Since
clinicians are usually under considerable time pressure when assessing the best medical
treatment for their patients, they prefer to avoid examinations of little help in the clinical
decision-making process. This particularly applies to examinations not available in their
clinic. Therefore, there is a high probability that the referral spectrum at our institution
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reflects the clinical need for FET PET in decisive diagnostic questions, which an MRI did
not answer satisfactorily.

First, we would like to emphasise that the considerable increase in the number of FET
PET examinations, especially in the last decade, is a strong indicator of the clinical relevance
of amino acid PET in brain tumour diagnostics (Figure 1) and the referring clinicians appear
to benefit significantly from this information during the clinical decision-making process.

The analysis of the referral spectrum shows that differentiating tumour progression
or recurrence from treatment-related changes in patients with glioma is considered the
most important indication for FET PET (Figure 2). In recent years, recurrence diagnosis
in brain metastases has played an increasing role. Consequently, the diagnosis of tumour
recurrence in general accounts for about 59% of all indications. This finding is consistent
with a recent study investigating the impact of FET PET/MRI on the clinical management
of brain tumour patients [13]. In that study, the proportion of patients with suspected
glioma recurrence accounted for 70% of examinations, and FET PET/MRI changed clinical
management in 46% of the cases. Accordingly, 95% of all referring physicians in our survey
rated FET PET as being important or very important for decision making in recurrent
gliomas (Table 1).

The second most common indication for FET PET in our database was the clarification
of unclear brain lesions, accounting for 20%. Fifty to seventy per cent of all referring
physicians in our survey rated FET PET as important or very important for confirming
suspected tumours, as well as for estimating tumour extent and the better planning of
biopsy, surgery, or radiation therapy. Brendle et al. reported that FET PET/MRI affected
clinical management in 33% of untreated lesions [13]. However, there were significant
differences in the rating for this indication among the various specialist groups in our
survey. While approx. 80% of neurosurgeons and neurologists rated FET PET as essential
in newly diagnosed gliomas, the fraction of radiation therapists was only 20% (p < 0.01).
This differential assessment may be explained by the fact that the differential diagnosis of
newly diagnosed brain lesions concerns neurologists and neurosurgeons more frequently
than radiotherapists.

Treatment monitoring also played a crucial role in our collective (19%), but only
approx. 50% of the referring physicians rated FET PET as necessary for the clinical decision-
making process in this indication. Again, there were significant differences in this indication
among the specialist groups. While most neurologists rated FET PET as important for this
indication, the fractions of neurosurgeons and radiotherapists were significantly smaller.

It is tempting to speculate that these differences are again related to the differential
frequencies with which the different specialists carry out chemotherapies. Although several
studies have demonstrated promising results with amino acid PET in treatment monitoring,
further studies are warranted to establish this indication in clinical practice [25,26].

In the literature, the significance of FET PET for tumour grading, prognostication,
or the prediction of molecular markers is a frequent topic [14,27–31]. Interestingly, this
indication was not listed by the referrers in our collective. Our data suggest that tumour
classification and prognostication are primarily based on histopathological and molecular
evaluation of the tumour specimen. Additional information afforded by FET PET may
be beneficial, but does not play a significant role in FET PET indication. A previous
study reported that the grading of inhomogeneous masses with predominantly low-grade
features and grading in tumour locations at risk for surgery complications accounted for
approx. 20% of the FET PET indications in newly diagnosed tumours. This discrepancy
may be explained by the specific referral behaviour of the therapists in that centre, but it is
also possible that such referral details were not recorded in the patient files of our large
long-term collective.

It should be kept in mind that excellent results in solving diagnostic problems in
brain tumour imaging can also be achieved by using advanced MR methods, e.g., for
differentiating unclear lesion or recurrence diagnosis [1]. However, advanced MRI methods
had already been included in the decision process of many patients, suggesting that the
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referred patients represent a cohort in which diagnosis could not be established satisfactorily
by either conventional or advanced MRI. In our survey, approx. 50% of the referrers rated
advanced MRI as important for the different indications. Some referrers mentioned that
advanced MRI methods were often unavailable due to a lack of appointments. Others
indicated that they generally exploit the potential of advanced MR methods before referral
for FET PET.

In general, it should be pointed out that interpretating PWI, MRS, or DWI is chal-
lenging and requires extensive radiological expertise and experience. In contrast, the
interpretation of FET PET findings is relatively easy for the therapist, supporting the
method’s acceptance. However, FET PET and advanced MR methods should not be re-
garded as competing, but complementary. The complementary or additive nature of both
approaches is currently the subject of numerous studies with promising results [32–38].

