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Background and purpose: GTV definition for re-irradiation treatment planning in recurrent glioblastoma
(rGBM) is usually based on contrast-enhanced MRI (GdT1w-MRI) and, for an increased specificity, on
amino acid PET. Diffusion-weighted (DWI) MRI and ADC maps can reveal regions of high cellularity as
surrogate for active tumor. The objective of this study was to compare the localization and quality of dif-
fusion restriction foci (GTV-ADClow) with FET-PET (GTV-PET) and GdT1w-MRI (GTV-GdT1w-MRI).
Material and methods: We prospectively evaluated 41 patients, who received a fractionated stereotactic
re-irradiation for rtGBM. GTV-PET was generated automatically (tumor-to-background ratio 1.7-1.8) and
manually customized. GTV-ADClow was manually defined based on DWI data (3D diffusion gradients,
b =0, 1000 s/mm?) and parametric ADC maps. The localization of recurrence was correlated with initial
GdT1w-MRI and PET data.
Results: In 30/41 patients, DWI-MRI showed areas with restricted diffusion (mean ADC-value
0.74 +0.22 mm?/s). 66% of GTVs-ADClow were located outside the GdT1w-MRI volume and 76% outside
increased FET uptake regions. Furthermore, GTVs-ADClow were only partially included in the high dose
volume and received in mean 82% of the reference dose. An adjusted volume including GdT1w-MRI, PET-
positive and restricted diffusion areas would imply a GTV increase of 48%. GTV-PET and GdT1w-MRI cor-
related better with the localization of re-recurrence in comparison to GTV-ADClow.
Conclusion: Unexpectedly, GTV-ADClow overlapped only partially with FET-PET and GdT1w-MRI in
rGBM. Moreover, GTV-ADClow correlated poorly with later rGBM-recurrences. Seeing as a restricted dif-
fusion is known to correlate with hypercellularity, this imaging discrepancy could only be further
explained in histopathological studies.

© 2018 Elsevier B.V. All rights reserved. Radiotherapy and Oncology 130 (2019) 121-131

Re-irradiation of recurrent glioblastoma (rGBM) has been
increasingly shown to be a well-tolerated therapeutic option,
which may delay disease progression and improve survival [1,2].
However, re-irradiating brain tissue after having generally applied
doses of 60 Gy in 30 fractions in the primary situation is a rather
challenging approach in radiation oncology. Even if standard
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procedures have not yet been established, it is clear that reducing
the re-irradiated volume to the absolute necessary, i.e. to the active
tumor region, is of utmost importance for enhancing efficacy, while
decreasing possible neurotoxicity. Consequently, efforts are under-
taken to define optimal imaging methods of identifying real tumor
extension for gross tumor volume (GTV) delineation and for confi-
dently diagnosing progression in recurrent gliomas [3].

GBM, in particular, has a heterogeneous consistency and may
entail different components, reflected also in its name. Necrotic,
hemorrhagic or cystic areas and perilesional edema will exhibit
different biological features, cell densities, cellular metabolisms
and degrees of blood-brain-barrier (BBB) disruption. Furthermore,
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Fig. 1. Schematic representation of measured parameters. Blue - C, the contour to be compared; green - CR, the reference contour; red - union volume; grey - overlap

volume; yellow - non-overlap volume.

it is necessary to understand the biology of tumor recurrence after
treatment in order to avoid confounding imaging results. Radiation
and systemic therapy-induced early onset changes, such as pseu-
doprogression or pseudoresponse, and delayed onset transforma-
tions, including radiation necrosis, are variable and can often be
incorrectly interpreted with anatomical contrast (Gadolinium)
enhanced T1-weighted MRI (GdT1w-MRI) alone.

