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CLINICAL STUDY
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Abstract
Purpose  PET using radiolabeled amino acid [18F]-fluoro-ethyl-L-tyrosine (FET-PET) is a well-established imaging modality 
for glioma diagnostics. The biological tumor volume (BTV) as depicted by FET-PET often differs in volume and location 
from tumor volume of contrast enhancement (CE) in MRI. Our aim was to investigate whether a gross total resection of 
BTVs defined as < 1 cm3 of residual BTV (PET GTR) correlates with better oncological outcome.
Methods  We retrospectively analyzed imaging and survival data from patients with primary and recurrent WHO grade III 
or IV gliomas who underwent FET-PET before surgical resection. Tumor overlap between FET-PET and CE was evaluated. 
Completeness of FET-PET resection (PET GTR) was calculated after superimposition and semi-automated segmentation of 
pre-operative FET-PET and postoperative MRI imaging. Survival analysis was performed using the Kaplan–Meier method 
and the log-rank test.
Results  From 30 included patients, PET GTR was achieved in 20 patients. Patients with PET GTR showed improved median 
OS with 19.3 compared to 13.7 months for patients with residual FET uptake (p = 0.007; HR 0.3; 95% CI 0.12–0.76). This 
finding remained as independent prognostic factor after performing multivariate analysis (HR 0.19, 95% CI 0.06–0.62, 
p = 0.006). Other survival influencing factors such as age, IDH-mutation, MGMT promotor status, and adjuvant treatment 
modalities were equally distributed between both groups.
Conclusion  Our results suggest that PET GTR improves the OS in patients with WHO grade III or IV gliomas. A multi-
modal imaging approach including FET-PET for surgical planning in newly diagnosed and recurrent tumors may improve 
the oncological outcome in glioma patients.
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Introduction

Gliomas are the most common primary tumors of the central 
nervous system after meningiomas, showing a prevalence 
rate of 47.6 per 100.000, and a worldwide annual incidence 
of 4–6 cases per 100,000 [1, 2], constantly increasing dur-
ing the last two decades [3]. The WHO 2016 classification 
of tumors of the central nervous system classifies diffuse 
gliomas into WHO grade II and III astrocytoma, WHO grade 

II and III oligodendroglioma and grade IV glioblastoma 
[4]. Glioblastoma represents not only the most often occur-
ring but also the deadliest malignant brain tumor, showing 
a mean overall survival (OS) of approximately 15 months 
despite maximal treatment [5–7]. The additional introduc-
tion of molecular markers like IDH mutation and 1p/19q 
co-deletion [8] has shown that the genetic background 
plays a pivotal role for oncological prognosis and treatment 
response, making them indispensable for tumor classifica-
tion [4, 9, 10].

The treatment of patients with glioma of the WHO grades 
III or IV encompasses surgical resection, followed by radio-
therapy and chemotherapy [11, 12]. Surgical resection plays 
a pivotal role in the glioma treatment by improving both, 
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progression-free survival (PFS) and OS in those patients. 
Although a complete removal is practically impossible due 
to the gliomas’ infiltrative nature, an increasing amount of 
scientific work has shown a benefit in OS after gross total 
resection (GTR) [13–15]. GTR is defined by resection 
of contrast-enhancing (CE) tumor in early postoperative 
T1-weighted MRI images. However, gliomas grow beyond 
the CE borders, reducing the ability of MRI to determine 
the tumor burden. It has recently been shown that resec-
tion beyond gadolinium enhancement (supramarginal resec-
tion) results in longer OS and PFS (e.g., guided by 5-ALA) 
[16–18] raising the question whether GTR itself or the resec-
tion of biologically important tumor parts beyond CE con-
tributes to the improved oncological course.

Molecular imaging using FET-PET can delineate the so-
called biological tumor volume (BTV) [19, 20] and iden-
tify the most active (and most malignant) tumor parts [21, 
22]. The potential of FET-PET to determine the extent of 
glioma resection has been investigated in several studies, 
and demonstrated additional information compared with 
conventional MRI [16, 23, 24]. A recent study in a larger 
series of patients with newly diagnosed glioblastoma dem-
onstrated that preoperative BTV in FET-PET was larger than 
CE volume in MRI in 86% of the patients and in 10% of 
the patients increased FET uptake was present even out-
side areas of FLAIR hyperintensity [25]. Furthermore, it 
has been shown that a larger postoperative tumor volume in 
FET-PET is associated with poor prognosis in patients with 
glioblastoma [19]. This raises the question whether resection 
of BTV as depicted by FET-PET presents a meaningful tar-
get tissue to define GTR complementary to the area of CE in 
MRI [26–28]. Here, we hypothesize that extended removal 
of BTV defined as PET-GTR at any resection timepoint can 
positively influence the OS of patients with WHO grade III 
and IV gliomas. Therefore, using a semi-automated segmen-
tation algorithm, we firstly looked for differences between 
tumor extension of preoperative BTV in FET-PET and CE 
MRI; and secondly investigated how complete or near-
complete removal of BTV (= PET-GTR) defined as < 1 cm3 
calculated residual BTV influences OS.

Materials and methods

Search criteria and description of patients’ 
characteristics

Patients that received FET-PET at our center between 2015 
and 2019 were screened for subsequent resective surgery 
of pathologically confirmed diagnosis of WHO grade III or 
IV glioma. 48 patients, operated between 2015 and 2019, 
were identified retrospectively, who underwent FET-PET 
examination before glioma surgery at our department. The 

mean time between preoperative FET-PET and surgery were 
16.4 days (median 10.4 days). 30 patients received FET-PET 
before first tumor resection, and 18 patients underwent a 
FET-PET scan before surgery for tumor recurrence. MRI 
examinations were performed preoperatively with a mean 
of 14.3 days (median 13.5 days) before surgery. Postopera-
tive MRI was obtained within 72 h after surgery, except in 
two cases where it was obtained within 96 h. We excluded 
patients with WHO grade II or oligodendroglioma (n = 11), 
patients who did not receive standard chemoradiation with 
temozolomide after initial resection (n = 2), patients without 
FET uptake (n = 1), and those with lacking information on 
follow-up, histopathological, or imaging data from the study 
(Fig. 1).

