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Abstract

Background Recurrence in glioblastoma patients often occur close to the original tumour and indicates that the current treatment
is inadequate for local tumour control. In this study, we explored the feasibility of using multi-modality imaging at the time of
radiotherapy planning. Specifically, we aimed to identify parameters from pre-treatment PET and MRI with potential to predict
tumour recurrence.

Materials and methods Sixteen patients were prospectively recruited and treated according to established guidelines. Multi-
parametric imaging with '*F-FET PET/CT and '®*F-FDG PET/MR including diffusion and dynamic contrast enhanced perfusion
MRI were performed before radiotherapy. Correlations between imaging parameters were calculated. Imaging was related to the
voxel-wise outcome at the time of tumour recurrence. Within the radiotherapy target, median differences of imaging parameters
in recurring and non-recurring voxels were calculated for contrast-enhancing lesion (CEL), non-enhancing lesion (NEL), and
normal appearing grey and white matter. Logistic regression models were created to predict the patient-specific probability of
recurrence. The most important parameters were identified using standardized model coefficients.

Results Significant median differences between recurring and non-recurring voxels were observed for FDG, FET, fractional
anisotropy, mean diffusivity, mean transit time, extra-vascular, extra-cellular blood volume and permeability derived from scans
prior to chemo-radiotherapy. Tissue-specific patterns of voxel-wise correlations were observed. The most pronounced correla-
tions were observed for '*F-FDG- and '*F-FET-uptake in CEL and NEL. Voxel-wise modelling of recurrence probability resulted

in area under the receiver operating characteristic curve of
Electronic supplementary material The online version of this article 0.77 from scans prior to therapy. Overall, FET proved to be
(httpsz//doi.o.rg/ 1.0.100.7/500259—018—4}180—3) contains supplementary the most important parameter for recurrence prediction.
material, which is available to authorized users. . . .. . . .

Conclusion Multi-parametric imaging before radiotherapy is
feasible and significant differences in imaging parameters be-
tween recurring and non-recurring voxels were observed.
Combining parameters in a logistic regression model enabled
patient-specific maps of recurrence probability, where '*F-
FET proved to be most important. This strategy could enable
risk-adapted radiotherapy planning.
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and availability of various chemo regimens [3]. The median
time to progression is 7 months and median overall survival is
15 months [4]. Radiotherapy is conventionally planned on
anatomical MRI and irrespective of regional differences in
target definition [5]; the treated volume includes an up to 2—
3 cm geometric expansion to include infiltrative tumour com-
ponents, not evident on anatomical MRI [6]. This results in a
large treatment volume, potentially including unaffected
healthy tissue. The vast majority of tumour recurrences after
radiotherapy occur within the treated high dose volume [7],
indicating that the delivered dose is insufficient for local tu-
mour control. Increasing the dose to the entire planning vol-
ume results in a high total brain dose, which may cause in-
creased risk of toxicity [8]. Therefore, the possibility to define
a more specific volume with a high risk of recurrence could be
useful for an altered radiotherapy protocol. Definition of such
a sub volume necessitates information beyond what is gained
from conventional anatomical imaging and physiological and
metabolic imaging have been proposed as viable supplement
hereto. Diffusion weighted MRI (DWI), has been shown to
correlate with cell density and integrity of tissue structure [9,
10]. The hemodynamic properties of the tumour can be
assessed using perfusion MRI [11]. Dynamic contrast-
enhanced (DCE) T1-weighted MRI has been shown as a fea-
sible technique to measure vascular permeability (K;), vascu-
lar blood volume (Vy,), extra-vascular, extra-cellular blood
volume (V,), blood flow (F) and mean transit time (MTT) in
a single acquisition [12]. Metabolic characterization of the
tumour environment can be achieved using positron emission
tomography (PET). PET employing radiolabelled amino
acids, such as ''C-L-methionine (MET) and 18F-ﬂuoroethyl-
L-tyrosine (FET), has shown to increase accuracy of detecting
glioma cells, when combined with conventional MRI [13, 14]
and is a prognostic factor for both progression-free and overall
survival [15]. In addition, studies have shown that tumours are
likely to recur in the FET positive volume if not adequately
treated [16]. Alterations of tumour energy metabolism, inves-
tigated with the use of '®F-fluorodeoxyglucose (FDG) PET,
have been shown to correlate with survival, despite the natural
high glucose metabolism in normal appearing tissue [17].

