Correlation of dynamic FET PET, conventional MRI and whole-brain
histopathology in a pretreated glioblastoma — a post mortem study

*Philipp Lohmann, PhD?, *Marc D. Piroth, MD®¢, Bernd Sellhaus, MD¢, Joachim

Weis, MD¢, Stefanie Geisler, PhD?, Ana-Maria Oros-Peusquens, PhD?, Hartmut

Mohlberg, PhD?, Katrin Amunts, MD?, Nadim J. Shah, PhD?#¢, **Norbert Galldiks,
MD?f9, **Karl-Josef Langen, MD?"

Inst. of Neuroscience and Medicine (INM-1, -3, -4, -11), Forschungszentrum Juelich, Juelich,
Germany

Dept. of Radiation Oncology, HELIOS Hospital Wuppertal, Wuppertal, Germany

Dept. of Radiation Oncology, University Hospital RWTH Aachen, Aachen, Germany

Inst. of Neuropathology, University Hospital RWTH Aachen, Aachen, Germany

Dept. of Neurology, University Hospital RWTH Aachen, Aachen, Germany

Dept. of Neurology, University of Cologne, Cologne, Germany

Center of Integrated Oncology (CIO), Universities of Cologne and Bonn, Cologne, Germany
Dept. of Nuclear Medicine, University Hospital RWTH Aachen, Aachen, Germany

ZTeseges o

~ ~—

*Philipp Lohmann and Marc D. Piroth have equally contributed to this work
**Norbert Galldiks and Karl-Josef Langen have equally contributed to this work

Correspondence

Dr. Philipp Lohmann
Forschungszentrum Juelich
52425 Juelich

Germany

Phone: +49-2461-61-96357
FAX: +49-2461-61-2302

Email: p.lohmann@fz-juelich.de




Keywords

amino acids; brain tumor; magnetic resonance imaging; neuroimaging; positron

emission tomography

Abbreviations

BBB: Blood—brain barrier

CT: Computed tomography

FET: O-(2-['®F]fluoroethyl)-L-tyrosine
GFAP: Glial fibrillary acidic protein
H&E: Hematoxylin and eosin stain
MET: L-[methyl-"'C]-methionine
MRI: Magnetic resonance imaging
PET: Positron emission tomography
RANO: Response Assessment in Neuro-Oncology
TAC: Time-activity curve

TBR: Tumor-to-brain ratio

VOI: Volume-of-interest



Abstract

Purpose: Amino acid PET using O-(2-['®F]fluoroethyl)-L-tyrosine (FET) provides
important additional information on the extent of viable tumor tissue of glioblastoma
compared with MRI. Especially after radiochemotherapy, progression of contrast
enhancement in MRI is equivocal and may represent either tumor progression or
treatment-related changes. Here, the first case comparing post-mortem whole-brain
histology of a pretreated glioblastoma patient with dynamic in vivo FET PET and MRI
is presented.

Methods: A 61-year-old glioblastoma patient initially underwent partial tumor
resection and died eleven weeks after completion of chemoradiation with concurrent
temozolomide. Three days before the patient deceased, a follow-up FET PET and
MRI scan indicated tumor progression. Autopsy was performed 48 h hours after
death. After formalin fixation, a 7 cm bihemispherical segment of the brain containing
the entire tumor mass was cut into 3500 consecutive 20 um coronal sections.
Representative sections were stained with H&E, cresyl violet and glial fibrillary acidic
protein immunohistochemistry. An experienced neuropathologist identified areas of
dense and diffuse neoplastic infiltration, astrogliosis and necrosis. In vivo FET PET,
MRI datasets and post-mortem histology were co-registered and compared by three
experienced physicians.

Results: Increased uptake of FET in the area of equivocal contrast enhancement on
MRI correlated very well with dense infiltration by vital tumor cells and showed tracer
kinetics typical for malignant gliomas. An area of predominantly reactive astrogliosis
showed only moderate uptake of FET uptake and tracer kinetics usually observed in
benign lesions.

Conclusions: This case report impressively documents the correct imaging of a

progressive glioblastoma by FET PET.



