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FET PET allows efficient differentiation of glioma progression
from treatment-related changes
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Abstract
Purpose Perfusion-weightedMRI (PWI) and O-(2-[18F]fluoroethyl-)-L-tyrosine ([18F]FET) PET are both applied to discriminate
tumor progression (TP) from treatment-related changes (TRC) in patients with suspected recurrent glioma. While the combina-
tion of both methods has been reported to improve the diagnostic accuracy, the performance of a sequential implementation has
not been further investigated. Therefore, we retrospectively analyzed the diagnostic value of consecutive PWI and [18F]FET PET.
Methods We evaluated 104 patients with WHO grade II–IV glioma and suspected TP on conventional MRI using PWI and
dynamic [18F]FET PET. Leakage corrected maximum relative cerebral blood volumes (rCBVmax) were obtained from dynamic
susceptibility contrast PWI. Furthermore, we calculated static (i.e., maximum tumor to brain ratios; TBRmax) and dynamic
[18F]FET PET parameters (i.e., Slope). Definitive diagnoses were based on histopathology (n = 42) or clinico-radiological
follow-up (n = 62). The diagnostic performance of PWI and [18F]FET PET parameters to differentiate TP from TRC was
evaluated by analyzing receiver operating characteristic and area under the curve (AUC).
Results Across all patients, the differentiation of TP from TRC using rCBVmax or [

18F]FET PET parameters was moderate (AUC =
0.69–0.75; p < 0.01). A rCBVmax cutoff > 2.85 had a positive predictive value for TP of 100%, enabling a correct TP diagnosis in 44
patients. In the remaining 60 patients, combined static and dynamic [18F]FET PET parameters (TBRmax, Slope) correctly discriminated
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TP and TRC in a significant 78% of patients, increasing the overall accuracy to 87%. A subgroup analysis of isocitrate dehydrogenase
(IDH) mutant tumors indicated a superior performance of PWI to [18F]FET PET (AUC = 0.8/< 0.62, p < 0.01/≥ 0.3).
Conclusion While marked hyperperfusion on PWI indicated TP, [18F]FET PET proved beneficial to discriminate TP from TRC
when PWI remained inconclusive. Thus, our results highlight the clinical value of sequential use of PWI and [18F]FET PET,
allowing an economical use of diagnostic methods. The impact of an IDH mutation needs further investigation.

Keywords Glioma . PWI . [18F]FET PET . Pseudoprogression . Isocitrate dehydrogenase

Introduction

Following brain cancer treatment, the early and reliable detection
of tumor progression (TP) is of paramount clinical interest [1].
The imaging standard for glioma proposed by the Response
Assessment in Neuro-Oncology (RANO) group is the morpho-
logical approach in magnetic resonance imaging (MRI) with
diffusion-weighted sequences [2]. A limitation of this method
is the sometimes insufficient differentiation of TP from solely
treatment-related changes (TRC) [3]. Supplementary perfusion-
weighted MRI (PWI) is widely used [4] in order to improve
diagnostic accuracy [5]. Several studies demonstrated the benefit
of dynamic susceptibility contrast (DSC) PWI in high-grade gli-
oma [6–8]. As opposed to the mainly inflammatory processes of
TRC [3], the neoplastic hypervascularization in glioma can result
in a relative increase of the cerebral blood volume compared to
normal-appearing brain tissue (rCBV) [6]. The reliability of this
method, however, is controversial and for example, Boxerman
et al. [7] were not able to differentiate TP on the basis of a single
rCBV measurement and instead suggested a longitudinal ap-
proach. Another option for distinguishing between TP and
TRC is the use of PET with radiolabeled amino acids such as
O-(2-[18F]fluoroethyl-)-L-tyrosine ([18F]FET) [9, 10]. [18F]FET
can pass through the blood-brain barrier and is taken up into the
cells by amino acid transporters [10]. While the exact uptake
mechanism and regulation is not fully understood [11], it has
been demonstrated that the extent of [18F]FET uptake in most
high-grade gliomas as well as in the majority of low-grade glio-
mas [9] is considerably higher than in normal brain tissue [1].
Also, the dynamic of the uptake differs, allowing for further
distinction [11]. The same holds true when comparing the tumor
uptake to that of inflammatory processes [11]. Previous studies
specifically investigating the differentiation of TP and TRC in
glioma [12–16] reported diagnostic accuracies of [18F]FET PET
between 81% [17] and 99% [18]. This considerable range could
be attributed to the analysis of different PET parameters and the
particular patient populations, varying in tumor subtypes and
treatments.