In this study, we explored the feasibility of performing
comprehensive multi-modal imaging of glioblastoma patients
as part of their radiotherapy planning procedure. We aimed to
identify imaging modalities that may predict tumour recur-
rence, by means of comparing multi-parametric PET and
MRI before and after radiotherapy in a voxel-wise fashion.
Finally, we wished to examine if multi-parametric PET and
MRI could be used to establish a risk-model for predicting the
voxel-wise probability of tumour recurrence. Ultimately, such
models could enable patient-specific planning of dose deliv-
ery, tailored to specifically target areas with high risk of
recurrence.
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Materials and methods
Study design and patient selection

The study was conducted as a diagnostic, single-centre study
including adult patients with histologically confirmed glio-
blastoma (WHO grade IV) (clinicaltrial.gov identifier:
NCTO02329795). The study was approved by the regional
ethics committee (ID: H-3-2013-162). Patients were enrolled
after surgery and exclusion criteria were: inability to undergo
MRI examination, no written consent, ineligibility for
standard regimen [18].

Image acquisition

Baseline scans were included from three imaging sessions
performed approximately 1 week prior to start of radiothera-
py; one routine MRI dedicated for radiotherapy planning (RT-
MRI), one sequential I8E_FET PET/CT, where the CT was
used for radiation dose calculation, as well as PET attenuation
correction, and one simultaneous "8F_FDG PET/MRI. The
RT-MRI and '®F-FET PET/CT were usually carried out on
the same day, with '8E_FDG PET/MRI done on an alternative
day within the same week. The MRI protocol included pre-
and post-contrast T1, T2, FLAIR, diffusion tensor (DTI) and
dynamic contrast-enhanced (DCE) perfusion imaging. Three-
dimensional spectroscopic magnetic resonance imaging
(MRSI) was performed, but the overall quality was not suffi-
cient for analysis and will not be discussed further. Complete
descriptions of acquisition parameters and data post-
processing are provided in the appendix below. Total time in
the scanner was approximately 70 min. RT-MRI was used for
treatment planning only and is not used in the multi-
parametric analysis. Identical imaging sessions including
"E_FET PET/CT and '®F-FDG PET/MRI were performed at
the first follow-up approximately 3 months after the comple-
tion of radiotherapy. Only baseline images obtained prior to
radiotherapy were analysed in this study.

Response assessment

Additional imaging beyond the 3-month follow-up was done
every third month at local hospitals until the time of tumour
recurrence. The local imaging protocols included as a mini-
mum post-contrast T1, FLAIR and T2-weighted MRI.
Radiographic progression was evaluated according to the
RANO criteria [19]. In cases of suspected progression that
did not meet the criteria according to RANO, a supplementary
"F_FET PET was performed and decision on recurrence was
made by a multidisciplinary tumour board, including neuro-
surgeons, neuro-radiologists, nuclear medicine physicians and
neuro-oncologists. To address potential issues with
pseudoprogression, i.e., treatment related changes that mimic
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true tumour progression, relapse within the first 12 weeks after
completion of radiotherapy had to be confirmed by re-
operation or by the development in subsequent imaging
sessions.

Treatment

Patients were treated with maximal safe tumour surgery,
followed by adjuvant and concomitant chemo-radiotherapy
[18]. Radiotherapy to 60 Gy was prescribed to the planning
target volume (PTV), according to established guidelines [6].
Gross tumour volume (GTV) was delineated on RT-MRI and
included the surgical cavity plus any remaining contrast en-
hancement on T1. A clinical target volume (CTV) margin up
to 20 mm was added to the GTV and if necessary modified to
include the FET-volume and exclude natural boundaries such
as the skull. An additional 2 mm PTV margin was added to
account for uncertainties in patient positioning. Daily image-
guidance using stereoscopic X-rays and 6D patient position-
ing correction (ExacTrac and Robotics couch, BrainLab AG)
was applied prior to each treatment. Chemotherapy with
Temozolomide (TMZ) was prescribed daily with radiotherapy
(75 mg/m?) and subsequently up to six cycles in a 5-day
schedule every 28 days (150-200 mg/m?).