Highlights
- First study to compare modern neuroimaging techniques with post-mortem
whole-brain histology
- Amino acid PET using FET delineates vital tumor tissue in progressive
glioblastoma
- FET PET tracer uptake kinetics might be helpful to differentiate between areas

of necrosis, reactive astrogliosis and vital tumor cells



Introduction

In clinical practice, contrast-enhanced MRI is the method of choice for the diagnosis
and delineation of brain tumors and usually represents the basis for treatment
planning such as resection or radiotherapy.’? The differentiation of glioma tissue with
its pronounced regional heterogeneity from surrounding edema is unreliable,
however, particularly when the main tumor mass is not sharply demarcated from
normal brain tissue, and when no contrast enhancement (CE) is present. A previous
study comparing histopathology of whole-brain specimens of several brain tumor
patients with MRI data came to the conclusion that conventional MRI does not allow
malignant gliomas to be correctly delineated.> A number of advanced MRI techniques
such as perfusion weighted imaging (PWI) or magnetic resonance spectroscopic
imaging are under clinical evaluation to target this diagnostic problem but cannot

solve all problems satisfactorily.*

In the last decades, there is increasing evidence that PET using radiolabeled amino
acids offers a better delineation of cerebral gliomas which helps to guide biopsies
and to plan surgical interventions and radiation therapy and is useful in distinguishing
tumor recurrence from nonspecific therapeutic scar tissue.>'© Most PET studies in
brain tumor patients have been performed with L-[methyl-''C]-methionine (MET)
(half-life, 20 min),"'2 but for logistic advantages, '®F-labeled amino acid such as O-
(2-"8F-fluoroethyl)-L-tyrosine (FET) (half-life, 109.8 min) have replaced MET in many
neuro-oncological centers in the last decade.®'3-'® Recently, the Response
Assessment in Neuro-Oncology (RANO) working group - an international effort to
develop new standardized response criteria for clinical trials in brain tumors - has

recommended the additional use of amino acid PET imaging at every stage of brain



tumor management.? In 2014, Switzerland was the first country to approve 8F-FET

PET as a medical drug for clinical use."”

A number of studies in which imaging has been compared with tissue samples
obtained by either biopsy or surgery have shown that amino acid PET reliably detects
glioma tissue.>'8-29 More than three decades ago, a comparison of PET and CT data
of a patient with anaplastic astrocytoma with whole-brain histopathology has been
published.?’ MET PET was able to identify the extent of the main tumor mass of an
astrocytoma correctly while conventional as well as contrast-enhanced CT and PET
using other tracers missed more than 50% of the tumor tissue. That study was a

milestone for the further development of amino acid PET in brain tumor imaging.?’

Such data, however, are as yet not available for progressive tumors in pretreated
patients. A particular problem in the follow-up of glioblastoma is the distinction
between early tumor progression and treatment-related changes after
radiochemotherapy of malignant gliomas with concurrent temozolomide.?? Within the
first twelve weeks after completion of radiochemotherapy, glioblastoma patients may
exhibit an enlarging area of CE on MRI, followed by subsequent improvement or
stabilization without any change in treatment.?223 This phenomenon has been termed
“pseudoprogression” and is a consequence of a subacute treatment-related local
tissue reaction, which comprises inflammation, edema, and increased permeability of

the blood-brain barrier.23

Here, we present the first case study comparing post-mortem whole-brain histology
of a glioblastoma patient with in vivo dynamic FET PET and MRI data within three

months after completion of radiochemotherapy, i.e., in a critical time window in which
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a diagnostic decision must be made between an early tumor progression and a
pseudoprogression. We would like to emphasize that the availability of a full record of
MRI and PET data of a brain tumor patient in a temporal proximity to autopsy is a
rare coincidence. Furthermore, compared with previous reports this case is
exceptional because whole-brain histology was generated by the brain mapping
group of our center which has outstanding expertise regarding large-scale analysis of
the human brain, i.e., the analysis of thousands of whole-brain sections for
cytoarchitectonic and receptor mapping.?* Therefore, this case study provides an

important set of data that is not available in the literature so far.



Material and Methods

A 61-year-old glioblastoma patient underwent initially partial resection and died
eleven weeks after completion of chemoradiation with concurrent temozolomide. The
patient participated in a prospective study investigating an integrated-boost-intensity-
modulated radiotherapy (IMRT) with FET-PET-adapted local dose escalation in
glioblastomas.?® The university ethics committee and federal authorities approved
this study. All patients gave written informed consent before their participation in the
study.

The whole dose to the tumor area was 72 Gray (Gy) using daily single doses of 2.4
Gy for the PET-adapted target volume and 60 Gy (single-dose 2 Gy) for the MR-
based target volume applied with an integrated-boost technique.?®

Four weeks after completion of radiochemotherapy, MRl and FET PET were
performed for treatment monitoring. The MRI scan showed increasing CE in the
irradiated tumor area and FET PET indicated tumor progression. Three days later,
the patient suddenly died of circumstances that could not be clarified with certainty by
the autopsy.

