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Abstract

grading was evaluated by ROC analysis.

influenced by different data processing.

PET comparable between different centres.

Background: PET using O—(Z—[18F]ﬂuoroethy|)—L—tyrosine ("8F-FET) is an established method for brain tumour
diagnostics, but data processing varies in different centres. This study analyses the influence of methodological
differences between two centres for tumour characterization with '®F-FET PET using the same PET scanner.
Methodological differences between centres A and B in the evaluation of '8F_FET PET data were identified for (1)
framing of PET dynamic data, (2) data reconstruction, (3) cut-off values for tumour delineation to determine
tumour-to-brain ratios (TBR) and tumour volume (T, and (4) ROI definition to determine time activity curves
(TACs) in the tumour. Based on the '®F-FET PET data of 40 patients with untreated cerebral gliomas (20 WHO grade
Il, 10 WHO grade I, 10 WHO grade 1V), the effect of different data processing in the two centres on
TBRmeans TBRmaxs Tvol time-to-peak (TTP) and slope of the TAC was compared. Further, the effect on tumour

Results: Significant differences between centres A and B were found especially for TBRy.x (2.84 + 0.99
versus 3.34 + 1.13; p < 0.001), Tyo (1.14 + 1.28 versus 1.51 £ 1.44; p < 0.001) and TTP (224 + 8.3 min
versus 30.8 + 6.3 min; p < 0.001) and minor differences for TBRean and slope. Tumour grading was not

Conclusions: Variable data processing of '®F-FET PET in different centres leads to significant differences
especially for TBRmax and Tyo. A standardization of data processing and evaluation is needed to make 'SF-FET

Keywords: Brain tumours, FET PET, Tumour-to-brain ratios, Dynamic FET PET

Background

PET using the amino acid O-(2-'*F-fluoroethyl)-L-tyro-
sine (*8F-FET) has received increasing attention for
brain tumour diagnostics due to logistic advantages of
'8F labelling (half-life, 109.8 min) compared with L-[me-
thyl-HC]-methionine (*'C-MET) PET, efficient radio-
synthesis and high in-vivo stability [1-6]. Multiple
studies have demonstrated the clinical potential of '°F-
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FET PET to determine the extent of cerebral gliomas for
biopsy guidance, treatment planning, detection of
tumour recurrence, estimation of prognosis in newly
diagnosed and untreated gliomas and treatment moni-
toring [7-12]. 'SE_FET uptake in the tumour is usually
expressed by mean and maximum tumour-to-brain ra-
tios (TBReans TBRimay) within a scan period between 20
and 40 min after injection. Furthermore, the time-
activity curves (TACs) of '®F-FET uptake typically show
differences in high-grade and low-grade gliomas or non-
neoplastic lesions which provide valuable additional
information for tumour grading or differential diagnosis
[13-15]. Thus, continuously increasing *F-FET uptake
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is more frequently observed in low-grade gliomas and
nonneoplastic lesions, while kinetics with an early peak
of '®E-FET uptake in the first 10-20 min after injection
followed by a decreasing TAC is a common finding in
more aggressive tumours like high-grade glioma or brain
metastases [10, 16, 17]. TBR and dynamic parameters of
'8E_FET uptake may be influenced on the one hand by
the spatial resolution of the PET scans which is
dependent on the scanner type, reconstruction algo-
rithms and data filtering and on the other hand by the
definition of the region of interest (ROI) in the tumour
and the brain. There is some controversy about the diag-
nostic accuracy of TAC analysis for tumour grading rais-
ing the question whether discrepant results in different
centres may be caused by differences in the method-
ology, patient population or other reasons such as
neuropathological interpretation.

