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Abstract

Purpose We present our first clinical experience with O-(2-'®F-fluoroethyl)-L-tyrosine (FET) PET in patients with
high-grade glioma treated with various neurooncological therapies including tumour-treating fields (TTFields) for the
differentiation of tumour progression from treatment-related changes.

Methods We retrospectively assessed 12 patients (mean age 51 + 12 years, range 33—72 years) with high-grade glioma
(11 glioblastomas, 1 gliosarcoma) in whom the treatment regimen included TTFields and who had undergone FET PET
scans for differentiation of tumour progression from treatment-related changes. Mean and maximum tumour-to-brain
ratios (TBRneans TBRnax) Were calculated. The definitive diagnosis (tumour progression or posttherapeutic changes) was
confirmed either by histopathology (4 of 12 patients) or on clinical follow-up.

Results In all nine patients with confirmed tumour progression, the corresponding FET PET showed increased uptake
(TBRpax 3.5+0.6, TBR;jcan 2.7 +0.7). In one of these nine patients, FET PET was consistent with treatment-related
changes, whereas standard MRI showed a newly diagnosed contrast-enhancing lesion. In two patients treated solely with
TTFields without any other concurrent neurooncological therapy, serial FET PET revealed a decrease in metabolic activity over
a follow-up of 6 months or no FET uptake without any signs of tumour progression or residual tumour on conventional MRI.
Conclusion FET PET may add valuable information in monitoring therapy in individual patients with high-grade glioma under-
going neurooncological treatment including TTFields.

Keywords TTFields - Amino acid PET - Glioma - Treatment-related changes - Tumour progression

Introduction primary brain tumours, with a median survival of only
15-20 months despite maximal aggressive and multimodal
Glioblastoma (GBM) is the most common form of gli-  therapy [1-3]. Thus, current therapeutic approaches pro-

oma and is also one of the most aggressive and lethal  vide modest improvement in progression-free and
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overall survival, necessitating the investigation of novel
therapies.

Tumour-treating fields (TTFields) deliver low-intensity, al-
ternating electric energy at an intermediate frequency of
200 kHz as a locoregional intervention that inhibits cell divi-
sion and causes neoplastic cell death with minimal effect on
normal quiescent cells [4]. It has been demonstrated that in
patients with newly diagnosed GBM who have completed
standard chemoradiation therapy, adding TTFields to mainte-
nance (adjuvant) temozolomide chemotherapy significantly
prolongs progression-free and overall survival [5, 6].
Furthermore, TTFields treatment is also used in patients with
progressive GBM [7].

Standard MRI, including contrast-enhanced
T1-weighted and T2-/FLAIR-weighted sequences, is the
method of choice for brain tumour diagnostics and
follow-up. In particular, changes in the extent of contrast
enhancement on MRI are used as an indicator of therapy
response or tumour progression [8, 9]. However,
treatment-related changes such as pseudoprogression and
radiation necrosis can cause disruption of the blood—brain
barrier, resulting in nonspecific contrast enhancement on
MRI [10-12]. Furthermore, blood—brain barrier breakdown
may also result from postoperative inflammation, seizures,
true tumour recurrence, or other treatment-related effects
(e.g. immunotherapy). Thus, contrast enhancement
resulting from increased blood—brain barrier permeability
is nonspecific and may not always be an accurate surrogate
for neoplastic tissue, tumour extent or treatment effect.
Most importantly, treatment-related changes are of consid-
erable importance in neurooncology because an effective
treatment might be erroneously terminated too early with
potentially negative effects on survival.