The FET PET scan was performed in an ECAT EXACT HR+ scanner (CTI/Siemens
Medical Systems, Knoxville, USA). The amino acid FET was produced and applied
as described previously.?”?® A dynamic PET scan from 0 to 50 min after injection of
approximately 200 MBqg of FET was performed. After correction for random and
scattered coincidences as well as dead time and attenuation, the PET data were
iteratively reconstructed. The reconstructed dynamic data set consisted of 16 time
frames (5 x 1 min; 5 x 3 min; 6 x 5 min). A routine 1.5 T MRI was acquired at the
same day of PET scanning before and after intravenous injection of a gadolinium-

based contrast agent using a standard MR head coil.



Two days after the patient’'s death, the brain was removed during autopsy and
additional post-mortem MRI scans of the brain were performed. A T1- (3D MP-RAGE
sequence) and a T2-weighted (3D TSE sequence) MR image was acquired in a 3T
MR scanner (MAGNETOM Trio, Siemens Medical Systems, Erlangen, Germany) in
order to identify the tumor bearing area of the brain that was to be selected for further
work-up and to obtain a shape reference for further 3-dimensional reconstruction of
the histological sections. Informed consent was obtained from the patient’s next of

kin.

The brain was dissected as follows: A rostral cut was carried out through the
mammillary bodies and a dorsal cut was placed through the occipital lobes. The brain
region between the two cuts consisted of large parts of both parietal lobes, parts of
the temporal lobes and infratentorial parts of the brain. It contained the tumor mass
and adjacent brain regions. The entire specimen was embedded in paraffin and
further processed for histology. The remaining brain tissue consisting mainly of large
parts of the frontal and occipital lobes was returned to the mortician. A large-scale
microtome was used to cut the specimen into 3500 successive coronal sections with

a thickness of 20 ym.

Representative coronal sections through the brain covering the entire tumor region
were stained with hematoxylin-eosin and cresyl violet and immunohistochemically
using an antibody against glial fibrillary acidic protein (GFAP), an astrocyte marker
protein (dilution 1:500, DAKO). Each section was microscopically examined by an
experienced neuropathologist (B.S.) who manually marked areas of solid tumor and

pronounced tumor infiltration of adjacent brain tissue vs. minor neoplastic infiltration



mixed with reactive astrogliosis as well as necrotic regions on photographic copies of
the brain slices.

To match the reconstructed histological volume with the ex-vivo MR volume, linear
and non-linear correction procedures were used.?® Most artefacts (e.g. “Swiss
cheese” artefacts due to focal post mortal bacterial proliferation, shrinkage of the
brain due to fixation and embedding in paraffin, and distortion of the sections due to
cutting) could be eliminated, but the tumor-bearing area showed distortions that could
not be corrected by the algorithms usually applied for data fusion in non-tumor
bearing human brains. Therefore, histological sections were visually co-registered
with the FET PET and MRI images using anatomical markers and the software
PMOD (Version 3.505, PMOD Technologies Ltd.). After fusion of the in vivo FET PET
and MRI datasets with post-mortem histology, the FET uptake and the contrast-
enhancing regions in MRI were correlated to regions of presumed predominant

neoplastic infiltration vs. astrogliosis and necrosis.

PET data analysis was performed on summed PET images (20-40 min p.i.). For
reference, a spherical background volume-of-interest (VOI) was positioned in the
hemisphere contralateral to the lesion in healthy brain parenchyma (diameter of the
background VOI, 30 mm). The extent of neoplastic infiltration apparent in the FET
PET was determined using a 2D auto-contouring process with a tumor-to-brain ratio
(TBR) of 1.6 or more. This cut-off is based on a biopsy-controlled study in untreated
gliomas.® The mean FET uptake ratio was calculated in selected regions of the tumor
mass and adjacent gliotic tissue with sparse neoplastic infiltration. The spatial
overlap between FET uptake above the threshold of 1.6 and extent of viable tumor
tissue in histology were visually evaluated by three experienced physicians (M.P., K-

J.L., N.G.) in consensus and compared with the area of CE in MRI. The time-activity
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curves (TAC) of tracer uptake were evaluated using the dynamic PET data. The
TACs for tumor tissue were evaluated by spherical VOIs (volume of the background
VOI, 0.1 ml; diameter, 5 mm; number of voxels, 41) in five different positions (across

25 sections) in areas showing viable tumor tissue.
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Results

The co-registration and fusion of the data sets yielded a satisfactory alignment in the
space axes but the evaluation of the tumor area was hampered by deformations of
the brain after removal from the cranial cavity, formalin fixation and paraffin
embedding.?® Therefore, a direct overlay analysis of the different tissue
compartments in the tumor area in the histological specimen with PET and MRI data
was not meaningful and the further analysis was based on a visual comparison which

took into account deformations based on anatomical landmarks.