Several analyses correlated [18F]FET PET parameters with
PWI-derived parameters like rCBV [19–22]. However, there
is a general consensus that [18F]FET uptake, especially at 20–
40 min, is dominated by the expression of amino acid trans-
porters [10, 19], explaining why hotspot locations on

[18F]FET PET and PWI do often not coincide [22]. Specific
comparisons of the diagnostic value of [18F]FET PET and
PWI to differentiate TP from TRC have only been performed
in smaller cohorts (26–47 patients) missingmolecular markers
[23–25]. The results ranged from superiority of [18F]FET PET
[23, 24] to equal performance of both methods [25] and indi-
cated an added value of combined data.

In the present study, we retrospectively evaluated the data of
dynamic [18F]FET PET and DSC PWI from patients with
suspected recurrent glioma with a focus on the additive value
of sequentially implementing both methods for the clinical
decision-making process at our center. On the basis of a relatively
large patient cohort, we analyzed the diagnostic accuracy of dif-
ferent parameters and possibly beneficial combinations thereof.
Furthermore, we included a subgroup analysis of tumors with
and without isocitrate dehydrogenase (IDH) mutation.

Methods

Patient selection

This retrospective study was approved by the scientific board
of the University Cancer Center Frankfurt and the local ethics
committee (SNO-8-2018). All patients had given written in-
formed consent. PWI measurements were conducted at the
Institute of Neuroradiology, Goethe University Hospital
Frankfurt. [18F]FET PET imaging was performed at the
Research Center Juelich, Germany.

We searched our database for adults with (1) histologically
proven glioma who underwent both [18F]FET PET and PWI
in order to differentiate between TP and TRC (triggered
through previousMRI findings suspicious for progressive dis-
ease according to RANO) and (2) a maximum of 3 months
between the two examinations without changes in treatment or
neurosurgical intervention.

Imaging protocols and post-processing

DSC PWI measurements were performed on two MR scan-
ners (1.5 Tesla Achieva dStream®, Philips Healthcare,
Amsterdam, Netherlands; 3 Tesla Skyra®, Siemens,
Erlangen, Germany). The protocols for the perfusion
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measurements were adapted to the respective scanner perfor-
mance (1.5/3 Tesla), thus differing in detail but had not been
changed over the examined time period (gradient-echo echo-
planar imaging; time-to-echo, 30–38 ms; time-to-repeat,
1790–2104 ms; flip-angle, 90°; slice thickness, 3–5 mm; 50
dynamic scans). Measurements were performed both with and
without application of a contrast agent prebolus before apply-
ing the intravenous main bolus (gadolinium-based agent, 0.1
mmol/kg bodyweight; infusion rate, 4 ml/s followed by 21 ml
of NaCl). Corresponding anatomical MRI including T2- and
contrast-enhanced T1-weighted images was available. All raw
data were reanalyzed for this study. We used the automated
MR Neuro Perfusion application within the Philips
IntelliSpace® software toolbox. Post-processing leakage cor-
rection based on the Boxerman-Weisskoff approach was
employed [26]. The calculated perfusion maps were co-
registered and used as an overlay on anatomical MRI to allow
for vessel exclusion and identification of tumor margins. The
area of maximum CBV within the tumor was then visually
assessed and mapped as ROI. An equally sized ROI in the
contralateral, normal-appearing brain tissue was used for cal-
culation of the maximum rCBV (rCBVmax = CBVtumor/
CBVnormal tissue). Figure 1 shows exemplary images from
PWI and [18F]FET PET analysis. The ROI selection was con-
ducted in consensus by two radiologists (E.H. and E.S.) who
were blinded to both diagnosis (including [18F]FET PET data)
and outcome of the patients. To assess the inter-rater

reliability, measurements were reanalyzed by another experi-
enced neuroradiologist (F.K.), who was previously not en-
gaged in the project and also blinded.