PET using biologically active molecules labelled with
short-lived positron-emitting isotopes at micromolar or
nanomolar concentrations is one of the most promising tech-
niques for the imaging of specific molecular processes in vivo.
Molecular imaging using PET may provide relevant addition-
al information on tumour metabolism, and may also be helpful
in clinical decision-making, especially in patients with equiv-
ocal MRI findings following neurooncological treatment [13,
14]. Furthermore, more widespread use of amino acid PET for
the management of patients with brain tumours has been
strongly recommended by the RANO group [15, 16]. The
PET tracer O—(2—1SF—ﬂuoroethyl)—L—tyrosine (FET) is a
well-established '*F-labelled amino acid (half-life 110 min)
that shows logistic advantages over ''C-methyl-L-methionine
for clinical practice [17]. The clinical value of FET PET for the
identification of tumour relapse has been demonstrated in nu-
merous studies including patients with gliomas as well as pa-
tients with brain metastasis [12, 18-24].

We present our first clinical experience with FET PET in
patients with GBM treated with various neurooncological

therapies including TTFields for the differentiation of tumour
progression from treatment-related changes.

Materials and methods
Patients

We retrospectively assessed 12 patients (mean age 51 =+
12 years, range 33—72 years; four women and eight men) with
high-grade glioma (11 GBMs, 1 gliosarcoma) in whom the
treatment regimen included TTFields and who had undergone
a FET PET scan for the differentiation of tumour progression
from treatment-related changes. For FET PET imaging, pa-
tients were referred to the Forschungszentrum Juelich (seven
patients) or to the Department of Nuclear Medicine,
University of Essen (five patients). This retrospective study
was approved by the local ethics committee, and all patients
gave written informed consent before each FET PET
investigation.

PET imaging

As described previously, the amino acid FET was produced via
nucleophilic '*F-fluorination with a radiochemical purity of
greater than 98%, a specific radioactivity greater than
200 GBg/pmol and a radiochemical yield of about 60% [25].
According to the German guidelines for brain tumour imaging
using labelled amino acid analogues [26], all patients fasted for
at least 4 h before the PET measurements. At the
Forschungszentrum Juelich, patients underwent a dynamic
PET scan from 0 to 50 min after injection of 3 MBq of FET
per kg of body weight. PET imaging was performed either on
an ECAT Exact HR+ PET scanner (11 scans) in
three-dimensional mode (Siemens Medical Systems; axial field
of view 15.5 cm, spatial resolution 6 mm) or using a BrainPET
insert simultaneously with 3-T MR imaging (two scans). The
BrainPET is a compact cylinder that fits in the bore of the
Magnetom Trio MR scanner (axial field of view 19.2 cm, op-
timum spatial resolution 3 mm) [27]. Iterative reconstruction
parameters were 16 subsets and six iterations using the
OSEM algorithm for the ECAT HR+ PET scanner, and two
subsets and 32 iterations using the OP-OSEM algorithm pro-
vided by the manufacturer of the BrainPET, with correction for
random, scattered coincidences, and dead time for both sys-
tems. Attenuation correction for the ECAT HR+ PET scan
was based on a transmission scan, and for the BrainPET scan
on a template-based approach [27]. The reconstructed dynamic
dataset consisted of 16 time frames (5 % 1, 5% 3, 6 X 5 min).
At the Department of Nuclear Medicine, University of
Essen, static FET PET imaging (five scans) was performed
on a 3-T whole-body hybrid imaging system (Biograph
mMR; Siemens Healthcare, Erlangen, Germany). For the
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evaluation of 'F-FET uptake, summed PET images over the
period 2040 min after injection were used for static data.

PET data analysis

Mean tumoral '®*F-FET uptake was determined using a
two-dimensional autocontouring process with a
tumour-to-brain ratio (TBR) of at least 1.6. This cut-off was
based on a biopsy-controlled study in cerebral gliomas and
differentiated best between tumoral and peritumoral tissue
[28]. In order to exclude any influence of the different resolu-
tions of the HR+ scanner and the BrainPET scanner
(Forschungszentrum Juelich), a circular region of interest
(ROI) with a diameter of 1.6 cm was centred on the maximal
tumour uptake [19] for evaluation of the maximal FET uptake.
Mean and maximum TBR (TBR,,, and TBR,,,,) were cal-
culated by dividing the mean and maximum standardized up-
take value (SUV) of the tumour ROI by the mean SUV of a
larger ROI placed in the semioval centre of the contralateral
unaffected hemisphere including the white and grey matter
[26]. Tumour volumes on FET PET were calculated using a
three-dimensional autocontouring process with a threshold of
1.6 using PMOD (version 3.505; PMOD Technologies Ltd.).