The glioblastoma mainly consisted of densely packed anaplastic tumor cells showing
astrocytic differentiation. The tumor contained a large central necrosis with finger-like
extensions into the adjacent tumor tissue which were surrounded by
pseudopalisading tumor cells. The solid tumor merged into the adjacent densely
infiltrated brain tissue without sharp borders; the latter showed a focal transition into
gliotic brain tissue containing only few neoplastic cells. There were numerous foci of
vascular proliferations within the tumor itself and in the adjacent tumor-infiltrated
brain tissue. Many blood vessel walls were thickened and hyalinised as a
consequence of irradiation.

An overview of the results of the imaging modalities in the solid brain regions densely

infiltrated by neoplastic cells is presented in Figure 1.

In all areas that were identified as tumor mass or as brain tissue densely infiltrated by
anaplastic tumor cells on the histological sections, increased FET uptake was noted
which demonstrates that FET PET identified progressive tumor tissue. Tumor tissue
showed also CE on MRI, which, however, has little specificity with respect to the
differentiation of tumor and treatment-related changes (Figures 2 and 3).
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In most sections, the solid tumor and the adjacent densely infiltrated brain regions
were surrounded by a smaller rim of astrogliosis containing scattered neoplastic
cells. In those areas, FET uptake in tumor tissue and astrogliosis could not be
differentiated due to the limited spatial resolution of PET. In one section, however,
there was a larger area of astrogliosis with only few intermingled neoplastic cells
which extended beyond the tumor mass. This area could be evaluated separately for
FET uptake (Figure 3). In this area, FET uptake was slightly increased with a tumor-
to-brain ratio of 1.5, which is lower than the threshold value of 1.6 that is used to
differentiate neoplastic from non-neoplastic tissue in FET PET of cerebral gliomas.®
The FET uptake in the tumor mass and in the densely infiltrated brain tissue was 2.3.
Thus, the area of astrogliosis with only scattered neoplastic infiltration could be
clearly distinguished from the solid malignant tumor tissue. The area of central
necrosis in this large glioblastoma showed neither FET uptake nor contrast-
enhancement on MRI. Additionally, the FET uptake kinetics of the area of viable solid
tumor showed a curve pattern characteristic for high-grade gliomas,®'3? i.e., a steep
increase in the early phase after injection followed by a constant descent (Figure 3
C). The evaluation of regional time-activity curves of FET uptake across 25 sections
of histologically identified tumor tissue showed uniformly a curve pattern
characteristic for high-grade gliomas. In contrast, the TAC of FET uptake in the gliotic
area without dense neoplastic infiltration showed a steadily increasing tracer uptake
(Figure 3 C), similar to the curve pattern typically observed in benign lesions and low-

grade gliomas.3"2
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Discussion

To the best of our knowledge, this is the first post-mortem study that compares
whole-brain histology with in vivo dynamic FET PET and MRI of a patient with a
glioblastoma within three months after completion of radiochemotherapy. At the time
of investigation, the patient showed an enlarging area with CE on MRI indicating
either tumor progression or pseudoprogression, a phenomenon that occurs at this
stage in up to 30% of the patients.?>3% The present case study demonstrates that
FET PET reliably identified viable tumor tissue in all parts of this large progressive
glioblastoma and allowed the differentiation of areas with pronounced astrogliosis
and only minor, scattered neoplastic cells. Furthermore, all parts of this progressive
glioblastoma showed FET kinetics typical for malignant gliomas while astrogliosis

showed a curve pattern typical for benign brain lesions or low-grade gliomas.