Given the high clinical relevance of FET PET in brain tumour diagnostics, we would
like to comment briefly on the current legal situation. For FET, approval exists in Switzer-
land [39] and in France (IASOglio, IASON). Clinical use of FET is possible in Germany
under the Regulation on Radioactive Drugs or Drugs Treated with Ionizing Radiation (AM-
RadV), i.e., in centres with a cyclotron and a manufacturing license for the tracer [40]. In
December 2021, the Federal Joint Committee approved reimbursement for PET or PET/CT
with radioactive amino acids in malignant glial tumours to differentiate post-therapeutic
changes from tumour tissue and confirm tumour recurrence as part of the amendment to
the guidelines on outpatient specialist care [41]. Thus, a clinical application of FET PET
and a reimbursement of the services by the public health insurers is possible in specialised
centres. General approval of FET by the German Federal Institute for Drugs and Medical
Devices (BfArM) is not yet available.

A limitation of this study is that only physicians who frequently referred patients for
FET PET participated in the survey. It cannot be excluded that the opinion of physicians
who are critical of FET PET may not have been adequately considered. Therefore, the
ratings of the referrers should be considered with caution. On the other hand, all major
neuro-oncology centres in the area of the FZJ took part in this survey, and the spectrum of
referrers covers all relevant disciplines. Furthermore, as can be seen from the variability
of the results, both supporters and sceptics of FET PET are included. The differential
assessment within the various indications is independent of this bias and provides relevant
information on the preferential indications for FET PET in clinical practice.

5. Conclusions

The increasing demand for FET PET, especially to differentiate tumour progression
and treatment-related changes in gliomas, and the referring physicians’ judgements provide
convincing evidence that this method is relevant in the clinical decision-making process of
glioma patients and patients with cerebral metastases. Furthermore, our study strongly
supports the need to approve amino acid PET for routine use in brain tumour patients.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/cancers14143336/s1, Figure S1. Questionnaire.

Author Contributions: Conceptualisation: A.H., D.D. (Daniela Dedic), and K.-J.L.; investigation:
G.S., C.P.F., C.L., K.N.H.D., S.G., C.S., A.W., J.M., W.A.W., M.K., and B.N.N.; resources: M.S., M.R.,
M.P., M.J.E., H.C., D.D. (Daniel Delev), N.G., J.R., G.C., E.K.B., J.-M.W., C.T., V.D., M.I.R., R.G., J.H.,
C.W.L., U.H., G.D.M., and J.P.S.; formal analysis, D.D. (Daniela Dedic), A.H., and K.-J.L.; writing—
original draft preparation: D.D. (Daniela Dedic), A.H., F.M., and K.-J.L.; writing—review and editing:
P.L., N.G, G.R.F., N.J.S., and F.M.M. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Ethics Committee of the Medical Faculty of the RWTH
Aachen University (EK 386/20).

https://www.mdpi.com/article/10.3390/cancers14143336/s1


Cancers 2022, 14, 3336 10 of 11

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data that support the findings of this study are available on
request from the corresponding author. The data are not publicly available due to privacy or
ethical restrictions.

Acknowledgments: The authors thank Silke Frensch, Kornelia Frey, Natalie Judov, Trude Plum,
Suzanne Schaden, and Lutz Tellmann for assistance in the patient studies, and Johannes Ermert, Silke
Grafmüller, Erika Wabbals, and Sascha Rehbein for the radiosynthesis of FET.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Langen, K.J.; Galldiks, N.; Hattingen, E.; Shah, N.J. Advances in neuro-oncology imaging. Nat. Rev. Neurol. 2017, 13, 279–289.

[CrossRef] [PubMed]
2. Galldiks, N.; Lohmann, P.; Albert, N.L.; Tonn, J.C.; Langen, K.J. Current status of PET imaging in neuro-oncology. Neurooncol.

Adv. 2019, 1, vdz010. [CrossRef] [PubMed]
3. Albert, N.L.; Weller, M.; Suchorska, B.; Galldiks, N.; Soffietti, R.; Kim, M.M.; la Fougère, C.; Pope, W.; Law, I.; Arbizu, J.; et al.