Thus, a cohort of 30 patients (20 with FET-PET before 
initial resection and 10 with FET-PET before recurrent 
resection) with WHO grade III or IV glioma was retrospec-
tively identified.

FET‑PET acquisition and evaluation

As described previously, the amino acid FET was produced 
via nucleophilic 18F-fluorination with a radiochemical 
purity of greater than 98%, molar radioactivity greater than 
200 GBq/µmol, and a radiochemical yield of about 60% 
[29]. According to international guidelines for brain tumor 
imaging using labeled amino acid analogues [30], patients 
fasted for at least 4 h before the PET measurements. All 
patients underwent a dynamic PET scan from 0 to 50 min 
post-injection of 3 MBq of FET per kg of body weight at 
baseline. PET imaging was performed either on an ECAT 
Exact HR + PET scanner (20 patients) in 3-dimensional 
mode (n = 64 scans; Siemens, Erlangen, Germany; axial 
field-of-view, 15.5 cm) or simultaneously with 3 T MR 
imaging using a BrainPET insert (10 patients, n = 15 scans; 
Siemens, Erlangen, Germany; axial field of view, 19.2 cm). 
The BrainPET is a compact cylinder that fits into the bore 
of the Magnetom Trio MR scanner [31, 32]. Iterative recon-
struction parameters were 16 subsets, 6 iterations using the 
OSEM algorithm for the ECAT HR + PET scanner and two 
subsets, 32 iterations using the OP-OSEM algorithm for the 
BrainPET. Data were corrected for random, scattered coin-
cidences, dead time, and motion, for both systems. Attenua-
tion correction for the ECAT HR + PET scan was based on a 
transmission scan, and for the BrainPET scan on a template-
based approach [33]. The reconstructed dynamic data sets 
consisted of 16-time frames (5 × 1 min; 5 × 3 min; 6 × 5 min) 
for both scanners.

To optimize the comparability of the results related to 
the influence of the two different PET scanners, reconstruc-
tion parameters, and post-processing steps, a 2.5 mm 3D 
Gaussian filter was applied to the BrainPET data before 
further processing. In phantom experiments using spheres 
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of different sizes to simulate lesions, this filter kernel dem-
onstrated the best comparability between PET data obtained 
from the ECAT HR + PET and the BrainPET scanner [34].

Quantification of tumor volumes

For the evaluation of FET-PET data, summed PET images 
over 20–40 min post-injection were used. A crescent-shaped 
reference ROI, placed in the contralateral hemisphere in an 
area of normal-appearing brain tissue served as background 
region. The BTV was determined by a three-dimensional 
auto-contouring process using a threshold of 1.6 above the 
reference value. This has been described to best separate pri-
mary tumor from non-tumoral tissue in a biopsy-controlled 
study [20].

For image analysis and acquisition of tumor volumes, 
we used a commercial imaging software with a half-auto-
mated segmentation tool (“Brainlab Elements” including 
the “smart brush” module, Brainlab AG, Munich, Germany 
[35]) as it is commonly done for surgical planning. CE tumor 
volume (pre- and postoperatively) and the preoperative BTV 
were segmented by two independent observers: Preopera-
tive MRI and FET-PET images were co-registered to deter-
mine differences in tumor delineation by both modalities. 
Preoperative FET-PET and postoperative MRI images were 

co-registered to determine residual FET-PET tumor parts. 
For this we visually compared pre-operative segmented 
FET-PET tumor volume with postoperative resection cav-
ity volume. If the preoperative FET-PET tumor volume was 
not completely localized within the resection cavity, we 
designated it as residual BTV (i.e., PET residual). Next, we 
obtained volumetries of the residual BTV. All co-registra-
tion procedures were performed using a commercial fusion 
algorithm (“Brainlab Elements Image Fusion”, Brainlab AG, 
Munich, Germany [36]). No additional correction for post-
operative brain-shift was performed. To balance for inaccu-
racies of the semi-automated segmentation and limitations 
of FET-PET resolution, we defined threshold of less than 
1 cm3 residual BTV as FET-PET GTR​ (PET GTR​) and a 
residual BTV of at least 1 cm3 as PET residual. For CE 
volume, a resection of more than 90% of the pre-surgical 
volume was considered as gross-total [37, 38].

Statistical analysis

For statistical analysis, we used the open-source statisti-
cal software Jamovi (version 1.2) and Python including 
the libraries Numpy and Lifelines. In any given analysis, 
a p-value of < 0.05 was considered statistically significant. 
For comparison of patient characteristics, Fisher’s exact test 

Fig. 1   Patient cohort and study work-flow. a Patient identification 
with FET-PET examination either before initial or recurrent resec-
tion, histologically confirmed WHO grade III or IV glioma. b Com-
parison of FET-PET imaging with gadolinium T1-MRI shows mis-
match between biological tumor volume and gadolinium uptake. c 

Calculated residual tumor volumes after segmentation and correlation 
with resection cavity. PET GTR is achieved with a residual biological 
tumor volume of < 1  cm3. Survival analysis between PET GTR and 
PET residual. Created with BioRender.com
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was used for categorical data and the Mann–Whitney-U test 
for continuous data respectively. Survival analysis was per-
formed using Kaplan–Meier-Curves and the log-rank test. 
We used a Cox proportional hazards regression model for 
multivariable survival analysis.

Results

Cohort description

30 patients (11 females) with WHO grade III or IV glio-
mas with a median age of 59.0 years (interquartile range: 
53.0–63.0) were included in the study. All patients under-
went surgical resection followed by a sequential or com-
bined radio-chemotherapy. At time of analysis, 25 patients 
had died and 5 patients where censored (the mean follow-up 
time for censored patients was 21.65 months).

Biological tumor volume defined by FET‑PET 
corresponds only partially to the CE delineation 
of the tumor

In one case only, FET-PET was completely within the tumor 
area as defined by CE. In 19 cases both modalities partially 
overlapped and in 10 cases FET-PET was exceeding CE 
delineated tumor borders entirely. Only one case did not 
show any CE.