Detailed information on [18F]FET PET acquisition (stand-
alone PET scanner ECAT EXACT HR+ and 3-T hybrid PET/
MR scanner BrainPET; both Siemens Healthcare, Erlangen,
Germany) and post-processing was published recently [17].
Parameters evaluated were the region of interest (ROI) based
mean and maximum tumor to brain ratios (TBRmean,
TBRmax), the time-to-peak of the time-activity curve in mi-
nutes (TTP), and the slope of the time-activity curve 20–40
min post-injection expressed in change of standardized uptake
value per hour (SUV/h, Slope; SUV = image activity concen-
tration [Bq/g] * patient weight [g] injected activity [Bq]). All
analyses were conducted in the clinical context while the final
diagnosis and the PWI results were still unknown.

Final diagnosis of TP and TRC

The final diagnosis was based either on histopathology as
previously published [17] or clinico-radiological follow-up
as specified below.

TRC was diagnosed if the following criteria applied: For
WHO grade II gliomas, the clinical and radiological assess-
ment had to be stable or improved for a minimum of 12
months without the administration of another therapy. For
WHO grade III–IV gliomas, at least 6 months of stable or

Fig. 1 Example of corresponding PWI and [18F]FET PET. A T1-
weighted contrast-enhanced (a), a T2-weighted (b), and a fluid-
attenuated inversion recovery (FLAIR, c) MR image of a patient with
tumor progression (TP). The corresponding [18F]FET PET (map only
shown in d; map as transparent overlay on the T1-weighted contrast-

enhanced image shown in e) and PWI-derived cerebral blood volume
map (CBV; map only shown in f; map as transparent overlay on the
T1-weighted contrast-enhanced image shown in g) demonstrate a hotspot
in the right frontal lobe
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improved clinical and radiological status, as well as un-
changed treatment were necessary.

Congruently, TP was diagnosed if the following criteria
applied: A continued growth of target lesions over at least 6
months (rated as progressive disease according to RANO) and
at least two subsequent MRI scans as well as a paralleled
deterioration in performance status were required. The diag-
nosis of tumor progression on a single MRI according to
RANO criteria with subsequent tumor-related death
preventing further examinations was also adequate.

Statistics

Intergroup differences were assessed with the Mann-Whitney
U test (SPSS Statistics 26®, IBM, New York, USA). The
diagnostic performances for the differentiation between TP
and TRC were evaluated by the receiver operating character-
istic (ROC) procedure using the final diagnosis as reference.
Cutoffs were considered optimal at the maximum of the prod-
uct of sensitivity and specificity. Additionally, we verified our
classification model by calculating a leave-one-out cross-
validation (R version 4.0.2). Correlations were assessed by
Pearson’s coefficient r. Inter-rater reliability analysis was con-
ducted by Cohen’s Kappa (κ). p < 0.05 was considered
significant.

Results

Patients and final diagnosis

One hundred and four patients met the inclusion criteria; 84 of
them had been included in a previous analysis concerning the
diagnostic performance of [18F]FET PET [17]. They had a
median age of 52 years (range 20–78 years), 34.6% of them
were female (detailed characteristics in Table 1 and
Supplemental Table 1). The median interval between
[18F]FET PET and PWI was 11.5 days, with PWI being ac-
quired first in 61% of all cases. 18 patients (17%), 11 of whom
suffered from IDH-wild-type tumors, underwent both exami-
nations with a lag of more than 30 days. Four out of those 11
patients were correctly diagnosed with TP by the second ex-
amination but not by the first one ([18F]FET PET and PWI in
two individuals each), suggesting that, in these instances, the
relatively long interval could have biased the assessment of
diagnostic accuracy. All examinations took place between
February 2016 and December 2019. The final diagnosis of
TP (n = 83) and TRC (n = 21) was based on histopathology
in 42 cases (40%; resection, n = 35 (including 5 TRC cases);
biopsy, n = 7 (including 1 TRC case)) and on follow-up in 62
cases. Subgroups with histology (14% TRC) or follow-up-
based diagnosis (24% TRC) displayed no significant differ-
ences for all evaluated imaging parameters (p > 0.1). ROC

analysis for the identification of TP yielded identical areas
under the curve (AUC) for rCBVmax in both subgroups
(AUC histology, 0.755; p = 0.048; AUC follow-up, 0.756; p
< 0.01) (Supplemental Figure 1).