Response Assessment in Neuro-Oncology working group and European Association for Neuro-Oncology recommendations for
the clinical use of PET imaging in gliomas. Neuro Oncol. 2016, 18, 1199–1208. [CrossRef] [PubMed]

4. Law, I.; Albert, N.L.; Arbizu, J.; Boellaard, R.; Drzezga, A.; Galldiks, N.; la Fougère, C.; Langen, K.J.; Lopci, E.; Lowe, V.; 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, 540–557. [CrossRef]

5. Galldiks, N.; Langen, K.J.; Albert, N.L.; Chamberlain, M.; Soffietti, R.; Kim, M.M.; Law, I.; Le Rhun, E.; Chang, S.;
Schwarting, J.; et al. PET imaging in patients with brain metastasis-report of the RANO/PET group. Neuro Oncol. 2019, 21,
585–595. [CrossRef] [PubMed]

6. Wester, H.J.; Herz, M.; Weber, W.; Heiss, P.; Senekowitsch-Schmidtke, R.; Schwaiger, M.; Stöcklin, G. Synthesis and radiopharma-
cology of O-(2-[18F]fluoroethyl)-L-tyrosine for tumor imaging. J. Nucl. Med. 1999, 40, 205–212.

7. Langen, K.J.; Hamacher, K.; Weckesser, M.; Floeth, F.; Stoffels, G.; Bauer, D.; Coenen, H.H.; Pauleit, D. O-(2-[18F]fluoroethyl)-L-
tyrosine: Uptake mechanisms and clinical applications. Nucl. Med. Biol. 2006, 33, 287–294. [CrossRef]

8. Hamacher, K.; Coenen, H.H. Efficient routine production of the 18F-labelled amino acid O-2-18F fluoroethyl-L-tyrosine. Appl.
Radiat. Isot. 2002, 57, 853–856. [CrossRef]

9. Wester, H.J. F-18-Fluorination of Proteins. Peplides and Tyrosin. Ph.D. Thesis, Nuclear Research Center Juelich, Juelich, Germany,
1996. Report No. 3209.

10. Langen, K.J.; Stoffels, G.; Filss, C.; Heinzel, A.; Stegmayr, C.; Lohmann, P.; Willuweit, A.; Neumaier, B.; Mottaghy, F.M.; Galldiks,
N. Imaging of amino acid transport in brain tumours: Positron emission tomography with O-(2-[18F]fluoroethyl)-L-tyrosine
(FET). Methods 2017, 130, 124–134. [CrossRef]

11. Stegmayr, C.; Willuweit, A.; Lohmann, P.; Langen, K.J. O-(2-[18F]-Fluoroethyl)-L-Tyrosine (FET) in Neurooncology: A Review of
Experimental Results. Curr. Radiopharm. 2019, 12, 201–210. [CrossRef]

12. Stegmayr, C.; Stoffels, G.; Filss, C.; Heinzel, A.; Lohmann, P.; Willuweit, A.; Ermert, J.; Coenen, H.H.; Mottaghy, F.M.;
Galldiks, N.; et al. Current trends in the use of O-(2-[(18)F]fluoroethyl)-L-tyrosine ([(18)F]FET) in neurooncology. Nucl. Med. Biol.
2021, 92, 78–84. [CrossRef] [PubMed]

13. Brendle, C.; Maier, C.; Bender, B.; Schittenhelm, J.; Paulsen, F.; Renovanz, M.; Roder, C.; Castaneda-Vega, S.; Tabatabai, G.;
Ernemann, U.; et al. Impact of (18)F-FET PET/MRI on Clinical Management of Brain Tumor Patients. J. Nucl. Med. 2022, 63,
522–527. [CrossRef] [PubMed]

14. Dunet, V.; Pomoni, A.; Hottinger, A.; Nicod-Lalonde, M.; Prior, J.O. Performance of 18F-FET versus 18F-FDG-PET for the diagnosis
and grading of brain tumors: Systematic review and meta-analysis. Neuro Oncol. 2016, 18, 426–434. [CrossRef] [PubMed]

15. Floeth, F.W.; Pauleit, D.; Sabel, M.; Reifenberger, G.; Stoffels, G.; Stummer, W.; Rommel, F.; Hamacher, K.; Langen, K.J. 18F-FET
PET differentiation of ring-enhancing brain lesions. J. Nucl. Med. 2006, 47, 776–782. [PubMed]

16. Floeth, F.W.; Pauleit, D.; Sabel, M.; Stoffels, G.; Reifenberger, G.; Riemenschneider, M.J.; Jansen, P.; Coenen, H.H.; Steiger, H.J.;
Langen, K.J. Prognostic value of O-(2-18F-fluoroethyl)-L-tyrosine PET and MRI in low-grade glioma. J. Nucl. Med. 2007, 48,
519–527. [CrossRef] [PubMed]