PET GTR was achieved in 20 patients, whereas in the 
remaining 10 patients the BTV was incompletely resected 
(PET residual). Both groups differed in the pre-surgical 

extent of BTV as depicted by FET-PET with a median of 
9.2 cm3 (interquartile range: 7.5–11.0) for patients with 
PET GTR compared to 26.3 cm3 (interquartile range: 
12.9–38.3) for patients with PET residual (Mann–Whit-
ney-U test, p-value = 0.011) (Table 1). Further, both 
groups differed in the number of mid-line crossing tumors 
(5% in PET GTR vs 30% in PET residual, Fischer’s exact 
test p-value = 0.095) and eloquent located tumors (65% 
PET GTR vs 90% PET residual, Fishers’ exact text 
p-value = 0.210), albeit the differences were not statisti-
cally significant.

GTR of FET‑PET tumor volume is associated 
with longer overall survival (OS)

Aiming to answer the question whether complete resection 
of BTV in newly diagnosed and recurrent gliomas would 
influence patients’ OS as calculated from the time point of 
initial diagnosis, we performed survival analysis over the 
whole cohort. Patients with PET GTR showed longer OS 
with a median survival of 19.3 months compared to patients 
with PET residual with a median survival of 13.7 months 
(p = 0.007; HR 0.3 [0.12–0.76]) (Fig. 2a). Both groups 
showed no statistically significant differences in age at pri-
mary diagnosis, WHO-grading, histopathology, MGMT 
methylation status, IDH mutation frequency, pre-operative 
contrast-enhancing tumor volume (CE volume), or residual 
contrast-enhancing tumor volume (CE residual) (Table 1). 
However, pre-operative CE volume notably differed in both 
groups although this finding was not statistically significant.

Table 1   Cohort characteristics

Both PET-GTR and PET residual groups were tested for significant differences (bold). Continuous data is 
represented as median with interquartile range in []
*For one patient no MGMT methylation status was available
# Mann–Whitney-U. §Fisher’s exact test

Total PET GTR 
(< 1 cm3 residual 
BTV)

PET residual 
(≥ 1 cm3 residual 
BTV)

p-value

n 30 20 10
Age at diagnosis (years median) 59.0 [53.0–63.0] 59.0 [53.0–63.0] 60.0 [49.8–66.0] .758#

Male/Female (%) 19/11 (63.3/36.7) 13/7 (65.0/35.0) 6/4 (60.0/40.0) 1.000§

WHO grade III/IV 5/25 3/17 2/8 1.000§

MGMT methylated (%) 17 (58.6), n = 29* 12 (60.0) 5 (55.6), n = 9* 1.000§

IDH mutated (%) 5 (16.7) 3 (15.0) 2 (20.0) 1.000§

pre-OP BTV (cm3, median) 10.8 [8.5–25.7] 9.2 [7.5–11.0] 26.3 [12.9–38.3] .011#

pre-OP CE volume (cm3, median) 7.44 [3.1–25.2] 6.44 [3.4–13.4] 24.7 [3.7–39.0] .143#

CE rest (cm3, median) 0.1 [0.0–1.3] 0.0 [0.0–0.7] 0.8 [0.1–1.6] .150#

Initial/recurrent resection (%) 20/10 (66.7/33.3) 12/8 (60.0/40.0) 8/2 (80.0/20.0) .419§

Mid-line crossing (%) 4 (13.3) 1 (5.0) 3 (30.0) .095§

Hemisphere left/right (%) 20/10 (66.7/33.3) 13/7 (65.0/35.0) 7/3 (70.0/30.0) 1.000§

Eloquent localization (%) 22 (73.3) 13 (65.0) 9 (90.0) .210§
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FET-PET was performed in 20 patients before initial 
resection of newly diagnosed gliomas and in 10 patients 
before resection of tumor recurrence. To exclude the influ-
ence of the timepoint at which PET GTR was performed, we 
approached the cohort in three different ways.

Firstly, we calculated the median OSs within the two 
groups (before initial resection vs. before recurrent resec-
tion) showing that the survival benefit of PET GTR remained 
independent of the examination timepoint. In the subgroup 
of patients with FET-PET prior to initial resection, OS 
for PET GTR was 17.3 months compared to 13.7 months 
for PET residual. In the subgroup of patients with FET-
PET prior to recurrent resection OS for PET GTR was 
23.9 months compared to 17.2 months for PET residual.

Secondly, we performed a survival analysis within the 
subgroup of patients with FET-PET prior to initial resection 
(Fig. 2b), showing a survival benefit (p = 0.048; HR 0.35 
[0.12–1.04]) for patients with PET GTR. Due to the small 
patient number (n = 10) a survival analysis in the subgroup 
of patients with FET-PET prior to recurrent resection was 
not possible.

Further, we investigated for the subgroup of WHO grade 
IV tumors (n = 25). For this subgroup PET GTR (n = 17) 
showed a median survival of 17.3 months vs. 13.7 months 
for the PET residual group (n = 8) (p = 0.005; univariable 
HR 0.25 [0.09–0.71]) (Supplementary Fig. 1a). Patients with 
a WHO grade IV tumor and available PET examination at 
initial diagnosis (n = 16) also showed improved survival for 
PET GTR (n = 9) with 15.1 months median OS compared to 
13.6 months for PET residual (n = 7) (p = 0.048, univariable 
HR 0.27 [0.07–1.08]) (Supplementary Fig. 1b). For WHO 
grade IV patients with available PET examination before 
recurrent resection (n = 9) only one individual was identified 

as PET residual, thus excluding reasonable comparative sur-
vival analysis.

Finally, we included the timepoint of FET-PET examina-
tion as variable in a multivariate analysis, which showed that 
FET-PET timepoint has no significant effect as independent 
variable on the OS (Fig. 4).

A further subgroup analysis of patients with IDH-
wildtype glioma revealed this effect to be consistent. PET 
GTR (n = 17) showed a median survival of 17.3 months 
vs. patients with PET residual (n = 8) with 13.7 months 
(p = 0.006; univariable HR 0.25 [0.09–0.72]) (Fig. 3a).

Aiming to investigate the additional value of FET-PET 
extent of resection (EOR) we stratified the cohort only 
for those patients, who underwent complete resection of 
the gadolinium contrast enhancing tumor parts (CE GTR, 
n = 22). In this subgroup of patients with CE GTR, the addi-
tional PET GTR resulted in a median OS of 17.3 months 
compared to 13.6 months in patients with PET residual 
(p = 0.019, univariable HR 0.27 [0.08–0.87]) (Fig. 3b).