TP versus TRC

Values for TBRmean, TBRmax, and rCBVmax were significant-
ly higher in TP than in TRC and significantly lower for Slope.
TTP values did not differ (Table 2). For rCBVmax, the differ-
ence remained significant within the subgroup of patients with
histologically proven diagnosis (p = 0.048, n = 42). The inter-
rater reliability for rCBVmax was κ = 0.81. ROC analysis for
detecting TP yielded significant results for all parameters but
TTP (Table 2, Fig. 2). For further evaluation, we excluded
TTP for missing significance and TBRmean for redundancy
to TBRmax (r = 0.93). Optimal cutoffs to identify TP
(TBRmax, Slope, rCBVmax), as well as the resulting sensitivi-
ties, specificities, accuracies, positive predictive (PPV), and
negative predictive values (NPV), are given in Table 2.

When considering only IDH-wild-type tumors (n = 69),
ROC curves for TBRmax and Slope slightly improved (AUC,
0.79, 95% confidence interval (95% CI) 0.67–0.92, and 0.77,
95% CI 0.62–0.92; p < 0.00), while the AUC for rCBVmax

slightly decreased (AUC, 0.72, 95% CI 0.59–0.85; p = 0.02).
An opposing effect was present in IDH-mutant gliomas (n =
33). Particularly, the parameter Slope lost significance (AUC
Slope, 0.48, 95% CI 0.30–0.74; p = 0.85; AUC TBRmax, 0.62,
95% CI 0.41–0.82; p = 0.3) while the performance of
rCBVmax increased (AUC, 0.8, 95% CI 0.65–0.95; p < 0.01,
Supplemental Figures 2 and 3).

Sequential application of PWI and [18F]FET PET

There was an intermediate correlation between rCBVmax and
TBRmax (r = 0.55) and no correlation between both rCBVmax

and TBRmax and Slope (r = 0.34 and 0.32; Fig. 3 and
Supplemental Figure 4). In a sequential approach (Fig. 4),
all cases with a rCBVmax value above the cutoff of 2.85 (n =
44) were correctly classified as TP (specificity, 1.0; PPV 1.0).
In the remaining 60 cases (21 with TRC), PWI was insuffi-
cient for a diagnostic classification. By contrast, especially the
[18F]FET PET parameter Slope remained significant in ROC
analysis (AUC Slope, 0.66; p = 0.04; AUC TBRmax, 0.61; p =
0.18) and the combination of Slope and TBRmax (assuming
TP if either value crossed the cutoff) achieved an accuracy of
78% (sensitivity, 0.95; specificity, 0.45; PPV, 0.78; NPV,
0.82). Overall, combined PWI and [18F]FET PET reached
an accuracy of 87% (sensitivity 98%; specificity 43%).
Performing a leave-one-out cross-validation for this classifi-
cation approach resulted in a comparable accuracy of 83%
(sensitivity 96%; specificity 25%).
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Discussion

Our study addressed the diagnostic value of sequential DSC
PWI and dynamic [18F]FET PET to differentiate TP from
TRC.

The [18F]FET PET parameters TBRmax/mean and Slope, as
well as the MR-derived rCBVmax, yielded a moderate diag-
nostic performance to discriminate between TP and TRC

Table 1 Tumor characteristics (all patients, n = 104)

Diagnosis (WHO 2016)

Oligodendroglioma, IDH-mutant and 1p/19q-codeleted 10 (9.6 %)

WHO grade II 3

WHO grade III 7

Astrocytoma, IDH-mutant 15 (14.4 %)

WHO grade II 3

WHO grade III 12

Astrocytoma, IDH-wild type 6 (5.8 %)

WHO grade II 2

WHO grade III 4

Astrocytoma, NOS, WHO grade III 1 (1 %)

Diffuse glioma, NOS, WHO grade II 1 (1 %)

Diffuse midline glioma, H3
K27M-mutant, WHO grade IV

1 (1 %)

Glioblastoma, IDH-mutant, WHO grade IV 8 (7.7 %)

Glioblastoma, IDH-wild type, WHO grade IV 61 (58.7 %)