17. Floeth, F.W.; Pauleit, D.; Wittsack, H.J.; Langen, K.J.; Reifenberger, G.; Hamacher, K.; Messing-Jünger, M.; Zilles, K.; Weber, F.;
Stummer, W.; et al. Multimodal metabolic imaging of cerebral gliomas: Positron emission tomography with [18F]fluoroethyl-L-
tyrosine and magnetic resonance spectroscopy. J. Neurosurg. 2005, 102, 318–327. [CrossRef]

18. Pauleit, D.; Floeth, F.; Hamacher, K.; Riemenschneider, M.J.; Reifenberger, G.; Muller, H.W.; Zilles, K.; Coenen, H.H.; Langen, K.J.
O-(2-[18F]fluoroethyl)-L-tyrosine PET combined with MRI improves the diagnostic assessment of cerebral gliomas. Brain 2005,
128, 678–687. [CrossRef]

19. Pauleit, D.; Floeth, F.; Herzog, H.; Hamacher, K.; Tellmann, L.; Muller, H.W.; Coenen, H.H.; Langen, K.J. Whole-body distribution
and dosimetry of O-(2-[18F]fluoroethyl)-L-tyrosine. Eur. J. Nucl. Med. Mol. Imaging 2003, 30, 519–524. [CrossRef]

http://doi.org/10.1038/nrneurol.2017.44
http://www.ncbi.nlm.nih.gov/pubmed/28387340
http://doi.org/10.1093/noajnl/vdz010
http://www.ncbi.nlm.nih.gov/pubmed/32642650
http://doi.org/10.1093/neuonc/now058
http://www.ncbi.nlm.nih.gov/pubmed/27106405
http://doi.org/10.1007/s00259-018-4207-9
http://doi.org/10.1093/neuonc/noz003
http://www.ncbi.nlm.nih.gov/pubmed/30615138
http://doi.org/10.1016/j.nucmedbio.2006.01.002
http://doi.org/10.1016/S0969-8043(02)00225-7
http://doi.org/10.1016/j.ymeth.2017.05.019
http://doi.org/10.2174/1874471012666190111111046
http://doi.org/10.1016/j.nucmedbio.2020.02.006
http://www.ncbi.nlm.nih.gov/pubmed/32113820
http://doi.org/10.2967/jnumed.121.262051
http://www.ncbi.nlm.nih.gov/pubmed/34353870
http://doi.org/10.1093/neuonc/nov148
http://www.ncbi.nlm.nih.gov/pubmed/26243791
http://www.ncbi.nlm.nih.gov/pubmed/16644747
http://doi.org/10.2967/jnumed.106.037895
http://www.ncbi.nlm.nih.gov/pubmed/17401087
http://doi.org/10.3171/jns.2005.102.2.0318
http://doi.org/10.1093/brain/awh399
http://doi.org/10.1007/s00259-003-1118-0


Cancers 2022, 14, 3336 11 of 11

20. Von Elm, E.; Altman, D.G.; Egger, M.; Pocock, S.J.; Gotzsche, P.C.; Vandenbroucke, J.P. STROBE-Initiative. The Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE) statement: Guidelines for reporting observational studies. J. Clin.
Epidemiol. 2008, 61, 344–349. [CrossRef]

21. Pauleit, D.; Stoffels, G.; Schaden, W.; Hamacher, K.; Bauer, D.; Tellmann, L.; Herzog, H.; Bröer, S.; Coenen, H.H.; Langen, K.J. PET
with O-(2-18F-Fluoroethyl)-L-Tyrosine in peripheral tumors: First clinical results. J. Nucl. Med. 2005, 46, 411–416.

22. Lohmann, P.; Stavrinou, P.; Lipke, K.; Bauer, E.K.; Ceccon, G.; Werner, J.M.; Neumaier, B.; Fink, G.R.; Shah, N.J.; Langen, K.J.; et al.
FET PET reveals considerable spatial differences in tumour burden compared to conventional MRI in newly diagnosed glioblas-
toma. Eur. J. Nucl. Med. Mol. Imaging 2019, 46, 591–602. [CrossRef] [PubMed]

23. Werner, J.M.; Stoffels, G.; Lichtenstein, T.; Borggrefe, J.; Lohmann, P.; Ceccon, G.; Shah, N.J.; Fink, G.R.; Langen, K.J.;
Kabbasch, C.; et al. Differentiation of treatment-related changes from tumour progression: A direct comparison between dynamic
FET PET and ADC values obtained from DWI MRI. Eur. J. Nucl. Med. Mol. Imaging 2019, 46, 1889–1901. [CrossRef]