MR imaging

On suspicion of tumour progression, all patients underwent
routine MRI (1.5 T or 3 T) with standard coils before and after
administration of a gadolinium-based contrast agent (T1- and
T2-weighted and FLAIR sequences). Diagnosis of tumour
progression or recurrence was based on RANO criteria [8].

FET PET for differentiation of tumour progression
from treatment-related changes

Based on the findings of a previous study investigating the
potential of FET PET to differentiate tumour recurrence or
progression from treatment-induced changes in a large series
of patients with pretreated brain tumours [19], tumour pro-
gression as evaluated by FET PET was assumed when a
TBRax 0f >2.3 or a TBR,ean 0f >2.0 was present. The his-
tological diagnosis was used as the reference to confirm the
FET PET-based diagnosis of tumour progression. If histology
was not available, the diagnosis was confirmed on follow-up
(i.e. clinical course and results of follow-up MRI). The pres-
ence of tumour progression was assumed when clinical wors-
ening prompted a change in treatment, if palliative care had
been initiated during follow-up. or if the patient died.
Treatment-related changes were assumed when a TBR,,, of
<2.3 or a TBR,can Of <2.0 was present. The diagnosis of
treatment-related changes was confirmed on follow-up (i.e.
clinical course and results of follow-up MRI) and was as-
sumed if lesions showed spontaneous shrinkage or remained

@ Springer

stable in size on contrast-enhanced MRI, and/or neurological
deficits remained unchanged (i.e. no new neurological symp-
toms occurred during follow-up).

Results

All 12 patients received neurooncological treatment including
TTFields during the course of the disease. Eight of the 12 pa-
tients were examined on suspicion of tumour relapse using FET
PET. All of these eight patients had had previous tumour re-
lapses prior to TTFields (one or two relapses each; Table 1). In
the remaining four patients, TTFields was added to the first-line
treatment regimen (patients 2, 7, 10 and 12). Two of these four
patients were examined using FET PET on suspicion of tumour
relapse, and the remaining two underwent baseline and
follow-up FET PET imaging for treatment monitoring, and
had no signs of tumour relapse (patients 2 and 7; Table 1).

Histopathological results for a definite diagnosis were
available in four of the 12 patients. In the remaining eight
patients, diagnosis of treatment-related changes or tumour
progression was based on follow-up (clinical course and
follow-up MRI). An overview of the patients’ characteristics
is presented in Table 1.

In patients in whom the diagnosis confirmed tumour pro-
gression (nine patients), all corresponding FET PET scans
showed increased uptake (TBR.« 3.5£0.6, range 2.5-4.4;
TBRpean 2.7 0.7, range 2.0-4.0). In four of these nine pa-
tients, tumour progression was diagnosed histologically.
Imaging and histology in a representative patient (patient 11)
are presented in Fig. 1. In patients in whom the diagnosis of
tumour progression was confirmed clinically (five of nine
patients), the median follow-up was 4 months (range 3—
6 months). Static data on FET uptake in the lesions are
presented in Table 1. Furthermore, in three of these nine
patients, a baseline FET PET scan prior to initiation of
neurooncological treatment including TTFields was avail-
able (patients 3, 4 and 6; Table 1). Compared with base-
line, either a significant increase in the metabolically ac-
tive tumour volume (patient 4; Fig. 2) or a significant
increase in TBR (patients 3 and 6) on FET PET were
observed. In patient 3, TBR,,.x increased from 3.2 to 3.9
(22%) and TBRean from 1.9 to 2.3 (21%). In patient 4,
TBR,,.x increased from 1.9 to 2.8 (47%), and TBR,,can
from 1.7 to 1.9 (12%). In patient 4, the metabolically
active tumour volume increased significantly from 9 ml
(at baseline) to 42 ml (at 9 months; Fig. 2).