Contouring recurrent high-grade glioma foci based on GdT1w-
MRI alone ensures a specificity of only 50% [4]. Biological imaging
was shown to improve tumor detection and radiation treatment
planning. Particularly, data on the additional use of amino acid
(AA)-PET, such as L-[methyl-11C]methionine (MET)- or O-(2-[18F]
fluoroethyl)-L-tyrosine (FET)-PET, illustrate a considerably higher
specificity of 75-90%, due to a specific tracer uptake in tumor cells
[5-10]. In previous studies we showed that GTVs defined according
to GdT1w-MRI and AA-PET for re-irradiation may vary significantly
[5,6,10]. To determine which of these two investigations is best for
radiation treatment planning, further research is underway in form
of the prospective phase Il multicentric GLIAA trial [11]. Although
the addition of FET-PET to the work-up panel and GTV delineation
in rGBM has significantly improved the diagnostic accuracy [9],
even this investigation may render false-positive results. Through
passive influx in regions of disrupted BBB, tracer uptake may be
seen in acute inflammatory conditions, hematomas, cerebral ische-
mia or marked radiation necrosis [12,13].

Diffusion-weighted (DWI) MRI is nowadays often an integral
component of routine MRI investigations and has been perceived
as a more affordable and commonly available alternative to AA-
PET. Together with the corresponding apparent diffusion coeffi-
cient (ADC) maps, it illustrates restricted diffusion of water mole-
cules in the cellular microenvironment. The degree of diffusion
restriction correlates directly, while ADC values were shown to
inversely correlate with increased tissue cellularity in various
tumor entities, particularly in the brain [14-16]. Thus, areas of
restricted diffusion may serve as a surrogate for active tumor tis-
sue. The question was then raised whether these advanced MRI
techniques could also help distinguish real tumor recurrence from
benign changes [17]. Apart from offering information on tissue cel-
lularity, DWI appears to be able of separating tumor from edema
and differentiating cystic and necrotic tumor components,
especially after correlation with ADC maps and anatomical MRI
[18,19].

ADC and DWI-MRI are not currently used in the definition of
GTVs - neither for re-irradiation, nor in the primary setting. The
current study aims to establish whether GdT1w-MRI, FET-PET
and DWI-MRI provide similar information on tumor extent and
localization in rGBM and discuss the possible implementation of
DWI-MRI in the GTV-delineation for re-irradiation.

Methods and materials

Study patients

41 patients (31 male, 10 female) with histologically confirmed
rGBM scheduled for re-irradiation in the Department of Radiation
Oncology, Medical Center-University of Freiburg, were prospec-
tively enrolled (Pilot/GLIAA monocentric, prospective trial), in
mean 17.1 months (+18, median 12.2, range 5.6-117.5 months)
after the first irradiation. The median age was 58 years (range
35-77 years). All patients had an Eastern Cooperative Oncology
Group (ECOG) performance status < 1 and had previously under-
gone resection and adjuvant radiochemotherapy of their primary
tumor with doses of 59.4-60 Gy in 33-30 fractions. The demo-
graphic and clinical characteristics of all patients are presented
in Appendix A. The diagnosis of tumor recurrence was based on
MRI, FET-PET and/or biopsy and confirmed in consensus in the
Tumor Conference of the certified Neurooncological Center — Com-
prehensive Cancer Center Freiburg. The imaging (MRI, PET) proto-
col was identical. This additional analysis was approved by the
local ethical committee and written informed consent was
obtained from all patients>.

Imaging

For re-irradiation treatment planning, patients were immobi-
lized in supine position with a customized thermoplastic mask
and underwent a planning PET/CT (Philips GEMINI TF Big Bore
PET/CT) with 2-mm-thick slices in the Department of Nuclear Med-
icine. The investigation was performed using the AA-tracer FET. A

3 This work has made the object of the doctoral dissertation of S. Bott “Integration
der MRT-Diffusionsbildgebung in die Strahlentherapieplanung beim rezidivierenden
Glioblastoma multiforme. [Integration of diffusion-weighted MRI in the radiation
therapy planning of recurrent glioblastoma]”, Freiburg University, Germany, 2017.
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scan of 20 minutes duration was started 20 minutes after the intra-
venous injection of 200-300 MBq FET [11].