PET GTR is an independent prognostic factor 
associated with longer overall survival 
in multivariate regression model

Multivariable survival analysis using a Cox proportional 
hazards regression model was performed for the whole 
cohort with prognostic factors known to influence the OS: 
MGMT promotor methylation status, timepoint of FET-PET 
examination, PET GTR, CE GTR and age. Only PET GTR 
remained as independent prognostic factor associated with 
improved OS (HR = 0.19 [0.06–0.62], p = 0.006) (Fig. 4). 
Multivariate analysis was performed using different models 
including pre-operative BTV, pre-operative CE volume, PET 

Fig. 2   Kaplan–Meier curves of the whole cohort. a PET GTR results in longer overall survival (19.3 months) compared to patients with PET 
residual (13.7 months), p-value = 0.007. b Patients with FET-PET examination before initial resection, showing a significant effect of PET GTR​
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GTR, CE GTR and IDH mutation. Only IDH mutation as 
a well-established prognosis parameter showed a reduced 

HR of 0.23 ([0.06–0.86], p = 0.03). Sex did not show any 
significant difference as risk factor in multivariate analysis.

Fig. 3   Subgroup analysis. a Patients with IDH-wildtype that received 
PET GTR showed improved OS (17.3 months) compared to patients 
with PET residual (13.7  months). b The same effect could be 

observed in the subgroup of patients that received GTR as defined 
by gadolinium uptake (PET GTR: 17.3 months OS vs. PET residual: 
13.6 months OS)

2 4 6
HR, 95% CI

MGMT  0.65 (0.24-1.75, p=0.392)

CE GTR 2.13 (0.75-6.01, p=0.155)

PET before first resection 1.71 (0.59-4.97, p=0.323)

Eloquent localization 1.91 (0.61-5.99, p=0.270)

PET GTR 0.19 (0.06-0.62, p=0.006)

Age at diagnosis 1.04 (1.00-1.07, p=0.064)

Fig. 4   Hazards regression plot of multivariable survival analysis. PET GTR is the only prognostic factor identified to reduce hazard (p = 0.006, 
Cox proportional hazards regression model)
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Discussion

Surgical resection plays a pivotal role in the treatment of 
glioma since the EOR correlates with patients’ OS. While 
conventional CE-MRI delineates the tumor volume of gli-
oma mainly according to the distorted blood–brain barrier, 
molecular imaging techniques can improve tumor delinea-
tion by detecting the biologically active tumor parts. PET 
using radiolabeled amino acids such as FET-PET has been 
shown to provide an excellent delineation of the BTV, which 
may substantially differ in both, tumor localization and 
extension, compared to MRI [25, 39, 40]. Here we present 
data of patients, who have undergone a FET-PET exami-
nation before surgical resection of WHO grade III and IV 
astrocytic glioma and show that (1) the extent of FET-PET 
differs from CE MRI and (2) PET GTR resection influences 
OS of those patients.

PET GTR results in improved OS

In our study, GTR of FET-PET positive tumor tissue resulted 
in significantly improved OS. While the predominant indi-
cations for the use of FET-PET in higher-grade glioma are 
differentiation between tumor progression and pseudo-pro-
gression, tumor extent delineation, and precise planning of 
biopsies [41], our results support the view that amino acid 
can be particularly useful for the initial surgical resection 
planning. Similar results were shown by Pirotte et al. in 2009 
in a group of 66 glioma patients that showed significant 
longer OS after complete removal of 18F-fluorodeoxyglu-
cose- (FDG) or 11C-methionine-PET-positive volumes [39]. 
Regarding FET-PET, Suchorska and colleagues showed in 
the context of radio-chemotherapy that pre-therapeutical 
BTV is a strong prognostic factor for PFS and OS, and, most 
recently, Muther et al. reported that a calculated postopera-
tive residual BTV of < 4.3 cm3 resulted in significant better 
PFS and OS after fluorescence-guided resection in GBM 
patients [16, 19].

PET GTR remained as independent prognostic factor 
associated with better OS after correcting for multivariate 
analysis. The effect of PET GTR was even stronger than the 
one of CE GTR arguing for the importance of resecting in 
particular active tumor tissue, which might be missed by 
CE alone [26]. Although both groups notably differed in 
preoperative CE tumor volume, postsurgical CE volumes 
were only marginally larger in the PET residual group. This 
suggests comparably good resectability of CE delineated 
tumor in both groups.

The only statistically significant difference in both groups 
was the preoperative BTV. Since our analysis is based on the 
residual tumor volumes this difference does not influence 
our results.

Multimodal image‑guided resection as prerequisite 
for personalized treatment

Recent molecular data have shown that malignant tumors 
are defined by their heterogeneity and the better visualiza-
tion and understanding of this heterogeneity may uncover 
more personalized treatment regimens [4, 9]. The evident 
differences in tumor volume and spatial dissemination as 
delineated by CE MRI vs. FET-PET strongly advocate an 
expansion of clinical usage of both modalities [25, 40, 42]. 
A multimodal approach potentially exploiting information 
including gadolinium MRI, FET-PET, and potentially func-
tional parameters might augment our standard definition of 
‘the tumor’ and help to tailor the surgical plan and translate 
it to maximal safe GTR and better oncological outcome [22, 
43]. Therefore, recent advances in neuro-oncological imag-
ing, as well as increasing integration of machine and deep 
learning methods, support the use of multimodal approach, 
in particular with a focus on molecular imaging [44–50].