In the present study, methodological differences between
two large centres in Germany (A = Ludwig-Maximilians-
University Munich, Germany; B = Forschungszentrum
Jilich, Germany) with a high number of 18 FET PET in-
vestigations (>500/year) and multiple publications in the
field were identified. Based on a balanced group of 20 pa-
tients with high-grade glioma of WHO grade III and IV
(HGG) and 20 patients with low-grade glioma of WHO
grade II (LGG) [18] who were investigated with the same
scanner used in both centres, the influence of methodo-
logical differences between the two centres on common pa-
rameters for tumour characterization with '*F-FET PET
was evaluated. This analysis may be helpful to develop a
more standardized approach in order to make the data
between different centres more comparable.

Methods

Patient population

The data of 40 adults, previously untreated patients with
brain tumours who were investigated with '*F-FET PET
at the Forschungszentrum Jiilich between June 2006 and
April 2014, were selected randomly from our data base
and included in this study. Histopathological diagnosis
was available for all patients obtained either by biopsy or
tumour resection which was performed within 3 months
after "®F-FET PET. Diagnosis was astrocytoma WHO

Table 1 Comparison of methodology centre A and centre B
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grade II in 20 cases, anaplastic astrocytoma WHO grade
III in 10 cases and glioblastoma WHO grade IV in 10
cases according to Louis et al. [18]. All patients were in-
vestigated within a prospective study evaluating the diag-
nostic value *F-FET PET in cerebral gliomas which was
approved by the university ethics committee and federal
authorities (study no. 2438, University of Diisseldorf).
All subjects gave prior written informed consent for
their participation in the F-FET PET study and evalu-
ation of their data for scientific purposes.

'8F-FET PET

The amino acid '®F-FET was produced via
aminopolyether-activated nucleophilic **F-fluorination
and applied as described previously [19]. Dynamic PET
data were acquired in list mode for 40 min after intraven-
ous injection of approx. 200 MBq '®F-FET. The measure-
ments were performed on an ECAT Exact HR+ scanner in
3D mode (Siemens Medical Systems, Knoxville, TN, USA:
32 rings, axial field of view 15.5 cm, image resolution
5.5 mm) which is routinely used for "*F-FET PET in both
centres. For attenuation correction, transmission scans
with three *®Ge/*®Ga rotating line sources were measured.
Raw PET data were corrected for random and scattered
coincidences as well as dead time.

Data processing

Methodological differences between centres A and B were
identified for the framing of dynamic PET data and data
reconstruction (Table 1). Therefore, the PET data were
processed in two different ways according to the individ-
ual approach established in centre A and centre B. For
centre A, the dynamic data set was framed into time inter-
vals of 6 x 10 s, 4 x 30 s, 1 x 2 min, 3 x 5 min and
2 x 10 min and the data were reconstructed by filtered
back projection (FBP) using a 5-mm Hann filter. For
centre B, the framing was 5 x 1 min, 5 x 3 min and
4 x 5 min followed by iterative reconstruction (ITR) (or-
dered-subset expectation maximization, 6 iterations, 16
subsets). '®F-FET uptake in the tissue was expressed as
standardized uptake value (SUV) by dividing the radio-
activity (kBq/ml) in the tissue by the radioactivity injected
per gram of body weight. An example of a brain tumour
for the time interval from 20 to 40 min after injection for

Centre B
FZ)

Centre A

LMU
Scanner ECAT Exact HR+ PET
Framing

Reconstruction
Definition of tumour volume (cut-off) TBR > 1.8

ROI for TAC definition

6x10",4x30",1x2,3x5,2x10
FBP (5-mm Hann filter)

90% isocontour in different slices

ECAT Exact HR+ PET
5x1,5x3,6x5
[terative 6i/16s

TBR > 16

TBR > 1.6 in slice with FET maximum
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the different data processing in centres A and B is shown
in Fig. 1. Corresponding evaluation of a Jaszczak phantom
with the two methods is shown in Fig. 2.