The differentiation of early tumor progression and pseudoprogression in patients with
malignant gliomas after radiochemotherapy is a major diagnostic challenge. A
previous study has shown that FET PET allows differentiating pseudoprogression
and early progression in glioblastoma patients within the first twelve weeks after
radiotherapy with concomitant temozolomide with an accuracy of 96%, which could
not be achieved with conventional MRI based on the RANO criteria.?>3* Further
studies demonstrated that FET PET is also useful to differentiate between radiation
injury and tumor recurrence in cerebral gliomas or brain metastases with an accuracy
of about 90%.34-38 A limitation of those studies is the fact that in many of the patients,
the diagnosis is based on clinicoradiological follow-up and not on histological
assessment. Furthermore, there is no study in the literature comparing regional
histology with FET uptake in progressive and recurrent gliomas. It is frequently
discussed whether the increased FET accumulation in brain tumors is due to a
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disruption of the blood—brain barrier (BBB) as indicated by CE in MRI. Since FET is
transported via the system L amino acid transporter it enters also the normal brain
tissue and a disruption of the BBB is not a prerequisite for intratumoral
accumulation.”™ Even though this phenomenon is not obvious in the present case
study, increased FET uptake has frequently been observed beyond the area of CE in

malignant gliomas and also in low-grade gliomas without BBB leakage.?3%40

Despite the extensive methodological approach a perfect fusion of the histological
slices and the in vivo imaging data in the tumor area was not possible. This was due
to the fact that after removal of the brain from the skull the tumor area showed a
protuberance that could not be corrected by the morphing algorithms that are applied
for data fusion in non-tumor bearing human brains. Nevertheless, the 3-dimensional
alignment of the data set allowed for a reasonable comparison of the presence of
tumor tissue in the coronal histological slices and in the corresponding FET PET

studies as demonstrated in Figure 1 and 2.

Another aspect of the study was the regional allocation of FET kinetics in different
parts of this progressive glioblastoma. Different tracer kinetics in malignant and
benign tissues appears to be a special property of FET since it has not been
observed for other amino acid tracers such as MET or FDOPA.#'42 A comparison of
regional histology with FET kinetics has been reported in untreated low-grade
gliomas using stereotactic biopsies which demonstrated that areas with malignant
transformation exhibited a malignant curve pattern characteristic for high-grade
gliomas, i.e. a steep increase in the early phase after injection followed by a constant
descent.** Such studies, however, are as yet not available for the evaluation of

progressive tumors. In the present study, the regional evaluation of FET kinetics of
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this pretreated and progressive glioblastoma revealed a malignant curve pattern in all
parts of histologically identified tumor mass. In contrast, an area of reactive gliosis
with only scattered neoplastic cells showed moderate FET uptake and a benign
curve pattern similar to that observed in non-neoplastic lesions (Figure 3). Thus,
dynamic FET PET may be helpful in the differentiation between progressive gliomas

and treatment-related changes.

Although these results are promising, the accuracy of FET PET in differentiating
tumor progression and treatment related changes is limited to 90% and cannot
replace a biopsy in case of doubt.*4#5 Moreover, it has to be considered that FET
uptake is not specific for neoplastic tissue and pitfalls have been reported for brain
abscesses, demyelinating processes, in the proximity of cerebral ischemic lesions,
and hematomas.*®*7 Furthermore, in rare cases increased FET uptake has been
reported several years after high dose brachytherapy in areas of reactive
astrogliosis.*® Unspecific FET uptake, however, is apparently a rare finding in routine
diagnostics of brain tumors. In our study, no sign of unspecific FET uptake beyond
the histological confirmed tumor tissue could be observed. Especially, there was only
moderate uptake in an area of reactive astrogliosis adjacent to the tumor, which is in
line with an experimental study in rats showing only low FET uptake in peritumoral
astrogliosis up to a radiation dose of 100 Gy.*°

It should be noted that also advanved MR methods, particular PWI, can contribute
significantly to the differentiation of tumor progression and therapy-related changes,*
a recent comparative study of both methods using hybrid PET/MRI, however,

suggests that FET PET has a superiority over PWI in this diagnostic issue.%°
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Conclusions

FET PET identified viable tumor tissue in all parts of the tumor mass of this large
progressive glioblastoma and allowed the differentiation of adjacent gliotic areas with
only minor infiltration by scattered neoplastic cells. The tumor mass showed a
malignant curve pattern, which confirms that dynamic FET PET contributes to

differential diagnosis in recurrent gliomas.

Declaration of interest: none

Funding: This research did not receive any specific grant from funding agencies in

the public, commercial, or not-for-profit sectors.