Limitations

The retrospective nature and small patient number are sig-
nificant limitations of the current work. However, the effect 
of PET GTR remained stable in both, subgroup and mul-
tivariate analysis, implying its importance. Both groups 
showed some differences in pre-operative CE, and eloquent 
locations of the tumors. Although these findings were not 
statistically significant, this poses a potential bias that needs 
to be acknowledged in the evaluation of this data. The het-
erogeneity of our cohort also limits the generalizability of 
our results. Another constraint is the only limited informa-
tion regarding molecular markers beyond IDH and MGMT. 
The co-registration of pre-OP FET-PET volumes with the 
post-OP MRI scans may lead to methodological inaccuracies 
induced by brain-shift and image-fusion inaccuracies, e.g., 
small areas of FET-PET tumor delineation sometimes only 
slightly exceed the resection cavity. Since we expected an 
improved clinical outcome to result from a small absolute 
residual FET-PET volume post-OP, we tried to correct for 
these by introducing 1 cm3 “margin of error” during the 
evaluation of the images. A similar approach has already 
been used by others as well [16]. The most accurate way 
to evaluate post-OP residual BTV would be postoperative 
FET-PET imaging. This lack of postoperative PET images 
is certainly an important limitation, however, there is still a 
significant scientific uncertainty at which time after surgery 
FET-PET shows residual tumor rather than reactive post-
operative changes [24, 51, 52]. Furthermore, a recent study 
reported on a postoperative flare phenomenon with increased 
FET uptake the cause of which is not yet clear [23].
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Conclusion

PET GTR improves OS in WHO grade III and IV gliomas 
by removing additional active tumor areas beyond CE MRI 
borders. Therefore, a multimodal imaging approach consist-
ing of MRI and FET-PET can help to achieve a better tumor 
delineation and consequently better tumor resection, thus 
positively influencing the oncological outcome. To further 
improve the evidence for a multimodal imaging approach for 
surgical planning including FET-PET, a prospective study 
is needed.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s11060-​021-​03844-1.

Author contributions  Conceptualization: DD, JO; Methodology: DD, 
JO, JK, KH; Formal analysis and investigation: JO, DD; Writing—
original draft preparation: JO, DD, K-JL; Writing—review and editing: 
all authors; Funding acquisition: not applicable; Resources: K-JL, HC, 
FM; Supervision: DD, GN, HH, HC.

Funding  Open Access funding enabled and organized by Projekt 
DEAL. There are no funding sources to disclose.

Data availability  The datasets generated during and/or analysed dur-
ing the current study are available from the corresponding author on 
reasonable request.

Code availability  Custom code used in the analysis of the current study 
are available from the corresponding author on reasonable request.

Declarations 

Conflict of interest  The authors have no conflicts of interest to declare 
that are relevant to the content of this article.

Ethical approval  Ethical approval was waived by the local Ethics Com-
mittee of the Medical Faculty, RWTH Aachen University (CTC-A-Nr: 
21-188, EK 193-21; CTC-A-Nr: 19-168, EK 142/20) in view of the ret-
rospective nature of the study and all the procedures being performed 
were part of the routine care.

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.	 Goldbrunner R, Ruge M, Kocher M et al (2018) The treatment of 
gliomas in adulthood. Deutsches Aerzteblatt Online 115:356–364. 
https://​doi.​org/​10.​3238/​arzte​bl.​2018.​0356

	 2.	 Leece R, Xu J, Ostrom QT et al (2017) Global incidence of malig-
nant brain and other central nervous system tumors by histology, 
2003–2007. Neuro Oncol 19:1553–1564. https://​doi.​org/​10.​1093/​
neuonc/​nox091

	 3.	 DeAngelis LM (2019) Global consequences of malignant CNS 
tumours: a call to action. Lancet Neurol 18:324–325. https://​doi.​
org/​10.​1016/​s1474-​4422(19)​30083-3

	 4.	 Louis DN, Perry A, Reifenberger G et al (2016) The 2016 World 
Health Organization classification of tumors of the central nervous 
system: a summary. Acta Neuropathol 131:803–820. https://​doi.​
org/​10.​1007/​s00401-​016-​1545-1

	 5.	 Smoll NR, Schaller K, Gautschi OP (2013) Long-term survival 
of patients with glioblastoma multiforme (GBM). J Clin Neurosci 
20:670–675. https://​doi.​org/​10.​1016/j.​jocn.​2012.​05.​040

	 6.	 Bondy ML, Scheurer ME, Malmer B et al (2008) Brain tumor epi-
demiology: consensus from the brain tumor epidemiology consor-
tium. Cancer 113:1953–1968. https://​doi.​org/​10.​1002/​cncr.​23741

	 7.	 Gittleman H, Boscia A, Ostrom QT et al (2018) Survivorship 
in adults with malignant brain and other central nervous system 
tumor from 2000–2014. Neuro Oncol 20:vii6–vii16. https://​doi.​
org/​10.​1093/​neuonc/​noy090

	 8.	 Cairncross JG, Ueki K, Zlatescu MC et al (1998) Specific genetic 
predictors of chemotherapeutic response and survival in patients 
with anaplastic oligodendrogliomas. JNCI J Nat Cancer Inst 
90:1473–1479. https://​doi.​org/​10.​1093/​jnci/​90.​19.​1473

	 9.	 Kristensen BW, Priesterbach-Ackley LP, Petersen JK, Wesseling P 
(2019) Molecular pathology of tumors of the central nervous sys-
tem. Ann Oncol 30:1265–1278. https://​doi.​org/​10.​1093/​annonc/​
mdz164

	10.	 Young JS, Gogos AJ, Morshed RA et al (2020) Molecular charac-
teristics of diffuse lower grade gliomas: what neurosurgeons need 
to know. Acta Neurochir 162:1929–1939. https://​doi.​org/​10.​1007/​
s00701-​020-​04426-2

	11.	 Stupp R, Mason WP, van den Bent MJ et al (2005) Radiotherapy 
plus concomitant and adjuvant temozolomide for glioblastoma. 
New Engl J Med 352:987–996. https://​doi.​org/​10.​1056/​nejmo​
a0433​30

	12.	 Weller M, van den Bent M, Tonn JC et al (2017) European Asso-
ciation for Neuro-Oncology (EANO) guideline on the diagnosis 
and treatment of adult astrocytic and oligodendroglial gliomas. 
Lancet Oncol 18:e315–e329. https://​doi.​org/​10.​1016/​s1470-​
2045(17)​30194-8

	13.	 Lacroix M, Abi-Said D, Fourney DR et al (2001) A multivariate 
analysis of 416 patients with glioblastoma multiforme: prognosis, 
extent of resection, and survival. J Neurosurg 95:190–198. https://​
doi.​org/​10.​3171/​jns.​2001.​95.2.​0190

	14.	 D’Amico RS, Englander ZK, Canoll P, Bruce JN (2017) Extent of 
resection in glioma–a review of the cutting edge. World Neurosurg 
103:538–549. https://​doi.​org/​10.​1016/j.​wneu.​2017.​04.​041