24. Caldeira, L.; Kops, E.R.; Yun, S.D.; Da Silva, N.; Mauler, J.; Weirich, C.; Scheins, J.; Herzog, H.; Tellmann, L.; Lohmann, P.; et al.
The Julich Experience With Simultaneous 3T MR-BrainPET: Methods and Technology. IEEE Trans. Radiat. Plasma Med. Sci. 2019, 3,
352–362. [CrossRef]

25. Galldiks, N.; Law, I.; Pope, W.B.; Arbizu, J.; Langen, K.J. The use of amino acid PET and conventional MRI for monitoring of brain
tumor therapy. Neuroimage Clin. 2017, 13, 386–394. [CrossRef] [PubMed]

26. Galldiks, N.; Niyazi, M.; Grosu, A.L.; Kocher, M.; Langen, K.J.; Law, I.; Minniti, G.; Kim, M.M.; Tsien, C.; Dhermain, F.; et al.
Contribution of PET imaging to radiotherapy planning and monitoring in glioma patients—A report of the PET/RANO group.
Neuro Oncol. 2021, 23, 881–893. [CrossRef]

27. Albert, N.L.; Winkelmann, I.; Suchorska, B.; Wenter, V.; Schmid-Tannwald, C.; Mille, E.; Brendel, M.; Tonn, J.C.; Bartenstein, P.; la
Fougère, C. Early static (18)F-FET-PET scans have a higher accuracy for glioma grading than the standard 20–40 min scans. Eur. J.
Nucl. Med. Mol. Imaging 2016, 43, 1105–1114. [CrossRef]

28. Lohmann, P.; Lerche, C.; Bauer, E.K.; Steger, J.; Stoffels, G.; Blau, T.; Dunkl, V.; Kocher, M.; Viswanathan, S.; Filss, C.P.; et al.
Predicting IDH genotype in gliomas using FET PET radiomics. Sci. Rep. 2018, 8, 13328. [CrossRef]

29. Bauer, E.K.; Stoffels, G.; Blau, T.; Reifenberger, G.; Felsberg, J.; Werner, J.M.; Lohmann, P.; Rosen, J.; Ceccon, G.; Tscherpel, C.; et al.
Prediction of survival in patients with IDH-wildtype astrocytic gliomas using dynamic O-(2-[(18)F]-fluoroethyl)-L-tyrosine PET.
Eur. J. Nucl. Med. Mol. Imaging 2020, 47, 1486–1495. [CrossRef]

30. Bumes, E.; Wirtz, F.P.; Fellner, C.; Grosse, J.; Hellwig, D.; Oefner, P.J.; Häckl, M.; Linker, R.; Proescholdt, M.; Schmidt, N.O.; et al.
Non-Invasive Prediction of IDH Mutation in Patients with Glioma WHO II/III/IV Based on F-18-FET PET-Guided In Vivo
(1)H-Magnetic Resonance Spectroscopy and Machine Learning. Cancers 2020, 12, 3406. [CrossRef]

31. Verger, A.; Stoffels, G.; Bauer, E.K.; Lohmann, P.; Blau, T.; Fink, G.R.; Neumaier, B.; Shah, N.J.; Langen, K.J.; Galldiks, N. Static and
dynamic (18)F-FET PET for the characterization of gliomas defined by IDH and 1p/19q status. Eur. J. Nucl. Med. Mol. Imaging
2018, 45, 443–451. [CrossRef]

32. Verburg, N.; Koopman, T.; Yaqub, M.M.; Hoekstra, O.S.; Lammertsma, A.A.; Barkhof, F.; Pouwels, P.J.W.; Reijneveld, J.C.;
Heimans, J.J.; Rozemuller, A.J.M.; et al. Improved detection of diffuse glioma infiltration with imaging combinations: A diagnostic
accuracy study. Neuro Oncol. 2020, 22, 412–422. [CrossRef] [PubMed]

33. Pyka, T.; Hiob, D.; Preibisch, C.; Gempt, J.; Wiestler, B.; Schlegel, J.; Straube, C.; Zimmer, C. Diagnosis of glioma recurrence using
multiparametric dynamic 18F-fluoroethyl-tyrosine PET-MRI. Eur. J. Radiol. 2018, 103, 32–37. [CrossRef] [PubMed]