Acknowledgements

We thank Ferdag Kocaer for producing whole-brain slices, Suzanne Schaden,
Elisabeth Theelen, Silke Frensch, Kornelia Frey and Lutz Tellmann for assistance in
the patient study; Johannes Ermert, Silke Grafmuller, Erika Wabbals and Sascha

Rehbein for radiosynthesis of FET.

17



References

1.

Schmidt MA, Payne GS. Radiotherapy planning using MRI. Phys Med Biol.

2015;60(22):R323-R361.

Risholm P, Golby AJ, Wells W. Multimodal Image Registration for Preoperative
Planning and Image-Guided Neurosurgical Procedures. Neurosurg Clin N Am.

2011;22(2):197-206.

Tovi M, Hartman M, Lilja A, Ericsson A. Mr Imaging in Cerebral Gliomas. Acta

Radiol. 1994;35(5):495-505.

Langen K-J, Galldiks N, Hattingen E, Shah NJ. Advances in neuro-oncology

imaging. Nat Rev Neurol. 2017;13(5):279-289.

Pauleit D, Floeth F, Hamacher K, et al. O-(2-[18F]fluoroethyl)-L-tyrosine PET
combined with MRI improves the diagnostic assessment of cerebral gliomas.

Brain. 2005;128(3):678-687.

Galldiks N, Langen KJ. Applications of PET imaging of neurological tumors

with radiolabeled amino acids. Q J Nucl Med Mol imaging. 2015;59(1):70-82.

Jansen NL, Suchorska B, Wenter V, et al. Prognostic significance of dynamic

18F-FET PET in newly diagnosed astrocytic high-grade glioma. J Nucl Med.

2015;56(1):9-15.

18



10.

11.

12.

13.

Albert NL, Weller M, Suchorska B, et al. Response Assessment in Neuro-
Oncology working group and European Association for Neuro-Oncology
recommendations for the clinical use of PET imaging in gliomas. Neuro Oncol.

2016;18(9):1199-1208.

Galldiks N, Langen K-J, Pope WB. From the clinician’s point of view - What is
the status quo of positron emission tomography in patients with brain tumors?

Neuro Oncol. 2015;17(11):1434-1444.

Weller M, van den Bent M, Tonn JC, et al. European Association for Neuro-
Oncology (EANO) guideline on the diagnosis and treatment of adult astrocytic

and oligodendroglial gliomas. Lancet Oncol. 2017;18(6):e315-e329.

lwadate Y, Shinozaki N, Matsutani T, Uchino Y, Saeki N. Molecular imaging of
1p/19q deletion in oligodendroglial tumours with 11 C-methionine positron

emission tomography. J Neurol Neurosurg Psychiatry. 2016;87(9):1016-1021.

Lopci E, Riva M, Olivari L, et al. Prognostic value of molecular and imaging
biomarkers in patients with supratentorial glioma. Eur J Nucl Med Mol Imaging.

2017;44(7):1155-1164.

Langen K-J, Hamacher K, Weckesser M, et al. O-(2-[18F]fluoroethyl)-L-

tyrosine: uptake mechanisms and clinical applications. Nucl Med Biol.

2006;33(3):287-294.

19



14.

15.

16.

17.

18.

19.

20.

Heiss W-D. Clinical Impact of Amino Acid PET in Gliomas. J Nucl Med.

2014;55(8):1219-1220.

Wester HJ, Herz M, Weber W, et al. Synthesis and radiopharmacology of O-(2-
[18F]fluoroethyl)-L-tyrosine for tumor imaging. J Nucl Med. 1999;40(1):205-

212.

Langen K-J, Watts C. Amino acid PET for brain tumours — ready for the clinic?

Nat Rev Neurol. 2016;12(7):375-376.

Swiss Agency for Therapeutic Products. J Swissmedic. 2014;(13):651.

Pirotte B, Goldman S, Massager N, et al. Comparison of 18F-FDG and 11C-
methionine for PET-guided stereotactic brain biopsy of gliomas. J Nucl Med.

2004;45(8):1293-1298.

Galldiks N, Ullrich R, Schroeter M, Fink GR, Kracht LW. Volumetry of [11C]-
methionine PET uptake and MRI contrast enhancement in patients with
recurrent glioblastoma multiforme. Eur J Nucl Med Mol Imaging. 2010;37(1):84-

92.

Mosskin M, Ericson K, Hindmarsh T, et al. Positron emission tomography
compared with magnetic resonance imaging and computed tomography in
supratentorial gliomas using multiple stereotactic biopsies as reference. Acta

Radiol. 1989;30(3):225-232.