In two patients (patients 2 and 7), TTFields alone without
any other concurrent neurooncological therapy was used as
maintenance therapy. In patient 2, TTFields was started
5 months after completion of radiotherapy with concomitant
and adjuvant temozolomide chemotherapy over six cycles. In
this patient, TTFields was initiated at the patient’s personal
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Fig. 1 Contrast-enhanced MRI,
FLAIR-weighted MRI and
PET-MRI fusion images (top row)
in a 55-year-old man with glio-
blastoma at the time of progres-
sion treated with lomustine and
TTFields (patient 11). In line with
the MRI findings, FET PET
shows increased metabolic activ-
ity (TBR iy 4.4, TBR nean 4.0).
Histology (haematoxylin and eo-
sin stain, bottom) after resection is
consistent with progressive
glioblastoma

request. Prior to TTFields and 5 months later, FET PET
showed no increased uptake. In patient 7, TTFields was
started 4 weeks after completion of radiotherapy with con-
comitant temozolomide chemotherapy. Due to an immune
thrombocytopenia, adjuvant temozolomide chemotherapy
could not be administered. Prior to TTFields, baseline FET
PET showed slightly increased metabolic activity (TBRax
2.0, TBRean 1.6; Fig. 3). Follow-up serial FET PET imaging
at 3 months and at 6 months showed a subsequent decrease in
metabolic activity as indicated by a reduction in TBR (Fig. 3).

In contrast to standard MRI which suggested tumour recur-
rence (patient 1), FET PET findings were consistent with
posttherapeutic changes (Fig. 4). This diagnosis was con-
firmed clinically; the follow-up was 6 months.

Discussion

In the present study, we evaluated the use of FET PET for the
differentiation of tumour progression from treatment-related
changes in patients with high-grade gliomas in whom the
treatment regimen included TTFields. The main finding was
that in all patients in whom histology or clinical follow-up
confirmed disease progression, FET PET showed increased
uptake or an increase in metabolically active tumour volume
(Table 1). Moreover, in one patient FET PET and MR imaging
findings were discordant and consistent with treatment-related
changes (Fig. 4). Thus, the combined use of TTFields and
other treatment regimens leads to similar results with respect
to the ability of FET PET to differentiate tumour progression

FET PET -
MRI Fusion

:

from treatment-related effects. Furthermore, in two patients
treated solely with TTFields (patients 2 and 7), either serial
FET PET revealed a decline in metabolic activity over
6 months or FET PET showed no uptake without any signs
of tumour progression or residual tumour on conventional
MRI. These data support the hypothesis that FET PET can
be used to measure response to TTFields.

For decades, in patients with brain tumours, changes in
the extent contrast enhancement on MRI have traditional-
ly been used as an indicator of therapy response or tumour
relapse [8, 9]. However, contrast enhancement resulting
from increased blood-brain barrier permeability is non-
specific and may not always be an accurate surrogate for
neoplastic tissue, tumour extent or treatment-related
changes [10, 29, 30]. In order to help determine tumour
progression, the use of FLAIR or T2 signal hyperintensity
as a surrogate marker for nonenhancing tumour has been
recommended [8]. However, differential diagnoses such
as tumour-related oedema, radiation injury, demyelin-
ation, ischaemia, and infection can also result in hyperin-
tense FLAIR or T2 signal hyperintensity, which is diffi-
cult to distinguish from nonenhancing tumour [30].