Regions of interest

Since the majority of glioblastoma patients recur within the
treated volume, we restricted our analyses to image voxels
within the CTV. Within CTV, voxels were separated into four
regions of interest (ROIs); the contrast-enhanced lesion
(CEL), the non-enhancing lesion (NEL), normal appearing
white matter (WM) and normal appearing grey matter (GM).
These four ROIs within the CTV formed the basis for all
subsequent analyses. The CEL and NEL were semi-
automatically delineated in ITK-SNAP (PICSL,
Pennsylvania, PA, USA, http://www.itk-snap.org) [20] from
hyperintense regions in the post-contrast T1 and FLAIR im-
ages, respectively. If present, the surgical cavity was delineat-
ed with reference to both the T2 and the pre-contrast T1. Any
enhancement on the pre-contrast T1, indicating e.g. bleeding,
was excluded from the CEL. The WM and GM were automat-
ically segmentated in FSL (FMRIB, Oxford, UK; http:/www.
fmrib.ox.ac.uk/fsl/) using the T1 and FLAIR images [21].
The recurrent tumour volume (RV) was delineated using
the Mirada Workstation (Mirada Medical, Oxford, UK) by a
neuro-radiologist (VAL) and a nuclear medicine physician
(IL), with reference to FLAIR, post-contrast T1 and FET ob-
tained at the time of recurrence. In case no FET-PET was
available at the time of recurrence, the RV was determined
solely from FLAIR and post-contrast T1 and subsequently
dilated by four pixels to match the resolution of the FET-PET.

Image registration

Pre-contrast T1 was selected as a common frame of reference
and rigid registration using the ANTS toolbox [22] was used
to align all other modalities. The registration parameters esti-
mated for the CT was used to align the FET-PET.

Alignment of the RV was achieved through a sequential
approach; the recurrence scan was registered to the reference
T1 by an affine transformation, which was followed by a non-
linear deformation. This was done to account for non-rigid
deformations, especially apparent around the ventricles and
surgical cavity. Non-linear deformations were estimated using
the DRAMMS [23] toolbox, which automatically assigns a
higher weight to image features that are present in both time
points. This is desirable in registration of tumour images, as a
one-to-one correspondence is not guaranteed. All imaging
modalities, regions of interest and delineations were sub-
sampled to 3x3x3 mm voxel size.

Parameter comparison and statistics

Within CTV, voxel-wise correlations between imaging param-
eters were assessed for each of the four ROIs (CEL, NEL,
WM and GM) using Pearson’s correlation coefficient.
According to the outcome of the corresponding voxel in the
recurrence scan, voxels were further divided into two subcat-
egories: either as “recurring” or “non-recurring”.

Empirical cumulative distribution functions with confi-
dence bands were estimated for all voxels within each ROI
and used to compare group differences in imaging parameters.

Differences in imaging parameters per patient were
assessed by comparing the patient medians within each ROI
using Wilcoxon’s signed rank test. This was done to investi-
gate if group differences were reproducible on a per-patient
level.

Recurrence probability modelling

Voxel-wise binomial logistic regression models were used to
create maps of tumour recurrence probability from the multi-
parametric images obtained prior to radiotherapy. We assumed
a different distribution of imaging parameters within each of
the four tissue classes (WM, GM, CEL and NEL) within CTV
and, thus, four separate binomial logistic regression models
were established. For each model, the dependent variable was
voxels at baseline that at the time of recurrence was either
within the RV (“recurring”) or outside the RV (“non-
recurring”). The predictors were FET, FDG, mean diffusivity
(MD), fractional anisotropy (FA), F, Vy, V., K;, and MTT. All
predictors were standardized to zero mean and unit variance.
Model selection and model tuning is elaborated upon in the
appendix below. Using a leave-one-out approach, four models
were built using data from N-1 patients and subsequently used
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to predict the tumour probability within each ROI in the re-
maining patient. This was repeated N times, leaving out a
different patient in each iteration. The area under the receiver
operating characteristic (ROC) curve (AUC) was used to as-
sess model performance for voxel-wise prediction of tumour
recurrence in each patient. The importance of each imaging
parameter was assessed by evaluating the standardized logistic
regression coefficients. Coefficients returned by the modelling
procedure are related to the original scale of the predictors,
hence the Agresti method [24] was used to standardize coef-
ficients for comparison on a common scale.

Results
Patients

A total of 16 patients were enrolled in this study; however, one
patient withdrew consent and is not considered further. Fourteen
patients (n = 14) were classified as de novo glioblastoma (IDH1-
wildtype) according to the 2016 molecular definition by WHO
[25], and nine (n=9) had methylated O°-methylguanine-DNA
methyltransferase (MGMT) promoter gene. All patient charac-
teristics are shown in Table 1. One patient was unfit for concom-
itant TMZ due to low levels of thrombocytes, but his condition
improved and received TMZ in the adjuvant setting after com-
pleting radiotherapy. Twelve of the 15 patients were available for

analysis and the excluded patients were due to: death before first
follow-up (n = 1), no imaging at time of recurrence (n= 1) and
no evident recurrence at time of study (n=1). Of the 12
evaluable patients, one patient developed meningeal carcinoma-
tosis and was excluded, as the relapse mechanism is expected to
differ substantially from the conventional relapse pattern. One
patient recurred 12 weeks (124 days) after completion of radio-
therapy and progression was subsequently confirmed by re-op-
eration. For two patients, no baseline imaging was available due
to technical issues (n = 1) and lack of patient compliance (n = 1).
Thus, image acquisition was complete for nine patients in base-
line and 10 patients at the first follow-up. The median time from
surgery to baseline imaging was 20 (range: 15-43) days.