Glioblastoma, NOS, WHO grade IV 1 (1 %)

Molecular markers

IDH-status

Mutant 33 (31.7 %)

Wild type 69 (66.3 %)

Not available/ inconclusive 2 (1.9 %)

MGMT-promoter status

Methylated 52 (50 %)

Unmethylated 35 (33.7 %)

Not available/inconclusive 17 (16.3 %)

Therapy

Radiotherapy 102 (98.1 %)

Re-irradiation 17 (16.3 %)

Chemotherapy 98 (94.2 %)

Temozolomide 95 (91.3 %)

Lomustine 32 (30.8 %)

Bevacizumab 8 (7.7 %)

Nivolumab 6 (5.8 %)

Tumor-treating fields 10 (9.6 %)

Re-resection 21 (20.2 %)

Interval between last therapy and
[18F]FET PET scan, days, median (range)

58 (0–2963)

IDH, isocitrate dehydrogenase; NOS, not otherwise specified; MGMT,
O6 -methylguanine-DNA methyl-transferase
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(AUC, 0.69–0.75; Fig. 2). Since the AUC values for these
parameters were comparable, our findings did not confirm
previous observations in smaller cohorts that reported an in-
feriority of PWI to [18F]FET PET [23, 24]. Noteworthy and
in line with previous reports [23, 24], the sensitivity of
the rCBVmax was rather low (0.53), while the sensitivity

of the combined TBRmax and slope values was substan-
tially higher (0.96). A likely explanation for the low
sensitivity of rCBVmax [6, 27] is the fact that even at
initial diagnosis glioma of all grades can lack increased
perfusion [6, 28–31]. Consequently, “negative” PWI re-
sults do not reliably indicate TRC.

Fig. 2 Case distribution and ROC curves. Cases were sorted by either the
maximum relative cerebral blood volume (rCBVmax, a), the maximum
tumor to brain ratio (TBRmax, b), or the Slope (c), and corresponding
receiver operating characteristic (ROC) curves are depicted. The dotted

lines indicate the optimal cutoff as determined by the maximum product
of sensitivity and specificity. AUC, area under the curve; SUV/h, stan-
dardized uptake value per hour
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In contrast to the low sensitivity, the high rCBVmax cutoff [6]
as determined by ROC analysis yielded a high specificity for
rCBVmax. As depicted in Fig. 2, the rCBVmax for TRC did not
exceed 2.85. According to the literature, this is likely true for
most cases and explains the specificity of DSC PWI [6, 27].

Based on the high specificity of PWI on the one hand and
the high sensitivity of [18F]FET PET on the other hand, we

analyzed the additive diagnostic value of a sequential combi-
nation of both examinations (Fig. 4). Correlating PWI and
[18F]FET PET parameters revealed a closer relationship be-
tween the static parameters rCBVmax and TBRmax than be-
tween the static parameters rCBVmax and TBRmax and the
dynamic parameter Slope. Göttler et al. [21] described similar
findings when analyzing voxel-wise correlations, indicating
that the maximum [18F]FET uptake might depend more on
high blood volumes than the washout parameter Slope.

Fig. 3 Correlation of PWI and [18F]FET PET parameters. Data of the
maximum relative cerebral blood volume (rCBVmax) and the maximum
tumor to brain ratio (TBRmax) (a) and of the rCBVmax and the Slope (b)
are displayed in scatter plots with a regression line. Dots colored in red
represent cases with a final diagnosis of treatment-related changes; blue
dots represent cases with tumor progression. SUV/h, standardized uptake
value per hour

Fig. 4 Flow chart for the sequential use of PWI and [18F]FET PET. The
width of the boxes and the connecting flows are proportional to the
number of patients. The complete cohort is depicted by the gray box at
the top (n = 104). Assuming tumor progression (TP) if the maximum
relative cerebral blood volume (rCBVmax) is above 2.85 classifies 44
patients (red box, middle right) and leaves 60 patients unclassified (gray
box, middle left). Further classification as TP (red box, bottom right, n =
49) is conducted if either the maximum tumor to brain ratio (TBRmax) is
above 1.95 or the Slope is below 0.69 SUV/h (standardized uptake value
per hour). Treatment-related changes (TRC) are assumed if both param-
eters do not cross the cutoff (blue box, bottom left, n = 11). Acc, accuracy;
NPV, negative predictive value; PPV, positive predictive value; sens,
sensitivity; spec, specificity
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In the first step, cases above the rCBVmax cutoff were clas-
sified as TP. This allowed a correct classification of 42% of all
patients and necessitated further evaluation by [18F]FET PET
in the remaining 58%. Importantly, a significant discrimina-
tion of TP and TRC by [18F]FET PETwas still possible in this
preselected subgroup. The combination of Slope and TBRmax