In neurooncology, many treatments may cause benign
treatment-related effects that are difficult to differentiate from
true tumour progression on conventional MRI. For example,
treatment-related changes have been observed during and af-
ter various radiotherapy treatments (e.g. external fractionated
radiotherapy, radiosurgery), chemoradiation with concurrent
temozolomide, antiangiogenic therapy, and immunotherapy
by blocking immune checkpoints such as CTLA-4 (cytotoxic
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) RT, BEV, TTF
baseline follow-up after 9 mo

Fig.2 Hybrid PET/MR imaging including contrast-enhanced T1-weight- Treatment with radiotherapy, bevacizumab and TTFields maintenance
ed images and FET PET images in a 49-year-old man with glioblastoma therapy was initiated. At 9 months, the MRI image shows signs of tumour
at the time of recurrence and at follow-up 9 months later (patient 4). In progression (bottom right). The FET PET image shows a corresponding
spatial correspondence with the newly diagnosed contrast-enhancing le- increase of almost fivefold in the metabolically active tumour volume to
sion (bottom left), the FET PET image shows a metabolically active 42 ml (top right). The tumoral FET uptake is almost unchanged (TBR 4«
tumour (top left) with increased tumour-to-brain ratios (TBR,x 4.0, 4.0, TBRean 2.1)

TBRyean 2.3) and a metabolically active tumour volume of 9 ml.

Fig. 3 Imaging in a 73-year-old
woman with glioblastoma (pa-
tient 7) prior to TTFields and
during follow-up. Due to an im-
mune thrombocytopenia, adju-
vant temozolomide chemotherapy
could not be administered. Thus,
only TTF was administered and
was started 4 weeks after com-
pletion of radiotherapy with con-
comitant temozolomide chemo-
therapy. Prior to TTFields, the
baseline FET PET image shows
slightly increased metabolic ac-
tivity (TBRpax 2.0, TBRjean1.6)
without spatially corresponding
contrast enhancement. The
follow-up serial FET PET images
at 3 months and 6 months show a
decrease in metabolic activity as
indicated by reductions in
tumour-to-brain ratios

Baseline FET PET Follow-up MRI and Follow-up MRI and
prior to TTF / FET PET FET PET
4 weeks after chemoradiation after 3 mo after 6 mo
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Fig. 4 Hybrid PET/MR imaging
including a contrast-enhanced T'1-
weighted images and FET PET
images in a 44-year-old man with
glioblastoma treated with temo-
zolomide and TTFields (patient
1). In contrast to standard MRI
which suggests tumour recur-
rence (top), the FET PET images
show slightly increased tumour-
to-brain ratios (TBR 4 2.2,
TBRcan 1.8) are consistent with
posttherapeutic changes (bottom)

T lymphocyte-associated antigen 4) and PD-1 (programmed
cell death 1 receptor) [14, 31-36].

TTFields is increasingly being used for the treatment of pa-
tients with newly diagnosed GBM as well as for the treatment
of patients with recurrent high-grade glioma. Additionally, in
the USA the FDA has recently approved the use of TTFields for
the treatment of newly diagnosed GBM. The postulated mech-
anism of the antitumoral effect involves the disruption of mi-
crotubule assembly during mitosis induced by the low-intensity,
alternating electric energy at an intermediate frequency of
200 kHz. This blocks formation of the mitotic spindle appara-
tus, resulting in inhibition of cell division and neoplastic cell
death [4]. Nevertheless, the effects of this postulated antitumor-
al mechanism on neoplastic cells especially on neuroimaging
are still unclear. Additionally, data on therapy monitoring, in
particular the assessment of treatment response and the differ-
entiation between tumour progression and treatment-related
changes, in patients undergoing neurooncological treatment in-
cluding TTFields or TTFields therapy alone are scarce.