Treatment outcome

For the eligible patients, the median time to progression was
357 (range: 124-545) days and the overall survival was 631
(range: 290-766) days. A total number of 63,862 voxels with-
in the CTV were available for analysis. Five patients had
recurrence lesions outside the CTV. These lesions were ex-
cluded from analysis since the relapse mechanism is expected
to differ from local recurrences. For the nine patients with
evaluable baseline scans, recurrent tumour was registered in
6944 voxels within CTV. An overview of the number of
voxels in the various ROIs is given in supplementary
Table S1.

Table 1  Patient characteristics
Patient Gender Ageat MGMT- IDH- Surgery WHOPS Steroid Includedin Recurrence PFS OS (months)
surgery  status type usage”  analysis (months)
(years)
1 F 54 met wt STR 0 Yes No Local 4 10
2 M 48 met wt GTR 0 No Yes Local and distant 17 25
3 M 58 met wt GTR 0 No Yes Local 9 14
4 M 44 non wt STR 0 Yes Yes Local and distant 13 22
5 M 53 non wt STR 0 No No Local 14 19
6 M 61 non wt GTR 0 No No Carcinomatosis
7 M 71 non wt STR 0 Yes Yes Local and distant 7 9
8 M 71 met wt GTR 0 No Yes Local 7 25
9 M 59 non wt GTR 0 No Yes Local and distant 13 15
10 F 68 met wt STR 1 Yes No Local 6 10
11 F 40 non mut STR 0 No Yes Distant 15 21
12 M 75 met wt GTR 1 Yes No No 4 4
13 M 67 met wt GTR 0 Yes Yes Local 4 20
14 F 70 met wt STR 0 No Yes Local 11 19
15 M 56 met wt GTR 0 Yes No No 20 20

Numbers in italic indicate censoring at the time of study.
# Steroid usage at the time of radiotherapy start

Abbreviations: MGMT, O° -methylguanine-DNA methyltransferase; met, methylated: non, non-methylated; /DH, isocitrate dehydrogenase; wt,
wildtype; mut, mutated; STR, subtotal resection; GTR, gross total resection; PS, performance status; PFS, progression free survival; OS, overall survival
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Parameter comparison

An example of the acquired images is given in Fig. 1.

Pearson’s correlation coefficients between imaging param-
eters within in each tissue class (WM, GM, CEL and NEL) are
visualised in Fig. 2. A moderate to strong positive correlation
is observed between most of the vascular parameters irrespec-
tive of the tissue class. Similarly, moderate to strong negative
correlations are observed between MD and FA. For the two
PET parameters, no correlation was found in normal
appearing tissue, whereas strong positive correlations were
found in CEL and NEL. Likewise, a moderate correlation
was observed between the PET and vascular parameters in
CEL and NEL only.

Figure 3 shows box and whiskers plots of patient medians
within each tissue class for “recurring” and “non-recurring”
voxels. Overall, the observed differences between “recurring”
and “non-recurring” voxels were small, and no definitive
threshold could be established for any of the parameters.
Nonetheless, despite originating from the same tissue class
in the baseline scan, there are significant median differences,
dependent on whether the voxel recur or not. In general,
voxels that are included in the RV at the time of recurrence

Baseline

Fig. 1 Axial baseline (left) and recurrence (right) images from 70-year-
old female with right temporal lope glioblastoma (patient 14). (a)
contrast-enhancing lesion (green) from T1-weighted MRI, (b) FLAIR
images showing non-enhancing lesion (purple), (¢) radiotherapy dose
plan with gross tumour volume (GTV) in red, clinical target volume
(CTV) in white and planning target volume (PTV) in cyan, (d) 8.

show larger '®F-FET-uptake when compared to voxels not
included in the RV. This is irrespective of the originating tissue
class (WM, GM, NEL or CEL). For the remaining parameters,
there appears to be a tissue-dependent effect. Increased Vy, V.,
MTT and K were observed in WM, GM and NEL. For 18R
FDG, an increased uptake is observed in recurring voxels that
either originate from CEL or NEL, whereas voxels originating
from GM show a reduced 18F—FDG—uptakf:. For FA, an in-
crease in fractional anisotropy for recurring voxels was ob-
served for GM, CEL and NEL, whereas a reduction was found
for WM voxels. Differences were statistically significant for
'"®F-FDG-uptake within GM, CEL and NEL, '*F-FET-uptake
within all ROIs, FA within GM, MD within GM, MTT within
WM, V, within WM, and GM and K within WM and GM.