Definition of tumour ROI

Further differences between the two centres were identi-
fied for the definition of the region of interest (ROI) for
the tumour which was used to determine the tumour
volume (T,,;) and the TBR,,, and TBR,,..,. For the two
data sets generated by the different data processing in
centres A and B, the definition of these tumour ROIs
was based on the summed images of '®F-FET uptake
from 20 to 40 min after injection in the slice with the
maximal 'F-FET uptake in the tumour. The back-
ground ROI was placed in the contralateral hemisphere
to the tumour in an area of normal-appearing brain tis-
sue including white and grey matter, identically for cen-
tres A and B. For the data set of centre A, the tumour
volume (T,,) was delineated using a cut-off of the
TBR > 1.8 which is based on the clinical experience in
that centre [16, 20]. For the data set of centre B, T, was
delineated using a cut-off of the TBR > 1.6 based on a
previous biopsy controlled study [8]. TBR,.. and
TBRcan Were calculated by dividing the mean and max-
imum SUV in the tumour ROI by the mean SUV of the
background region in the normal brain tissue. An ex-
ample is shown in Fig. 3.

For analysis of dynamic PET data, all TACs were cor-
rected for radioactive decay of '*F. Centre B used a sin-
gle tumour ROI which was placed in the slice with
maximal tracer uptake in the 20-40-min summation im-
ages and which was defined by the cut-off TBR > 1.6 as
described above. In centre A, multiple slices of the
tumour area were screened and a 90% isocontour ROI of
the local tumour maxima was created in the individual
slices of the summation image 10-30 min p.i. and TACs
were recorded for each slice of the tumour region (Fig.
3b). The TAC with the most negative slope was identi-
fied, and the most negative slope being present in at
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least two adjacent slices was selected for further TAC
evaluation. In order to compare the TACs produced by
the two different centres quantitatively, the time-to-peak
(TTP; time in minutes from the beginning of the dy-
namic acquisition up to the maximum SUV of the le-
sion) was determined based on different ROIs
determined for centres A and B. Furthermore, we quan-
tified the slope of the TAC in the late phase of '*F-FET
uptake by fitting a linear regression line to the late phase
of the curve (10-40 min p.i.). The slope was expressed
in change of SUV per hour.

Statistical analysis

Descriptive statistics are provided as mean and standard
deviation. To compare the results obtained with the dif-
ferent approaches in the two centres based on the same
raw data, the paired ¢ test and Pearson’s correlation coef-
ficient was used. The signed rank test was used when
variables were not distributed normally. P < 0.05 was
considered significant. The diagnostic performance of
the different parameters to differentiate between LGG
(WHO grade II) and HGG (WHO grade III and IV) was
assessed by analyses of receiver operating characteristic
(ROC) curves using the histological confirmation as ref-
erence. The area under the ROC curve (AUC) was used
to compare the results obtained with different method-
ologies. Statistical analysis was performed using Sigma-
Plot software (SigmaPlot v11.0, Systat Software). No
correction for multiple testing was included.

Results

Static PET data

TBR,.x values as determined by the different method-
ologies of centres A and B showed a significant correl-
ation (r = 0.98, p < 0.001), but there was a deviation
from the line of unity towards higher TBR,,, values for
centre B (Fig. 4). The mean values of TBR,x in centre
A were significantly lower than that in centre B (A/
TBRyax 2.84 + 0.99 versus B/TBR,.. 3.34 + 1.13,

MRI-T1(+Gd)

active tumour parts

FET-PET Centre A

Fig. 1 Glioblastoma in the right parietal lobe. Contrast-enhanced T1-weighted MRI (a) shows a ring-enhancing lesion. FET PET image based on the
method of centre A (b) shows lower noise but the image based on the method of centre B (c) shows a sharper demarcation of the metabolically

FET-PET Centre B
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Fig. 2 Jasczack phantom (a) with tubes of different size filled with radioactivity and reconstructed according to the procedure in centre A (b, blue
profile line) and centre B (c, red profile line). The method of centre A shows about 20% lower maximum values in the tubes with a diameter of
9.3 mm which is mainly due to reconstruction by filtered back projection in centre A instead of iterative reconstruction (centre B)
J

p < 0.001) (Table 2). This is also reflected by the lower
peak values in the profile of count rates across the tubes
with a diameter of 9.3 mm in the Jaszczak phantom (Fig. 2).