20



21.

22.

23.

24.

25.

26.

27.

Bergstrom M, Collins VP, Ehrin E, et al. Discrepancies in brain tumor extent as
shown by computed tomography and positron emission tomography using
[68GalEDTA, [11C]glucose, and [11C]methionine. J Comput Assist Tomogr.

1983;7(6):1062-1066.

Wen PY, Macdonald DR, Reardon D a., et al. Updated response assessment
criteria for high-grade gliomas: Response assessment in neuro-oncology

working group. J Clin Oncol. 2010;28(11):1963-1972.

Brandsma D, van den Bent MJ. Pseudoprogression and pseudoresponse in

the treatment of gliomas. Curr Opin Neurol. 2009;22(6):633-638.

Amunts K, Lepage C, Borgeat L, et al. BigBrain: An Ultrahigh-Resolution 3D

Human Brain Model. Science. 2013;340(6139):1472-1475.

Piroth MD, Pinkawa M, Holy R, et al. Integrated boost IMRT with FET-PET-
adapted local dose escalation in glioblastomas: Results of a prospective phase

Il study. Strahlentherapie und Onkol. 2012;188(4):334-339.

Piroth MD, Pinkawa M, Holy R, et al. Integrated-boost IMRT or 3-D-CRT using
FET-PET based auto-contoured target volume delineation for glioblastoma

multiforme--a dosimetric comparison. Radiat Oncol. 2009;4:57.

Hamacher K, Coenen HH. Efficient routine production of the 18F-labelled
amino acid O-2-18F fluoroethyl-L-tyrosine. Appl Radiat Isot. 2002;57(6):853-

856.

21



28.

29.

30.

31.

32.

33.

Langen K-J, Bartenstein P, Boecker H, et al. [German guidelines for brain
tumour imaging by PET and SPECT using labelled amino acids].

Nuklearmedizin. 2011;50(4):167-173.

Homke L, Amunts K, Bonig L, et al. Analysis of lesions in patients with
unilateral tactile agnosia using cytoarchitectonic probabilistic maps. Hum Brain

Mapp. 2009;30(5):1444-1456.

Singh M, Rajagopalan A, Kim T-S, et al. Co-registration of In-Vivo Human MRI
Brain Images to Postmortem Histological Microscopic Images. Int J Imaging

Syst Technol. 2008;18(5-6):325-335.

Popperl G, Kreth FW, Herms J, et al. Analysis of 18F-FET PET for grading of
recurrent gliomas: is evaluation of uptake kinetics superior to standard

methods? J Nucl Med. 2006;47(3):393-403.

Lohmann P, Herzog H, Rota Kops E, et al. Dual-time-point O-(2-
[18F]fluoroethyl)-L-tyrosine PET for grading of cerebral gliomas. Eur Radiol.

2015;25(10):3017-3024.

Young RJ, Gupta A, Shah AD, et al. Potential utility of conventional MRI signs

in diagnosing pseudoprogression in glioblastoma. Neurology.

2011;76(22):1918-1924.

22



34.

35.

36.

37.

38.

39.

Galldiks N, Dunkl V, Stoffels G, et al. Diagnosis of pseudoprogression in
patients with glioblastoma using O-(2-[18F]fluoroethyl)-I-tyrosine PET. Eur J

Nucl Med Mol Imaging. 2015;42(5):685-695.

Popperl G, Gotz C, Rachinger W, Gildehaus FJ, Tonn JC, Tatsch K. Value of
O-(2-[18F]fluoroethyl)-L-tyrosine PET for the diagnosis of recurrent glioma. Eur

J Nucl Med Mol Imaging. 2004;31(11):1464-1470.

Rachinger W, Goetz C, Popperl G, et al. Positron Emission Tomography with
O-(2-[18F]fluoroethyl)-I-tyrosine versus Magnetic Resonance Imaging in the

Diagnosis of Recurrent Gliomas. Neurosurgery. 2005;57(3):505-511.

Galldiks N, Stoffels G, Filss CP, et al. Role of O-(2-(18)F-fluoroethyl)-L-tyrosine
PET for differentiation of local recurrent brain metastasis from radiation

necrosis. J Nucl Med. 2012;53(9):1367-1374.

Ceccon G, Lohmann P, Stoffels G, et al. Dynamic O-(2-18F-fluoroethyl)-L-
tyrosine positron emission tomography differentiates brain metastasis
recurrence from radiation injury after radiotherapy. Neuro Oncol.