We compared the empirical cumulative distribution of
imaging parameters for voxels pooled across all patients.
The same overall pattern as described for the difference in
median was observed. No absolute threshold on the pa-
rameters could be established, but distributions were vi-
sually different between “recurring” and “non-recurring”
voxels for most parameters. The empirical cumulative dis-
tributions for imaging parameters are shown in supple-
mentary Fig. S1.

Recurrence

I N-4

FET-uptake, (e) ISF-FDG-uptake, (f) blood volume (Vy,), (g) fractional
anisotropy (FA), (h) mean diffusivity (MD), (i) extra-vascular, extra-
cellular volume (V,), (j) mean transit time (MTT), (k) blood flow (F),
(1) vascular permeability (K;), (m) recurrent tumour volume (RV) shown
in red on contrast-enhanced T1-weighted MRI, (n) RV shown on 18p_
FET PET
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Fig. 2 Pearson correlation coefficient in different tissue classes within
CTV for image parameters obtained prior to radiotherapy. Colour and
size of circles indicate magnitude of correlation coefficient. As an

Recurrence probability modelling

Binomial logistic regression models to predict the likelihood
of recurrence were fitted using '*F-FET-uptake, '*F-FDG-up-
take, MD, FA, F, Vi, V., K; and MTT as predictor. Area under
the ROC curves (AUC) for prediction of recurrence were 0.73,
0.78, 0.68 and 0.72 for voxels within WM, GM, CEL and
NEL, respectively. Combining all models resulted in an
AUC of 0.77. The recurrence probability maps within the
CTV for all patients included in the analysis are shown in
Fig. 4. The model was able to create a map of voxel-wise
recurrence probabilities comparable with the recurrent tumour
volume; however, notable patient variability was observed.
For all models, the relative importance of predictor variables
were estimated (shown in supplementary Fig. S2). Different
imaging modalities were found to be important for prediction
in different tissues; however, '*F-FET-uptake had the highest
relative importance in WM and GM and appeared as the over-
all most important parameter for recurrence probability
modelling. High relative importance was also noted for '*F-
FDG-uptake and for varying vascular parameters in CEL and
NEL. The relative importance of diffusion-derived parameters
was generally low. However, FA was found to be second most
important in healthy appearing tissue (both WM and GM).

Discussion

In this study, we explored the use of multi-parametric PET and
MRI prior to radiotherapy for the location of tumour recur-
rence after radiotherapy in glioblastoma patients. The site of
tumour recurrence was registered to pre-therapy imaging and

@ Springer

ontrast-enhancing lesion

C
FDG . o O o
O rer o O -
wo @ 0.4

FA 0.2

o F 0@ 0
ki @ . -0.2
oo 0 -

. . Ve -0.6
o . MTT

Non-enhancing lesion

example, for '®F-FDG in white matter, a moderate negative correlation
with FA and a moderate positive correlation with F were observed, as
indicated by the red and blue circle in the top left row

several parameters, most notably those derived from '*F-FET-
PET, DCE-MRI and '*F-FDG-PET, were found to be signif-
icantly different between voxels, which eventually did or did
not recur. A predictive model for the voxel-wise likelihood of
recurrence derived from pre-therapy imaging obtained an
AUC of 0.77. Given the high risk of glioblastoma patients to
currently recur within the planned high-dose volume, our
study could be a first step to enable a higher degree of
patient-specific planning of dose delivery by specifically
targeting areas with high risk of recurrence.

Because of the use of two '*F-labeled PET tracers, patients
were to visit the hospital on two separate days both before and
3 months after completing radiotherapy. This setup complicat-
ed patient inclusion and underlines the importance to identify
the most important imaging parameters. Moreover, an exten-
sive PET/MRI protocol was used that required patient to be in
the scanner for more than an hour. Despite this, patient com-
pliance was high and only one of the commenced imaging
sessions had to be aborted. Thus, we obtained a comprehen-
sive set of data from a vulnerable population imaged at two
difficult time points, and only spectroscopic imaging was
discarded as the overall quality was too low for reliable
analysis.