ROC analysis yielded a similar AUC for the differenti-
ation of high-grade and low-grade gliomas using the
TBR,,,.x values determined with the different approaches
(AUC TBR,ax centre A = 0.77 and AUC TBR,,,, centre
B = 0.78) (Table 2).

TBRpean Values as determined by the different meth-
odologies of centres A and B showed a significant correl-
ation (r = 0.95, p < 0.001), which was nearly congruent
with the line of unity (Fig. 5). The mean values of

TBRpean Were nearly identical although a weak signifi-
cance was noted in the paired t test (A/TBRyean
220 + 0.41 versus B/TBRen 2.16 £ 041, p < 0.04)
(Table 2). ROC analysis yielded a similar AUC for the
differentiation of high-grade and low-grade gliomas
using the TBR,can values determined with the different
approaches (AUC TBR,c., centre A = 0.78 and AUC
TBRean centre B = 0.76) (Table 2).

T,o1 values calculated according to the different meth-
odologies of centres A and centre B showed a significant
correlation (r = 0.99, p < 0.001), but there was a signifi-
cant difference of the mean values (T, o 1.14 ml + 1.28 ml

delineated by a TBR > 1.6 in centre B which is also used TAC generation

Fig. 3 ROI definition in a patient with a glioblastoma in the right temporal lobe. a The tumour volume as delineated by TBR > 1.8 based on data
reconstruction of centre A. b The 90% isocontour of the 10-30-min image for TAC generation in centre A and ¢ the tumour volume as
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Fig. 4 Correlation of TBR 4« from centres A and B. There is a
significant correlation but a deviation from line of unity indicating
higher TBR,,.x values for centre B. High-grade tumours are indicated
by red symbols and low-grade tumour by green symbols

versus Ty, g 1.51 ml + 1.43 ml), which leads to relevant
differences in the definition of the “biological tumour
volume”.

Dynamic PET data

TTP values as determined by the different methodolo-
gies of centres A and B showed a significant correlation
(r = 0.61, p < 0.001), but the correlation coefficient was
considerably smaller than for the parameters mentioned
above. There was a significant difference of the mean

Table 2 Comparison of '®F-FET parameters in centre A and
centre B based on the same data set

Centre A Centre B p value
Comparison of mean values of FET PET parameters
TBRmax 2.84 £ 0.99 334 £1.13 <0.001
TBRmean 220 £ 041 2.16 £ 041 <0.04
Toor (M) 114 +1.28 151 + 144 <0.001
TTP (min) 224 £83 308 £6.3 <0.001
Slope (SUV/h) -0.06 = 092 0.73 £ 0.69 <0.001

Comparison of accuracy in differentiating HG and LG gliomas (AUC in
ROC analysis)

TBRax 0.77 078 ns.
TBRimean 0.78 0.76 ns.
Tool 0.78 0.76 ns.
TTP 0.73 0.78 ns.
Slope 0.76 0.72 ns.

n.s. = not significant

3,5
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Centre B (TBRean)
N

1,5
1 'a"..
r=0.95
05 & p < 0.001
0 T T T 1
0 1 2 3 4

Centre A (TBRyean)

Fig. 5 Correlation of TBRean from centres A and B. There is a
significant correlation which is close to the line of unity. High-grade
tumours are indicated by red symbols and low-grade tumour by
green symbols

values (TTP A 224 + 83 min versus TTP B
30.8 £ 6.3 min, p < 0.001).