Each patient further received a routine multiparametric MRI in
the Department of Neuroradiology. The cranial MRI was performed
with a field magnitude of 1.5 Tesla, including axial T2 and fluid-
attenuated inversion recovery (FLAIR) sequences, axial and 3D
T1-weighted native and GdT1w-MRI. For the latter, following
parameters were used: pulse repetition time (TR): 2200/2050 ms;
echo time (TE) 3.02/2.15 ms; slice thickness 1 mm; voxel size
1 x 1 x 1 mm. DWI was acquired for all patients by single-shot
spin-echo echo-planar imaging and used for generating ADC maps.
The employed parameters were: TR 4300/3700 ms; TE 102/100 ms;
23 slices of 5 mm thickness; voxel size 1.2 x 1.2 x 5 mm; b-values
0 and 1000 s/mm? The diffusion-weighing was performed by
means of a trace-weighted sequence type 3 (3 orthogonal direc-
tions). Follow-up MRIs were performed for each patient 6 weeks
after re-irradiation and every 3 months thereafter.

GTV delineation

Separate planning volumes were delineated according to GAT1w-
MRI and FET-PET in the iPlan Net radiotherapy planning software
(Version 3.0.0, 2009 ©BrainLAB AG, Munich, Germany) as stipulated

in the clinical trial protocol. The GTV-GdT1w-MRI was delineated
exclusively based on the GdAT1w-MRI image dataset and included
any tumor-related contrast enhancement. For the delineation of
PET volumes (GTV-PET), a tumor-to-background ratio of 1.7-1.8
was chosen. This led to the automatic generation of isocontours,
which were then manually edited by experienced radiation oncolo-
gists in collaboration with nuclear medicine physicians in order to
exclude anatomical boundaries and physiological uptake areas.

The clinical target volume (CTV) was defined by adding 3 mm in
either direction respecting anatomical boundaries and expanded
by 1-2 mm to the planning target volume (PTV) according to the
tumor localization and type of mask used. The prescribed irradia-
tion dose was in median 39 Gy (mean 38.59, range 30-46 Gy),
3 Gy/d (except one patient who received 2 Gy/d), 5x/week and
was set to ensure coverage of at least 95% of the PTV [11]. The
re-irradiation plan was based on GdT1w-MRI and/or FET-PET and
best clinical practice (44% of patients both GdT1w-MRI and FET-
PET, 29% GdT1w-MRI, 27% FET-PET).

For delineation of GTVs according to DWI-MRI/ADC maps (GTV-
ADClow) and data assessment, MR-sequences were subsequently
imported in the radiotherapy software Artiview™ (Version 2.8.2,
2004 ©AQUILAB, Loos les Lille, France). An automated co-
registration was performed and manually corrected.

Fig. 2. Patient 30. A) Axial GAT1w-MRI, green: GTV-GdT1w-MRI. B) Axial FET-PET, yellow: GTV-PET. C) ADC map, red: GTV-ADClow, corresponding to a hyperintensity in D)
DWI-MRI E) Illustration of all three volumes on planning CT as well as dose distribution and F) DVH of the treatment plan based on GdT1w-MRI with underdosage in both PET

(yellow) and ADC (red) volumes.
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GTVs-ADClow were outlined in the ADC maps together with
experienced neuroradiologists. In order to best assess the regions
of restricted diffusion, DWI, ADC maps, native and GdT1w-MRI
sequences were simultaneously analyzed. Thus, the inclusion of
areas with restricted diffusion that corresponded to non-tumor-
related causes (such as hemorrhage, emboly, necrosis, gliosis) was
minimized. The quantitative evaluation of restricted diffusion foci
was performed by means of a Region-of-Interest (ROI) analysis. On
every cross-section of the ADC map, free-hand ROIs were manually
defined within the marked GTVs-ADClow around the diffusion
restriction areas. The mean ADC-values of the ROIs were analyzed.

The first GAT1w-MRI images showing tumor progression after
re-irradiation, confirmed either by serial MRIs (after corticosteroid
therapy to exclude pseudoprogression), FET-PET and/or histology,
were selected. Images were imported in Artiview™ (Version
2.8.2, 2004 ©AQUILAB, Loos les Lille, France), automatically co-
registered and manually adjusted. Recurrence GTVs (GTV-R) were
delineated including any tumor-related contrast enhancement on
follow-up GdT1w-MRI.