For 'F-FET-uptake, we observed an increased uptake in
voxels that later recurred, irrespective of the underlying tissue.
Amino acid PET has been shown to identify the infiltrating
parts of the tumour, which is characteristic for glioblastomas
[13]. This is consistent with our observation of increased '*F-
FET-uptake in recurring WM and GM voxels. For '*F-FDG-
uptake in GM, we observed a significantly reduced uptake in
voxels that later recurred, indicating a compromised cortical
integrity, in agreement with a previous study reporting on a
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Fig. 3 Box and whisker plot of within-patient medians for imaging pa-
rameters within CTV in different tissue classes. WM: white matter (blue),
GM: grey matter (red), CEL: contrast-enhancing lesion (green), NEL:
non-enhancing lesion (purple). Regions are further separated dependent
on outcome; either as within the recurrence volume (REC) represented by

reduced '®F-FDG-uptake in regions surrounding a local
hotspot for tumours harbouring the cortex [26]. Likewise,
we observed a significant increased '*F-FDG-uptake within
the abnormal CEL and NEL regions in voxels that later re-
curred, which correspond to the observation that a heteroge-
neous distribution of glucose transporters in glioblastoma cells
may identify different habitats within the tumour [27]. These
habitats may respond differently to both chemo- and radio-
therapy and could explain the different treatment outcome.
For recurring voxels, we observed a significant reduction in
MD plus increase in FA in GM and a similar tendency in CEL
and NEL, compatible with an increase in cell density as also
previously reported in a biopsy-verified study on 20 patients
with intracranial neoplasms [10]. Although not statistically
significant, we furthermore observed a reduction in fractional
anisotropy from DTI in otherwise normal-appearing white
matter for recurring voxels, indicating a degradation of fibre

6 8 10 12 14 0 2 4 6 8

dashed boxes, or as outside the recurrence volume (NoREC) shown with
solid boxes. The median (of patient medians) is represented by a black
bar, boxes represent 1st to 3rd quantile and whiskers cover the data range.
Wilcoxon signed rank test was used to compare medians. *: p < 0.05, **:
p<0.01

integrity by infiltrating tumour, as also previously suggested
[28]. With regard to perfusion metrics we observed a signifi-
cant elevation of K; and V, for voxels in WM and GM that
later recurred. This may indicate that subclinical neovascular-
ization is ongoing already at the time of radiotherapy initiation
which later manifest as visible tumour recurrence.
Patient-specific recurrence probability models were
established, which achieved an AUC of 0.77 for voxel-wise
prediction of recurrence from pre-therapy imaging. Few pre-
vious studies have tried to predict the site of recurrence from
multi-modal imaging data. In a study with 15 similarly treated
patients with tumours less than 5 cm in diameter, the authors
used a histogram analysis of perfusion and diffusion metrics,
but concluded that these two modalities were insufficient for
predicting the site of recurrence [29]. In another recent study
by Anwar et al. [30], employing also MRSI, but not PET, a
comparable AUC of 0.75 for voxel-wise prediction was

@ Springer



610

Eur J Nucl Med Mol Imaging (2019) 46:603-613

Fig. 4 Recurrence probability
maps computed prior to
radiotherapy overlaid on baseline
T1-weighted MRI. The gross tu-
mour volume (GTV) is shown in
red and the actual recurrent tu-
mour volume is shown in white.
Patient 11 failed with a distant
recurrence (thus, no in-field fo-
cus). Probability maps are scaled
uniformly

Patient 2

Fa

Patientill

found. However, the 24 patients were treated with an angio-
genesis inhibitor, which may influence the performance of
vascular parameters. Anwar et al. furthermore included dose
and distance from the GTV as predictors, which makes a direct
comparison with our study challenging. We focused exclu-
sively on voxels within CTV that were treated with a uniform
dose prescription and expect differences in dose to be less
important for our study.

As our study employed two '*F-labeled PET tracers and an
hour-long PET/MR protocol, there is a need to identify the
important and non-redundant image parameters, if the strategy
is to be tested in a larger population. We observed a pattern of
correlations among imaging parameters that depended on the
underlying tissue. For the CEL and NEL regions, we observed
a strong correlation between FET, FDG and the vascular pa-
rameters; however, no considerable correlation was found in
WM and GM. This indicates that one or more may be omitted
if the aim is to predict recurrence solely within the abnormal
regions. When comparing the standardized coefficients from
the recurrence models, we found FET to be a key parameter.
This is supported by the significantly higher FET-uptake in
baseline voxels within CTV that later recurred compared to
voxels that did not recur, irrespective of the tissue (WM, GM,
CEL or NEL). This may lead to the thought that '*F-FET is
appropriate for guiding dose-escalation; however, Piroth et al.
failed to show any survival benefit in a small series of patients
treated with 72 Gy to the '®F-FET-positive volume. They
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further found that only approximately 30% of the RV occur
within the baseline '*F-FET-positive volume [31]. This over-
lap percentage was also found in our recent study [32] and
indicates that '*F-FET alone does not provide sufficient infor-
mation for regional dose-escalation.