	15.	 Brown TJ, Brennan MC, Li M et al (2016) Association of the 
extent of resection with survival in glioblastoma: a systematic 
review and meta-analysis. Jama Oncol 2:1460. https://​doi.​org/​10.​
1001/​jamao​ncol.​2016.​1373

https://doi.org/10.1007/s11060-021-03844-1
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3238/arztebl.2018.0356
https://doi.org/10.1093/neuonc/nox091
https://doi.org/10.1093/neuonc/nox091
https://doi.org/10.1016/s1474-4422(19)30083-3
https://doi.org/10.1016/s1474-4422(19)30083-3
https://doi.org/10.1007/s00401-016-1545-1
https://doi.org/10.1007/s00401-016-1545-1
https://doi.org/10.1016/j.jocn.2012.05.040
https://doi.org/10.1002/cncr.23741
https://doi.org/10.1093/neuonc/noy090
https://doi.org/10.1093/neuonc/noy090
https://doi.org/10.1093/jnci/90.19.1473
https://doi.org/10.1093/annonc/mdz164
https://doi.org/10.1093/annonc/mdz164
https://doi.org/10.1007/s00701-020-04426-2
https://doi.org/10.1007/s00701-020-04426-2
https://doi.org/10.1056/nejmoa043330
https://doi.org/10.1056/nejmoa043330
https://doi.org/10.1016/s1470-2045(17)30194-8
https://doi.org/10.1016/s1470-2045(17)30194-8
https://doi.org/10.3171/jns.2001.95.2.0190
https://doi.org/10.3171/jns.2001.95.2.0190
https://doi.org/10.1016/j.wneu.2017.04.041
https://doi.org/10.1001/jamaoncol.2016.1373
https://doi.org/10.1001/jamaoncol.2016.1373


79Journal of Neuro-Oncology (2021) 155:71–80	

1 3

	16.	 Müther M, Koch R, Weckesser M et al (2019) 5-Aminolevulinic 
acid fluorescence-guided resection of 18F-FET-PET positive 
tumor beyond gadolinium enhancing tumor improves survival in 
glioblastoma. Neurosurgery 85:E1020–E1029. https://​doi.​org/​10.​
1093/​neuros/​nyz199

	17.	 de Leeuw CN, Vogelbaum MA (2018) Supratotal resection in 
glioma: a systematic review. Neuro Oncol 21:179–188. https://​
doi.​org/​10.​1093/​neuonc/​noy166

	18.	 Li YM, Suki D, Hess K, Sawaya R (2016) The influence of maxi-
mum safe resection of glioblastoma on survival in 1229 patients: 
can we do better than gross-total resection? J Neurosurg 124:977–
988. https://​doi.​org/​10.​3171/​2015.5.​jns14​2087

	19.	 Suchorska B, Jansen NL, Linn J et al (2015) Biological tumor 
volume in 18FET-PET before radiochemotherapy correlates with 
survival in GBM. Neurology 84:710–719. https://​doi.​org/​10.​1212/​
wnl.​00000​00000​001262

	20.	 Pauleit D, Floeth F, Hamacher K et  al (2005) O-(2-[18F]
fluoroethyl)-L-tyrosine PET combined with MRI improves the 
diagnostic assessment of cerebral gliomas. Brain 128:678–687. 
https://​doi.​org/​10.​1093/​brain/​awh399

	21.	 Kruer MC, Kaplan AM, Etzl MM et al (2009) The value of posi-
tron emission tomography and proliferation index in predicting 
progression in low-grade astrocytomas of childhood. J Neuro-
Oncol 95:239–245. https://​doi.​org/​10.​1007/​s11060-​009-​9922-4

	22.	 Pyka T, Gempt J, Hiob D et al (2016) Textural analysis of pre-
therapeutic [18F]-FET-PET and its correlation with tumor grade 
and patient survival in high-grade gliomas. Eur J Nucl Med Mol 
I 43:133–141. https://​doi.​org/​10.​1007/​s00259-​015-​3140-4

	23.	 Filss CP, Schmitz AK, Stoffels G et al (2020) Flare phenomenon 
in O -(2–18 F-fluoroethyl)-l-tyrosine PET after resection of glio-
mas. J Nucl Med 61:1294–1299. https://​doi.​org/​10.​2967/​jnumed.​
119.​238568

	24.	 Buchmann N, Kläsner B, Gempt J et al (2016) (18)F-fluoroethyl-
l-thyrosine positron emission tomography to delineate tumor 
residuals after glioblastoma resection: a comparison with stand-
ard postoperative magnetic resonance imaging. World Neurosurg 
89:420–426. https://​doi.​org/​10.​1016/j.​wneu.​2016.​02.​032

	25.	 Lohmann P, Stavrinou P, Lipke K et  al (2019) FET PET 
reveals considerable spatial differences in tumour burden com-
pared to conventional MRI in newly diagnosed glioblastoma. 
Eur J Nucl Med Mol I 46:591–602. https://​doi.​org/​10.​1007/​
s00259-​018-​4188-8

	26.	 Aldave G, Tejada S, Pay E et al (2013) Prognostic value of resid-
ual fluorescent tissue in glioblastoma patients after gross total 
resection in 5-aminolevulinic acid-guided surgery. Neurosurgery 
72:915–921. https://​doi.​org/​10.​1227/​neu.​0b013​e3182​8c3974

	27.	 Ewelt C, Floeth FW, Felsberg J et al (2011) Finding the anaplastic 
focus in diffuse gliomas: the value of Gd-DTPA enhanced MRI, 
FET-PET, and intraoperative, ALA-derived tissue fluorescence. 
Clin Neurol Neurosur 113:541–547. https://​doi.​org/​10.​1016/j.​
cline​uro.​2011.​03.​008

	28.	 Kunz M, Thon N, Eigenbrod S et al (2011) Hot spots in dynam-
ic18FET-PET delineate malignant tumor parts within suspected 
WHO grade II gliomas. Neuro-oncology 13:307–316. https://​doi.​
org/​10.​1093/​neuonc/​noq196

	29.	 Hamacher K, Coenen HH (2002) Efficient routine production of 
the 18F-labelled amino acid O-(2-[18F]fluoroethyl)-l-tyrosine. 
Appl Radiat Isotopes 57:853–856. https://​doi.​org/​10.​1016/​s0969-​
8043(02)​00225-7