For each patient, a comparative volumetric analysis of the GTVs
was performed, calculating the overlap, non-overlap, union and the
common delineated volumes (CDV), as well as the dice similarity
coefficient (DSC), as illustrated in Fig. 1. Furthermore, the dose dis-
tribution in GTV-ADClow was assessed according to the plan used
for re-irradiation. The evaluation involved measurement of various
indices defined by the International Commission on Radiation
Units and Measurements (ICRU) on dose-volume histograms
(DVH) [20].

Statistical analysis

Data were analyzed using IBM SPSS Statistics software (Version
25.0, 2017 ©IBM Corp., Armonk, N.Y.) and explored both in a
descriptive manner and by means of paired sample t-tests. To
account for potential violations of normality, analyses were
supplemented with their non-parametric equivalent (Wilcoxon
matched pairs signed-rank test) whenever necessary. A
Bonferroni-Holm correction for multiple testing was performed.

Results

The delineation of GTVs according to GdT1w-MRI and FET-PET/
CT was performed successfully in all patients. Contouring the
GTVs-ADClow was possible only in 30 of 41 patients, where
DWI-MRI showed areas of restricted diffusion. These were quanti-
tatively characterized by means of ROIs. At least one ROI was
defined in each section plane of the GTVs-ADClow, with a maxi-
mum of 7 ROIs/patient. The mean ADC values within each ROI
are presented in Appendix A. The mean ADC value across all ROIs
was 0.74 %+ 0.22 x 107> mm?/s (median: 0.74 x 10~ mm?fs, range
0.25-1.44 x 10~ mm?/s).

Volumetric analysis

The mean tumor volume measured according to GdT1w-MRI
was 1043 +9.34ml (median volume 7.11ml, range 0.87-
48.27 ml). In comparison, GTV-ADClow was significantly smaller

Fig. 3. Patient 27. A) Axial GdT1w-MR], green: GTV-GdT1w-MRI. B) Axial FET-PET, yellow: GTV-PET. C) ADC map, red: GTV-ADClow, corresponding to a hyperintensity in D)
DWI-MRL. E) Illustration of all three volumes on planning CT. F) Dose distribution of the treatment plan based on FET-PET.
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(mean 2.39+1.87ml, median 1.68 ml, range 0.27-7.52 ml;
p <0.0001). GTV-PET measured on average 13.82 + 11.91 ml (med-
ian 10.79 ml, range 0.36-46 ml), significantly larger than GTV-
ADClow (p <0.0001).

DSC values of 0.11 £ 0.09 between GTV-GdT1w-MRI and GTV-
ADClow and 0.10 + 0.09 between GTV-PET and GTV-ADClow fur-
ther quantitatively described the only slight congruence of these
volumes. DSC values between GTV-GdT1w-MRI and GTV-PET were
comparatively higher, with a mean of 0.44 +0.2 (median 0.43,
range 0.04-0.8).

The overlap volume between GTV-GdT1w-MRI and GTV-
ADClow was on average 0.80+0.85 ml (median 0.55 ml, range
0-3.25 ml), while the non-overlapping fraction was significantly
larger (mean 1.60 + 1.4 ml, median 1.15 ml, range 0.09-5.58 ml,
p =0.009). The overlap between GTV-PET and GTV-ADClow ranged
between 0 and 3.21 ml with a median of 0.4 ml and a mean of
0.88 + 0.98 ml. The non-overlapping sections measured on average
1.51+1.28 ml (median 1.10 ml, range 0.19-4.85ml) and were
significantly larger than the overlapping areas (p=0.009). The
volumetric comparison thus revealed that the majority of the
GTVs-ADClow is located outside areas of contrast enhancement
in GdT1w-MRI (mean non-overlapping volume 66.2 +24.6%,
median 72.2%, range 5.8-100%) and outside areas of increased
FET-uptake (mean non-overlapping volume 76.4 + 64%, median
69.5%, range 12.3-385.1%) (Figs. 2, 3 and Table A3 in Appendix A).

Commonly delineated volumes between GTV-ADClow and GTV-
GdT1w-MRI (mean 0.32 + 0.25, median 0.27, range 0-0.94) were
not significantly different from the ones between GTV-ADClow
and GTV-PET (mean 0.34+0.26, median 0.34, range 0-0.87).