Based on the results obtained here, our recommendation
for a simpler and manageable multi-parametric imaging pro-
tocol prior to radiotherapy would be PET/MRI (or PET/CT
and 3T MRI) employing '*F-FET PET, DCE-MRI and possi-
bly DWI. This would require approximately 40 min of scan
time in a PET/MRI scanner or 20 plus 40 min if separate PET
and MRI scanners are used. The acquisition of combined '*F-
FET PET and perfusion using dynamic susceptibility contrast
MRI has been shown to provide complementary diagnostic
information [33, 34] and this may help to identify heteroge-
neous parts of the tumour.

There are a number of limitations to our study. Most im-
portantly, the results presented are based on a low number of
patients and needs further validation before the clinical utility
can be tested in a prospective setting. However, the results are
encouraging and serves as a starting point for further studies.
Another limitation is the difference in spatial resolution of the
acquired images and we expect some partial volume effects to
be present in our data, especially for '*F-FDG and '*F-FET.
This will be less of an issue for the median estimates within
each patient, but could negatively influence the voxel-wise
estimates and recurrence probability modelling. All imaging
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modalities and regions of interest were subsampled to
3x3x3 mm to compensate for inaccuracies in image registra-
tion. This limits the level of spatial details of the recurrence
predictions, but may to some extent also alleviate partial vol-
ume effects. Baseline scans were acquired approximately 3
weeks after surgery and this may influence the parametric
images. Postoperative reactions, such as inflammation and
other reactive changes, may lead to an increase in '*F-FET-
and '"®F-FDG-uptake, and surgical debris, including blood,
may reside in the surgical cavity, which may affect the MRI
signal in diffusion and perfusion measurements. We used a
binomial logistic regression model for recurrence probability
modelling, due to the binary outcome of a voxels at the time of
recurrence. This model has the benefit of a probabilistic out-
put, a pertinent feature if the strategy is to be used in a clinical
trial. However, the model assumes a linear relationship be-
tween the predictors and the logarithmic odds of tumour re-
currence, which may not necessarily be true. Other classifica-
tion algorithms that do not have this assumption, such as sup-
port vector machines or neural networks, could be considered
as alternatives. Importantly, the performance of the predictive
model showed some patient dependence. This might be due to
patient specific variability of imaging parameters which could
not be modelled due to the relatively small number of patients
included in this study. Furthermore, we experienced an unusu-
ally high fraction of patients with out-of-field recurrences
(5/15) that could reflect a certain patient selection. However,
since we focused our analyses on local recurrences, we expect
this to play a minor role for the results presented.

Conclusion

Multi-modal imaging of glioblastoma patients as part of their
radiotherapy workup proved feasible. Pre-therapy imaging
showed significantly different median estimates between
voxels that eventually did or did not recur for '*F-FET-uptake,
"F_FDG-uptake and perfusion-related parameters. A predic-
tive model aimed at identifying voxels with high probability
of tumour recurrence was built based on pre-therapy imaging
parameters. The model obtained an AUC of 0.77 for voxel-
wise prediction of recurrence within the CTV and could be
potentially used for testing risk-adapted radiotherapy
strategies.
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Appendix
Imaging parameters

The "F-FET PET/CT was performed on a 64 slice Siemens
Biograph mCT (Siemens, Erlangen, Germany) approximately
20 min after intravenous administration of 200 MBq FET. A
spiral CT acquisition was immediately followed by 20 min
static PET acquisition. CT images were reconstructed to a
512 x 512 matrix with a voxel size of 0.6 X 0.6 x 1 mm. PET
images were reconstructed to a 400 x 400 matrix using 3D-
OSEM with four iterations and 12 subsets and filtered with a
5 mm Gaussian filter to a nominal voxel size of 0.8 x 0.8 x 3
mm.