achieved an accuracy of 78% and correctly classified another
45% of all patients. Altogether, this stepwise strategy led to a
correct diagnosis in 87% of the 104 patients with a good
stability in the cross-validation. Thus, in the majority of pa-
tients, the sequential combination of PWI and [18F]FET PET
allowed for a reliable differentiation of TP and TRC in this
crucial diagnostic situation. In a significant proportion of pa-
tients, it could also help to avoid the additional effort and cost
of [18F]FET PET.

Our previous study on the diagnostic performance of
[18F]FET PET with a partially overlapping cohort revealed a
lower performance of [18F]FET PET in IDH-mutant than in
IDH-wild-type tumors [17]. In contrast to the observations
with [18F]FET PET, the AUC value for rCBVmax even in-
creased in the subgroup of IDH-mutant tumors. According
to the literature, the perfusion properties of IDH-mutant glio-
mas are controversial. Results range from lower [28] to equal
[29, 30] to higher rCBV values [31] in comparison to IDH-
wild-type tumors and are at least to some extent influenced by
the selection of cohorts according to WHO grade. Due to the
lack of comparable studies and the small number of 33 pa-
tients, further research to validate and elucidate our finding is
necessary before implementation into a diagnostic algorithm
can be discussed. As our cohort only included 10 tumors har-
boring a 1p/19q co-deletion, we refrained from the further
genetic subgroup analysis.

Limitations

As we did not limit our study to high-grade gliomas or
specific treatment regimens [15, 16, 32–36], our patient
cohort is inhomogeneous. Besides, it is likely biased to-
wards difficult cases, because only patients with ambigu-
ous MRI findings and remaining therapeutic options were
referred to [18F]FET PET imaging. The final diagnosis
was based on histology in 40% of our patients, which is
an average rate [27]. Especially the decision to perform a
resection might have been biased by the suspicion of ac-
tual tumor progression. The comparatively high patient
number, however, allowed a comparison of the subgroups
with histology and follow-up-based diagnosis. The ab-
sence of any significant differences between these sub-
groups can be regarded as a verification of our follow-
up criteria to some extent. As opposed to other combined
PET-MRI studies, our examinations were not conducted
simultaneously, but the median interval between the ex-
aminations of 11.5 days was reasonable and reflects the

current procedure for most patients. Some aspects of our
PWI analysis are limited by the utilization of different
MR scanners and protocols. Yet, reporting individually
normalized, relative values, homogeneously reanalyzing
all data, and employing a leakage correction presumably
minimized the ensuing inaccuracy [37]. Nevertheless, for
future studies, the new consensus PWI protocol [38]
should be implemented to promote reproducibility and
the exact rCBVmax cutoffs reported in this study remain
somewhat specific to this dataset. Lastly, the presented
data are solely based on reproducible, quantitative param-
eters. For both [18F]FET PET and MRI, the actual clinical
assessment may be more accurate when other factors such
as the morphologic appearance of the imaging changes in
question and the tracer distribution are considered by an
experienced radiologist or nuclear medicine physician.

Conclusion

Our results favor a combined and sequential use of PWI and
[18F]FET PET for the differentiation of TP and TRC in glio-
mas, providing reliable results in the majority of patients.
Abnormal PWI permitted a definite diagnosis of TP in 42%
of the patients, and subsequent [18F]FET PET allowed a cor-
rect classification in another 45%. We propose this stepwise
approach as a resource-sparing and cost-effective strategy,
when a categorization is necessary to facilitate clinical deci-
sion-making. In the subgroup of IDH-mutant tumors, PWI
appeared to be more reliable than [18F]FET PET, which is a
surprising finding and needs further validation.
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