	30.	 Law I, Albert NL, Arbizu J et al (2019) Joint EANM/EANO/
RANO practice guidelines/SNMMI procedure standards for 
imaging of gliomas using PET with radiolabelled amino acids 
and [18F]FDG: version 1.0. Eur J Nucl Med Mol I 46:540–557. 
https://​doi.​org/​10.​1007/​s00259-​018-​4207-9

	31.	 Herzog H, Langen K-J, Weirich C et al (2011) High resolution 
BrainPET combined with simultaneous MRI. Nuklearmed 50:74–
82. https://​doi.​org/​10.​3413/​nukmed-​0347-​10-​09

	32.	 Caldeira L, Kops ER, Yun SD et al (2019) The Jülich experience 
with simultaneous 3T MR-BrainPET: methods and technology. 
IEEE Trans Radiat Plasma Med Sci 3:352–362. https://​doi.​org/​
10.​1109/​trpms.​2018.​28639​53

	33.	 Kops ER, Herzog H (2008) Template based attenuation correction 
for PET in MR-PET scanners. IEEE Nucl Sci Symposium Conf 
Rec 2008:3786–3789. https://​doi.​org/​10.​1109/​nssmic.​2008.​47742​
81

	34.	 Lohmann P, Herzog H, Kops ER et al (2015) Dual-time-point 
O-(2-[18F]fluoroethyl)-L-tyrosine PET for grading of cerebral 
gliomas. Eur Radiol 25:3017–3024. https://​doi.​org/​10.​1007/​
s00330-​015-​3691-6

	35.	 Huber T, Alber G, Bette S et al (2017) Reliability of semi-auto-
mated segmentations in glioblastoma. Clin Neuroradiol 27:153–
161. https://​doi.​org/​10.​1007/​s00062-​015-​0471-2

	36.	 Gerhardt J, Sollmann N, Hiepe P et al (2019) Retrospective distor-
tion correction of diffusion tensor imaging data by semi-elastic 
image fusion—evaluation by means of anatomical landmarks. 
Clin Neurol Neurosur 183:105387. https://​doi.​org/​10.​1016/j.​cline​
uro.​2019.​105387

	37.	 Sanai N, Polley M-Y, McDermott MW et al (2011) An extent of 
resection threshold for newly diagnosed glioblastomas. J Neuro-
surg 115:3–8. https://​doi.​org/​10.​3171/​2011.2.​jns10​998

	38.	 Marko NF, Weil RJ, Schroeder JL et al (2014) Extent of resection 
of glioblastoma revisited: personalized survival modeling facili-
tates more accurate survival prediction and supports a maximum-
safe-resection approach to surgery. J Clin Oncol 32:774–782. 
https://​doi.​org/​10.​1200/​jco.​2013.​51.​8886

	39.	 Pirotte BJM, Levivier M, Goldman S et al (2009) Positron emis-
sion tomography-guided volumetric resection of supratentorial 
high-grade gliomas: a survival analysis in 66 consecutive patients. 
Neurosurgery 64:471–481. https://​doi.​org/​10.​1227/​01.​neu.​00003​
38949.​94496.​85

	40.	 Mauler J, Maudsley AA, Langen K-J et al (2018) Spatial relation-
ship of glioma volume derived from 18F-FET PET and volumetric 
MR spectroscopy imaging: a hybrid PET/MRI study. J Nucl Med 
59:603–609. https://​doi.​org/​10.​2967/​jnumed.​117.​196709

	41.	 Langen K-J, Stoffels G, Filss C et al (2017) Imaging of amino acid 
transport in brain tumours: positron emission tomography with 
O-(2-[18F]fluoroethyl)-L-tyrosine (FET). Methods 130:124–134. 
https://​doi.​org/​10.​1016/j.​ymeth.​2017.​05.​019

	42.	 Nowosielski M, DiFranco MD, Putzer D et al (2014) An intra-
individual comparison of MRI, [18F]-FET and [18F]-FLT PET 
in patients with high-grade gliomas. PLoS ONE 9:e95830. https://​
doi.​org/​10.​1371/​journ​al.​pone.​00958​30

	43.	 Muoio B, Giovanella L, Treglia G (2018) Recent developments of 
18F-FET PET in neuro-oncology. Curr Med Chem 25:3061–3073. 
https://​doi.​org/​10.​2174/​09298​67325​66617​11232​02644

	44.	 Hu LS, Hawkins-Daarud A, Wang L et al (2020) Imaging of 
intratumoral heterogeneity in high-grade glioma. Cancer Lett 
477:97–106. https://​doi.​org/​10.​1016/j.​canlet.​2020.​02.​025

	45.	 Suchorska B, Albert NL, Tonn J-C (2018) Role of amino-tracer 
PET for decision-making in neuro-oncology. Curr Opin Neurol 
31:720–726. https://​doi.​org/​10.​1097/​wco.​00000​00000​000616

	46.	 Yang Y, He MZ, Li T, Yang X (2019) MRI combined with PET-
CT of different tracers to improve the accuracy of glioma diag-
nosis: a systematic review and meta-analysis. Neurosurg Rev 
42:185–195. https://​doi.​org/​10.​1007/​s10143-​017-​0906-0

	47.	 Debus C, Waltenberger M, Floca R et al (2018) Impact of (18)
F-FET PET on target volume definition and tumor progression of 
recurrent high grade glioma treated with carbon-ion radiotherapy. 
Sci Rep-UK 8:7201. https://​doi.​org/​10.​1038/​s41598-​018-​25350-7