The "®F-FDG PET/MRI was done on a Siemens Biograph
mMR, with a 3 T magnet and 8-channel headcoil. A 60-min
dynamic list-mode PET acquisition was performed simulta-
neously with the MRI acquisition after injection of 200 MBq
FDG. An average of the PET frames from 40 to 60 min were
reconstructed to a 344 x 344 matrix using OP-OSEM with
four iterations and 21 subsets and filtered with a 3 mm
Gaussian filter to a voxel size of 0.8 X 0.8 x 2 mm. The CT
from the FET-PET/CT was used for attenuation correction
[35]. Pre- and post-contrast 3D isotropic T1-weighted magne-
tization prepared rapid gradient echo (MPRAGE) were ac-
quired with identical parameters; flip angle (FA) 9 degrees,
echo time (TE) 2.52 ms, inversion time (TT) 900 ms, repetition
time (TR) 1900 ms. The field-of-view was 256x256x208 in
the APXISxRL direction with a resolution of 1x1x1 mm. Axial
T2-weighted turbo spin echo with radial sampling (BLADE)
was acquired with FA 90 degrees, TE/TR 117/9480 ms, 41
slices with a thickness of 3 mm and slice-gap of 0.9 mm,
matrix size 320 x 320 with a 230 x 230 mm FoV resulting in
0.72 x 0.72 mm in-plane resolution. Fluid attenuated inver-
sion recovery (FLAIR) images were acquired using axial
T2-weighted turbo inversion recovery magnitude (TIRM)
with FA 130 degrees, TE/TI/TR 58/2500/9000 ms, 50 slices
with a thickness of 3 mm and no gap. The acquisition matrix
was 256 x 256 and in-plane resolution of 0.45 x 0.45 mm.

@ Springer



612

Eur J Nucl Med Mol Imaging (2019) 46:603-613

Diffusion weighted images were acquired using an echo pla-
nar imaging (EPI) sequence with FA 90 degrees, TR/TE
4000/95 ms, 28 slices with a thickness of 3 mm and slice-
gap of 0.9 mm, 128 x 128 matrix with 1.7x.1.7 mm in-plane
resolution. Two diffusion weightings with b=0 and b=
1000 s/mm? in 30 directions and four averages were used. In
the last two averages the phase-encoding direction was re-
versed to enable restoration of image-distortions due to sus-
ceptibility differences. The DCE perfusion was acquired using
a fast 3D spoiled gradient echo sequence with FA 14 degrees,
TR/TE 3.63/1.02 ms, 30 axial slices, 180 time-frames and a
temporal resolution of 2.6 s. Field-of-view was 187x230x150
in the APXRLxXIS direction with a resolution of 2.4 x2.4 x5
mm. Images for T1-mapping were acquired before contrast
injection using variable flip angles (8, 14 and 20, or 4, §, 14
and 20 degrees) and otherwise identical parameters. Two half-
dose (0.05 mL/kg) boluses of contrast agent (Gadovist
0.1 mmol/mL) were injected using a power injector approxi-
mately 18 and 85 s after the dynamic DCE acquisition was
started.

Data processing

Diffusion tensor MRI was processed using FSL [36]. Data
were first corrected for susceptibility induced distortions and
eddy currents. Secondly, a diffusion tensor was fitted to each
voxel resulting in maps of mean diffusivity (MD) and frac-
tional anisotropy (FA). The DCE perfusion data was proc-
essed using in-house software written in MATLAB (The
MathWorks, Inc., Natick, MA, USA) as described previously
[12]. Shortly, the MRI signal was converted to relative signal
time curves [37]. Blood flow (F) and mean transit time (MTT)
were estimated using a model-free deconvolution regularized
by Tikhonov’s method [38]. Maps of vascular permeability
(K}), intravascular blood volume (V) and volume of the ex-
tra-vascular, extra-cellular space (V,) were computed by
fitting a two-compartment model to the concentration-time
curves, with F fixed to the estimate from model-free
deconvolution. The CT was used for attenuation correction
of both FET and FDG [35]. Within each patient, '*F-FDG-
uptake was normalized to a manually defined healthy
appearing region in centrum semi-ovale and '*F-FET-uptake
was normalized to healthy appearing contralateral cortex in-
cluding grey and white matter using a standard method [14].

Binomial logistic regression model

Binomial logistic regression models were fitted using the
lassoglm function in MATLAB (Statistics and Machine
Learning toolbox, Matlab R2017a, The MathWorks, Inc.,
Natick, MA, USA) that implements a general linear model
(GLM) with elastic net regularization. The regularization pro-
cedure has two hyperparameters, o« and A. The former reduces
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the effect of correlated variables, whereas the latter is adjusted
to prevent overfitting. Five values for o« and 100 different
values for A were investigated for each model and the optimal
parameters were determined by 10-fold cross-validation with
the objective to minimize binomial deviance. The « levels
were selected from the set [0.05, 0.2, 0.5, 0.95, 1] and the
experimental values for A were automatically determined by
lassoglm — see Friedman et al. [39] for details.
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