34. Schon, S.; Cabello, J.; Liesche-Starnecker, F.; Molina-Romero, M.; Eichinger, P.; Metz, M.; Karimov, I.; Preibisch, C.; Keupp, J.;
Hock, A.; et al. Imaging glioma biology: Spatial comparison of amino acid PET, amide proton transfer, and perfusion-weighted
MRI in newly diagnosed gliomas. Eur. J. Nucl. Med. Mol. Imaging 2020, 47, 1468–1475. [CrossRef] [PubMed]

35. Steidl, E.; Langen, K.J.; Hmeidan, S.A.; Polomac, N.; Filss, C.P.; Galldiks, N.; Lohmann, P.; Keil, F.; Filipski, K.; Mottaghy, F.M.; et al.
Sequential implementation of DSC-MR perfusion and dynamic [(18)F]FET PET allows efficient differentiation of glioma progres-
sion from treatment-related changes. Eur. J. Nucl. Med. Mol. Imaging 2021, 48, 1956–1965. [CrossRef]

36. D’Amore, F.; Grinberg, F.; Mauler, J.; Galldiks, N.; Blazhenets, G.; Farrher, E.; Filss, C.; Stoffels, G.; Mottaghy, F.M.;
Lohmann, P.; et al. Combined (18)F-FET PET and diffusion kurtosis MRI in posttreatment glioblastoma: Differentiation of true
progression from treatment-related changes. Neurooncol. Adv. 2021, 3, vdab044. [PubMed]

37. Shymanskaya, A.; Worthoff, W.A.; Stoffels, G.; Lindemeyer, J.; Neumaier, B.; Lohmann, P.; Galldiks, N.; Langen, K.J.; Shah, N.J.
Comparison of [(18)F]Fluoroethyltyrosine PET and Sodium MRI in Cerebral Gliomas: A Pilot Study. Mol. Imaging Biol. 2020, 22,
198–207. [CrossRef] [PubMed]

38. Worthoff, W.A.; Shymanskaya, A.; Shah, N.J. Relaxometry and quantification in simultaneously acquired single and triple
quantum filtered sodium MRI. Magn Reson. Med. 2019, 81, 303–315. [CrossRef]

39. Swissmedic. Swiss Agency for Therapeutic Products. J. Swissmedic. 2020, 19, 485.
40. Bundesamt-für-Justiz. AmRadV. 2007. Available online: https://www.gesetze-im-internet.de/amradv/BJNR005020987.html

(accessed on 19 January 2007).
41. Bundesausschuss, G. ASV bei Gehirntumoren. 2021. Available online: https://www.g-ba.de/beschluesse/5207/ (accessed on 26

April 2022).

http://doi.org/10.1016/j.jclinepi.2007.11.008
http://doi.org/10.1007/s00259-018-4188-8
http://www.ncbi.nlm.nih.gov/pubmed/30327856
http://doi.org/10.1007/s00259-019-04384-7
http://doi.org/10.1109/TRPMS.2018.2863953
http://doi.org/10.1016/j.nicl.2016.12.020
http://www.ncbi.nlm.nih.gov/pubmed/28116231
http://doi.org/10.1093/neuonc/noab013
http://doi.org/10.1007/s00259-015-3276-2
http://doi.org/10.1038/s41598-018-31806-7
http://doi.org/10.1007/s00259-020-04695-0
http://doi.org/10.3390/cancers12113406
http://doi.org/10.1007/s00259-017-3846-6
http://doi.org/10.1093/neuonc/noz180
http://www.ncbi.nlm.nih.gov/pubmed/31550353
http://doi.org/10.1016/j.ejrad.2018.04.003
http://www.ncbi.nlm.nih.gov/pubmed/29803382
http://doi.org/10.1007/s00259-019-04677-x
http://www.ncbi.nlm.nih.gov/pubmed/31953672
http://doi.org/10.1007/s00259-020-05114-0
http://www.ncbi.nlm.nih.gov/pubmed/34013207
http://doi.org/10.1007/s11307-019-01349-y
http://www.ncbi.nlm.nih.gov/pubmed/30989437
http://doi.org/10.1002/mrm.27387
https://www.gesetze-im-internet.de/amradv/BJNR005020987.html
https://www.g-ba.de/beschluesse/5207/

	Introduction 
	Patients and Methods 
	Study Design 
	Ethics Statement 
	Objectives 
	Survey 
	Statistics 

	Results 
	Database 
	Survey 

	Discussion 
	Conclusions 
	References