Slope values calculated according to methodology of
centres A and B showed a significant correlation (r = 0.90,
p < 0.001) (Fig. 6). There was a significant difference of
the mean values (slope A —0.06 + 0.92 SUV/h versus slope
B 0.73 + 0.69 SUV/h). For both TTP and slope, ROC

o
%
o
A
@ ‘
[
E] 3
13
Q
o
& r=0.90
o , p <0.001
l'..
.". _3
Centre A (slope)

Fig. 6 Correlation of slope of the TAC of "®F-FET uptake from 10 to
40 min p.i. There is a significant correlation but a deviation from line
of unity indicating lower slope values for centre A. High-grade
tumours are indicated by red symbols and low-grade tumour by
green symbols




Filss et al. EINMMI Research (2017) 7:64

analysis yielded a similar AUC for the differentiation be-
tween HGG and LGG determined with the two different
approaches (Table 2). Comparison of the slope values in
both centres with framing as the only variable using the
same reconstruction method (FBP) and ROI size (@
1.6 cm) for both data sets showed a correlation close to
the line of unity (Fig. 7). Thus, an influence of different
data framing in centres A and B could be excluded.

Discussion

PET using radiolabelled amino acids is gaining increasing
interest for the diagnostics of brain tumours because con-
ventional MRI is limited in differentiating tumour tissue
from nonspecific tissue changes, especially after therapy
[21]. Recently, the Response Assessment in Neuro-
Oncology (RANO) working group—an international effort
to develop new standardized response criteria for clinical
trials in brain tumours—has recommended the additional
use of amino acid PET imaging for brain tumour manage-
ment [5]. The longest established amino acid tracer *'C-
MET has been replaced in many neuro-oncology centres
by the more convenient *F-FET, and several thousand
'SE_FET PET scans have been performed in some centres
in recent years [22]. The broad clinical use of *F-FET
PET requires comparable quantitative parameters, but as
yet, the reported cut-off values of different parameters like
TBRheans TBRmaw TTDP, slope and T, for tumour grading
or differentiation of recurrent tumour from treatment

w

Centre B (slope)¢gp/ro1 1.6cm

ra r=1.00
= p <0.001

No

2
=)

Centre A (SIOpe)FBP/ROI 1.6cm

Fig. 7 Correlation of slope of the TAC of "®F-FET uptake from 10 to
40 min p.i, comparing the effect of different framing in centres A
and B. All data were reconstructed by FBP according to centre A
and evaluated with a circular ROl with fixed a diameter of 1.6 cm.
There is a highly significant correlation which virtually excludes an
influence of different data framing. High-grade tumours are indi-

cated by red symbols and low-grade tumour by green symbols
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related changes appear to vary among different centres. It
remains unclear whether diverging results are caused by
the composition of the study population, differences in
the technical equipment or differences in data processing
or a combination thereof.

In this study, we have identified methodological differ-
ences between two centres in Germany which have a
high frequency of '®F-FET PET investigations and con-
tributed to the clinical evaluation of '®F-FET PET
through numerous publications (for review, see [3, 5]).
Since in both centres, the previous publications on **F-
FET PET studies were performed with the same PET
scanner, differences in the technical equipment between
the centres can be excluded. A comparison of data pro-
cessing, however, identified methodological differences
between the centres concerning the framing of PET
data, data reconstruction, tumour delineation and ROI
definition to evaluate tracer kinetics in the tumour. The
effects of these methodological differences on quantita-
tive parameters of FET PET were examined in a collect-
ive of 40 brain tumour patients.

One frequently used parameter for brain tumour
characterization is the TBR,,, which showed approxi-
mately 15% lower values when generated with the meth-
odology of centre A than with that of centre B. In
agreement with these findings, we observed lower peak
values in a phantom study when data were reconstructed
according to the method of centre A. In accordance with
these findings, the reported average TBR,., values in
primary brain tumours are lower in centre A than in
centre B (HGG: A/TBR,.x 3.3 = 1.2 versus B/TBR,ax
3.6 + 1.4, LGG: A/TBR.x 2.1 * 1.0 versus B/TBR,.x
2.4 + 1.0) [23, 24]. Nevertheless, the cut-off values of the
TBRp,. for differentiating between HGG and LGG in
those studies were similar (cut-off: A/TBR . 2.7, B/
TBRpax 2.5), and the accuracy of differentiating between
HGG and LGG based on the TBR,,,,« appears to be simi-
lar to both centres. For the differentiation of recurrent
tumours from treatment-related changes which is a fre-
quent clinical question, the reported cut-off value for
TBR,,ox Was 2.0 in centre A and 2.3 in centre B which
might also reflect the difference in data processing in
the two centres [12, 25]. TBR,cqn values generated with
the methodology of centres A and B showed a small but
significant difference in the paired ¢ test (A/TBRjean
2.20 *+ 0.41 versus and B/TBR¢qn 2.16 + 0.41, p < 0.04),
but this difference would no longer be significant if a
correction for multiple testing were applied.