In order to overcome the limitations of conventional MRI,
alternative imaging methods have been used for the evaluation
of treatment response in patients undergoing neurooncological
treatment including TTFields. In 2016, in a case report,
Mohan et al. [37] described the assessment of treatment re-
sponse in a patient with newly diagnosed GBM using ad-
vanced MRI techniques including perfusion-weighted MRI,
diffusion tensor imaging and proton MR spectroscopy. In their
patient, first-line chemoradiation with concurrent temozolo-
mide was completed 5 months prior to TTFields initiation,
and adjuvant treatment consisted a low-dose temozolomide
maintenance therapy. The patient underwent serial MRI scans

including a baseline scan (prior to TTFields) and two follow-up
scans (1 and 2 months after initiation of TTFields). At
follow-up, an increase in mean diffusivity, and decreases in
fractional anisotropy, relative cerebral blood volume (rCBV)
and choline/creatine ratio relative to baseline imaging were ob-
served. The authors suggested that the changes in advanced
MRI metrics are of value in the assessment of early treatment
response to TTFields in combination with maintenance temo-
zolomide chemotherapy. However, in the patient a correlation
between changes in imaging parameters and outcome was not
found. Furthermore, poor image quality and artefacts partially
hampered advanced evaluation of the MRI data [37].

Molecular imaging using amino acid PET provides rele-
vant additional information on tumour metabolism and is
therefore helpful in clinical decision-making, especially if
the MRI findings are equivocal following neurooncological
treatment [13—15]. Usually, amino acid uptake is increased
in tumour tissue but low or absent in treatment-related chang-
es [18-20, 36, 38]. In view of the described limitations of
conventional MRI, molecular imaging can also provide valu-
able information for the evaluation of treatment response
[39-41]. Furthermore, the Response Assessment in
Neuro-Oncology (RANO) Working Group has recently
analysed the clinical role of amino acid PET in the diagnostic
assessment of brain tumours, and strongly recommends the
additional use of this imaging technique at every stage of brain
tumour management [15].

For the evaluation of treatment response in patients with
recurrent GBM undergoing TTFields therapy, the amino
acid PET tracer «-''C-methyl-L-tryptophan (AMT) has
been used [42, 43]. All patients underwent baseline and
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follow-up AMT PET imaging prior to and 1.5-3 months after
initiation of TTFields therapy. In the majority of patients, ob-
jective responses in terms of metabolic tumour volume reduc-
tion were observed. The authors suggested that this decrease
was related to TTFields therapy. However, all patients had
other concurrent neurooncological treatment (predominantly
temozolomide and bevacizumab) and it cannot be excluded
that the observed reduction in metabolic tumour volumes was
an effect of these therapies.

Interestingly, in the present study, in a GBM patient treated
with TTFields alone we observed a decrease in metabolic ac-
tivity on serial FET PET imaging (Fig. 3). This could be
interpreted as a direct effect of TTFields. However, chemora-
diation was completed only 4 weeks prior to initiation of
TTFields. Thus, despite the fact that this patient was treated
solely with TTFields, it cannot be excluded that the observed
decrease in metabolic activity was an effect of chemoradiation.
In another patient (patient 2) treated solely with TTFields,
maintenance therapy initiated 5 months after completion of
radiotherapy with concomitant and adjuvant temozolomide
chemotherapy over six cycles, FET PET showed no increased
uptake at baseline or on follow-up. Correspondingly, MRI
showed no contrast enhancement at either time point.

Besides its retrospective character with a low number of
patients, a further limitation of the present study is that the
majority of patients were receiving various concurrent treat-
ment regimens (i.e. alkylating chemotherapy, antiangiogenic
therapy, radiotherapy, and combinations thereof), impeding
the evaluation of the effects of TTFields using amino acid
PET. However, the dataset represents a common clinical situ-
ation, and to the best of our knowledge, there is to date no
larger study in the literature concerning this topic.

In summary, our findings suggest that FET PET is a reliable
diagnostic tool in patients undergoing neurooncological treat-
ment including TTFields and may add valuable additional in-
formation, particularly in patients with treatment-related chang-
es as well as in patients treated solely with TTFields, i.e. for
treatment monitoring. Further studies are warranted to confirm
the clinical usefulness of FET PET in patients undergoing
neurooncological treatment including TTFields or TTFields
therapy alone.
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