https://doi.org/10.1093/neuros/nyz199
https://doi.org/10.1093/neuros/nyz199
https://doi.org/10.1093/neuonc/noy166
https://doi.org/10.1093/neuonc/noy166
https://doi.org/10.3171/2015.5.jns142087
https://doi.org/10.1212/wnl.0000000000001262
https://doi.org/10.1212/wnl.0000000000001262
https://doi.org/10.1093/brain/awh399
https://doi.org/10.1007/s11060-009-9922-4
https://doi.org/10.1007/s00259-015-3140-4
https://doi.org/10.2967/jnumed.119.238568
https://doi.org/10.2967/jnumed.119.238568
https://doi.org/10.1016/j.wneu.2016.02.032
https://doi.org/10.1007/s00259-018-4188-8
https://doi.org/10.1007/s00259-018-4188-8
https://doi.org/10.1227/neu.0b013e31828c3974
https://doi.org/10.1016/j.clineuro.2011.03.008
https://doi.org/10.1016/j.clineuro.2011.03.008
https://doi.org/10.1093/neuonc/noq196
https://doi.org/10.1093/neuonc/noq196
https://doi.org/10.1016/s0969-8043(02)00225-7
https://doi.org/10.1016/s0969-8043(02)00225-7
https://doi.org/10.1007/s00259-018-4207-9
https://doi.org/10.3413/nukmed-0347-10-09
https://doi.org/10.1109/trpms.2018.2863953
https://doi.org/10.1109/trpms.2018.2863953
https://doi.org/10.1109/nssmic.2008.4774281
https://doi.org/10.1109/nssmic.2008.4774281
https://doi.org/10.1007/s00330-015-3691-6
https://doi.org/10.1007/s00330-015-3691-6
https://doi.org/10.1007/s00062-015-0471-2
https://doi.org/10.1016/j.clineuro.2019.105387
https://doi.org/10.1016/j.clineuro.2019.105387
https://doi.org/10.3171/2011.2.jns10998
https://doi.org/10.1200/jco.2013.51.8886
https://doi.org/10.1227/01.neu.0000338949.94496.85
https://doi.org/10.1227/01.neu.0000338949.94496.85
https://doi.org/10.2967/jnumed.117.196709
https://doi.org/10.1016/j.ymeth.2017.05.019
https://doi.org/10.1371/journal.pone.0095830
https://doi.org/10.1371/journal.pone.0095830
https://doi.org/10.2174/0929867325666171123202644
https://doi.org/10.1016/j.canlet.2020.02.025
https://doi.org/10.1097/wco.0000000000000616
https://doi.org/10.1007/s10143-017-0906-0
https://doi.org/10.1038/s41598-018-25350-7


80	 Journal of Neuro-Oncology (2021) 155:71–80

1 3

	48.	 Gaw N, Hawkins-Daarud A, Hu LS et  al (2019) Integration 
of machine learning and mechanistic models accurately pre-
dicts variation in cell density of glioblastoma using multipara-
metric MRI. Sci Rep-UK 9:10063. https://​doi.​org/​10.​1038/​
s41598-​019-​46296-4

	49.	 Park JE, Kickingereder P, Kim HS (2020) Radiomics and deep 
learning from research to clinical workflow: neuro-oncologic 
imaging. Korean J Radiol 21:1126. https://​doi.​org/​10.​3348/​kjr.​
2019.​0847

	50.	 Lohmann P, Lerche C, Bauer EK et al (2018) Predicting IDH gen-
otype in gliomas using FET PET radiomics. Sci Rep-UK 8:13328. 
https://​doi.​org/​10.​1038/​s41598-​018-​31806-7

	51.	 Buchmann N, Gempt J, Ryang Y-M et al (2019) Can early post-
operative O-(2-(18F)fluoroethyl)-l-tyrosine positron emission 

tomography after resection of glioblastoma predict the location of 
later tumor recurrence? World Neurosurg 121:e467–e474. https://​
doi.​org/​10.​1016/j.​wneu.​2018.​09.​139

	52.	 Kläsner B, Buchmann N, Gempt J et al (2015) Early [18F]FET-
PET in gliomas after surgical resection: comparison with MRI 
and histopathology. PLoS ONE 10:e0141153. https://​doi.​org/​10.​
1371/​journ​al.​pone.​01411​53

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

Authors and Affiliations

Jonas Ort1,2,10   · Hussam Aldin Hamou1,10 · Julius M. Kernbach1,2,10 · Karlijn Hakvoort1,2,10 · Christian Blume1,10 · 
Philipp Lohmann3,6 · Norbert Galldiks3,5,10 · Dieter Henrik Heiland7,8 · Felix M. Mottaghy4,9,10 · Hans Clusmann1,10 · 
Georg Neuloh1,10 · Karl‑Josef Langen3,4,9,10 · Daniel Delev1,2,10

1	 Department of Neurosurgery, Medical Faculty, RWTH 
Aachen University, 52074 Aachen, Germany

2	 NAILA—Neurosurgical Artificial Intelligence Laboratory 
Aachen, Aachen, Germany

3	 Institute of Neuroscience and Medicine (INM‑3, INM‑4), 
Research Center Juelich, Juelich, Germany

4	 Department of Nuclear Medicine, Medical Faculty, RWTH 
Aachen University, 52074 Aachen, Germany

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

6	 Department of Stereotaxy and Functional Neurosurgery, 
Faculty of Medicine and University Hospital Cologne, 
University of Cologne, Cologne, Germany

7	 Department of Neurosurgery, Medical Center, University 
of Freiburg, Freiburg, Germany

8	 Faculty of Medicine, Freiburg University, Freiburg, Germany
9	 JARA—Juelich Aachen Research Alliance, Juelich, Germany
10	 Center for Integrated Oncology Aachen Bonn Cologne 

Düsseldorf (CIO ABCD), Aachen, Germany

https://doi.org/10.1038/s41598-019-46296-4
https://doi.org/10.1038/s41598-019-46296-4
https://doi.org/10.3348/kjr.2019.0847
https://doi.org/10.3348/kjr.2019.0847
https://doi.org/10.1038/s41598-018-31806-7
https://doi.org/10.1016/j.wneu.2018.09.139
https://doi.org/10.1016/j.wneu.2018.09.139
https://doi.org/10.1371/journal.pone.0141153
https://doi.org/10.1371/journal.pone.0141153
http://orcid.org/0000-0002-4895-9398

	18F-FET-PET-guided gross total resection improves overall survival in patients with WHO grade IIIIV glioma: moving towards a multimodal imaging-guided resection
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Search criteria and description of patients’ characteristics
	FET-PET acquisition and evaluation
	Quantification of tumor volumes
	Statistical analysis

	Results
	Cohort description
	Biological tumor volume defined by FET-PET corresponds only partially to the CE delineation of the tumor
	GTR of FET-PET tumor volume is associated with longer overall survival (OS)
	PET GTR is an independent prognostic factor associated with longer overall survival in multivariate regression model

	Discussion
	PET GTR results in improved OS
	Multimodal image-guided resection as prerequisite for personalized treatment

	Limitations
	Conclusion
	References