A major difference between both centres was observed
for the definition of the biological tumour volume. The
approach of centre A led to approximately 25% smaller
tumour volumes than that of centre B which is of substan-
tial importance since *F-FET PET is increasingly used
when planning therapeutic interventions such as surgery
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and radiotherapy. It has to be considered that the ap-
proach of centre A is based on clinical experience while
the approach of centre B was developed on the basis of a
biopsy-controlled study which from a scientific point of
view has to be regarded as more reliable [8]. On the other
hand, that study is based on 52 biopsies in 31 patients
only, which appears not sufficient to establish a clinical
standard. Furthermore, only patients with newly diag-
nosed brain tumours were included, and the optimal
threshold might be different for pretreated patients who
can present slight unspecific tracer uptake at the primary
tumour site. Therefore, further biopsy-controlled studies
are needed to clarify this clinically important aspect.

The evaluation of dynamic '*F-FET PET by the ap-
proach of centre A yielded shorter TTP values and lower
values for the slope in the late phase of the TAC. A de-
tailed analysis showed that the different framing proce-
dures in centres A and B did not influence the dynamic
parameters (Fig. 7) and also the ROI definition by 90%
isocontour instead of TBR > 1.6 caused only minor dif-
ferences. The decisive difference was caused by the more
extensive search for tumour areas with negative slope in
the entire tumour volume in centre A. This approach
appears to be advantageous but is technically more chal-
lenging. On the other hand, we did not detect a signifi-
cant difference between the two approaches for the
differentiation between HGG and LGG by ROC analysis
in this group of patients.

An important reason for the differences in TBR,.y
and T, observed in both centres is the different spatial
resolution of the PET scans which is caused by the dif-
ferent reconstruction methods. It appears that the use of
FBP in centre A is a major cause of the observed differ-
ences which is also evident from the phantom study
(Fig. 2). This observation is in line with previous studies
comparing the difference of FBP to OSEM on quantifi-
cation of glucose metabolism which all report higher
SUVs for OSEM as compared to FBP [26-28]. Since in
newer PET systems, data processing is generally based
on iterative reconstruction differences between centres
which may become smaller in the future. In any case,
the spatial resolution of PET scans should be comparable
when applying threshold values for the definition of
ROIs in the tumour area with FET PET. It is therefore
necessary to adapt the reconstruction parameters in
order to achieve a similar spatial resolution in various
PET systems. Kinetic parameters are less strongly influ-
enced by spatial resolution but are altered by the selec-
tion of specific tumour regions.

It needs to be considered that owing to the lack of
molecular data for histological analysis, tumour classifi-
cation was based on the WHO classification from 2007
instead of the new one from 2016, which includes mo-
lecular parameters [18, 29]. Therefore, the AUC values
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obtained for tumour grading in this study might not be
directly applicable to the current classification, and an
influence on the comparison of the AUC values for cen-
tres A and B cannot be excluded.

Conclusions

The differences in data processing between the two cen-
tres lead to considerable differences especially for
TBRyax slope, TTP and Ty,. Although there was a
strong linear correlation between TBR,,,,x and T, values
of both centres, the absolute values cannot directly be
compared. Absolute TBRcan values, by contrast, seem
comparable between both centres. However, concerning
the evaluation of dynamic '®F-FET PET, both centres
achieved comparable high accuracy to discriminate
between HGG and LGG. A standardization of data pro-
cessing and protocols for '®F-FET-PET is needed in
order to make clinical results comparable.
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