2017;19(2):281-288.

Jansen NL, Graute V, Armbruster L, et al. MRI-suspected low-grade glioma: is

there a need to perform dynamic FET PET? Eur J Nucl Med Mol Imaging.

2012;39(6):1021-1029.

23



40.

41.

42.

43.

44,

45.

46.

Jansen NL, Suchorska B, Wenter V, et al. Dynamic 18F-FET PET in Newly
Diagnosed Astrocytic Low-Grade Glioma Identifies High-Risk Patients. J Nucl/

Med. 2014:55(2):198-203.

Moulin-Romsée G, D’Hondt E, de Groot T, et al. Non-invasive grading of brain
tumours using dynamic amino acid PET imaging: does it work for 11C-

methionine? Eur J Nucl Med Mol Imaging. 2007;34(12):2082-2087.

Kratochwil C, Combs SE, Leotta K, et al. Intra-individual comparison of '8F-
FET and "®F-DOPA in PET imaging of recurrent brain tumors. Neuro Oncol.

2014;16(3):434-440.

Kunz M, Thon N, Eigenbrod S, et al. Hot spots in dynamic18FET-PET
delineate malignant tumor parts within suspected WHO grade Il gliomas. Neuro

Oncol. 2011;13(3):307-316.

Mehrkens JH, Pppperl G, Rachinger W, et al. The positive predictive value of
O-(2-[18F]fluoroethyl)-I- tyrosine (FET) PET in the diagnosis of a glioma

recurrence after multimodal treatment. J Neurooncol. 2008;88(1):27-35.

Galldiks N, Stoffels G, Filss C, et al. The use of dynamic O-(2-18F-fluoroethyl)-
L-tyrosine PET in the diagnosis of patients with progressive and recurrent

glioma. Neuro Oncol. 2015;17 (April):1293-1300.

Floeth FW, Pauleit D, Sabel M, et al. 18F-FET PET differentiation of ring-

enhancing brain lesions. J Nucl Med. 2006;47(5):776-782.

24



47.

48.

49.

50.

Hutterer M, Nowosielski M, Putzer D, et al. [18F]-fluoro-ethyl-I-tyrosine PET: A
valuable diagnostic tool in neuro-oncology, but not all that glitters is glioma.

Neuro Oncol. 2013;15(3):341-351.

Hutterer M, Galldiks N, Hau P, Langen K-J. Pitfalls in der [18F]-FET-PET-

Diagnostik von Hirntumoren. Der Nukl. 2015;38(04):295-303.

Piroth MD, Prasath J, Willuweit A, et al. Uptake of O-(2-[18F]fluoroethyl)-L-
tyrosine in reactive astrocytosis in the vicinity of cerebral gliomas. Nucl Med

Biol. 2013;40(6):795-800.

Verger A, Filss CP, Lohmann P, et al. Comparison of 18 F-FET PET and

Perfusion-Weighted MRI in the diagnosis of patients with progressive and

recurrent glioma: A hybrid PET/MR study. World Neurosurg. 2018.

25



Figure Captions

Fig. 1 Representative coronal sections of whole-brain histology stained with cresyl
violet (A). An experienced neuropathologist indicated areas of astrogliosis (green),
neoplastic tissue (red) and necrosis (blue) (B). Corresponding co-registered in vivo

contrast-enhanced MR (C) and FET PET (D) images

Fig. 2 Representative post-mortem whole-brain histological sections (coronal)
stained with cresyl violet (A, B; E, F) in comparison with in vivo contrast enhanced
MRI (C; G) and FET PET (D; H). An experienced pathologist indicated areas of
astrogliosis with only few, scattered neoplastic cells (green), tumor mass and densely
infiltrated brain tissue (red) and necrosis (blue) on the histological sections. The FET
uptake and the area of contrast enhancement were in good agreement with viable

tumor tissue

Fig. 3 Whole-brain histology (A) and corresponding FET PET image (B) for
evaluation of FET uptake kinetics (C). Areas of astrogliosis (A, green; B white arrow)
and viable tumor tissue (A, red; B white arrowheads) showed clear differences in
FET uptake kinetics (C). The histologically identified areas of cell-dense tumor tissue
showed a curve pattern characteristic for high-grade gliomas (C, red) and could be
clearly distinguished from the reactive astrogliosis with only few, scattered tumor
cells (C, green). The TAC of unaffected brain parenchyma is included for comparison

(C, black)
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