Adjusting the planning volume by additionally taking into
account restricted diffusion areas would thus imply a mean
increase in GTV of up to 48.5% (SD 115.64%, median 24.64%, range
3.21-647.12%).

DVH analysis

For the 30 patients with restricted diffusion areas, all three GTVs
were integrated in the DVH of the plan used for re-irradiation. The
dose distribution in the volume chosen for treatment planning was
homogenous and received the full prescribed dose. The GTV-
ADClow volume receiving 95% of the dose (V95%) received
71.61 £ 30.54% of the dose prescribed to the PTV (median 79.65%,
range 0-100%), while the volume receiving 80% of the dose
(V80%) received 78.27 + 26.69% of the prescription dose (median
92.05%, range 0-100 %). The mean dose in the GTVs-ADClow was
81.99 + 28.12% (median 95.35%, range 0.9-107.4%), while the min-
imum was 52.52 + 36.50% of the prescribed dose (median 47.80%,
range 0.6-100.5%). The mean near-maximum absorbed dose
(D2%, Dpearmax) Was 93.70 + 26.37% of the prescribed dose (median
102.65%, range 1-102.65%). Assuming a prescription of 39 Gy, the
GTVs-ADClow would have received a mean dose of 31.97 +
10.96 Gy, a minimum of 20.48 +14.23 Gy and a maximum of
36.54 +10.28 Gy. For the GTVs-ADClow we calculated a hetero-
geneity index (HI) of 0.58 +0.72 (median 0.36, range 0.02-2.97)
and a conformity index (CI) of 42.26 + 64.12 (median 18.3, range
0.75-277.9). More information on the DVH-parameters for the indi-
vidual patients can be found in Appendix A. Examples of GTVs-
ADClow and their dose coverage are shown in Figs. 4 and 5.

Fig. 4. Patient 1. A) Axial GAT1w-MRI, green: GTV-GdT1w-MRI. B) Axial FET-PET, yellow: GTV-PET. C) ADC map, red: GTV-ADClow. D) Illustration of all three volumes on
planning CT. E) Dose distribution and F) DVH of the treatment plan based on GdT1w-MRI. All volumes show homogeneous and appropriate dose coverage.
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Fig. 5. Patient 6. A) Axial GdAT1w-MR], green: GTV-GdT1w-MRI. B) Axial FET-PET, yellow: GTV-PET. C) ADC map, red: GTV-ADClow. D) Illustration of all three volumes on
planning CT. E) Dose distribution and F) DVH of the treatment plan based on GdT1w-MRI. GTV-GdT1w-MRI (green) and GTV-PET (yellow) show homogeneous and good dose

coverage, while GTV-ADClow (red) shows significant underdosage.

Recurrence analysis

32 of 41 patients had a confirmed tumor progression on average
3.6 months (mean 3.6 *+ 2, median 2.8, range 0.8-8.8 months) after
re-irradiation. 23 of these 32 patients had restriction diffusion
areas at baseline. Mean DSCs between GTV-R and GTV-ADClow
(0.06 £ 0.05) were significantly lower than DSCs between GTV-R
and GTV-GdT1w-MRI (0.28 + 0.14, p < 0.0001) and lower than DSCs
between GTV-R and GTV-PET (0.44 = 0.78, p = 0.047, not statisti-
cally significant at a corrected o=0.025). DSCs between GTV-R
and GTV-GdT1w-MRI and DSCs between GTV-R and GTV-PET were
also not significantly different (p=0.255). 91.3% of recurrent
tumors involved in different proportions all three baseline-GTVs
at once. In only three cases with multifocal recurrence, one volume
exclusively predicted tumor progression in a certain region (in 1
case GTV-ADClow - Fig. 6, and in 2 cases GTV-GdT1w-MRI).

Discussion

In our study, we aimed to comparatively evaluate the informa-
tion brought by FET-PET, GdAT1w-MRI and ADC/DWI for GTV defini-
tion. To our knowledge, this is the first prospective trial assessing
the differences between these imaging modalities in the re-
irradiation treatment planning for rGBM.

In the cohort of 30 patients exhibiting a restricted diffusion, the
volume of GTV-ADClow was the smallest of the three baseline GTVs,
while GTV-PET was the largest. The difference in size and location
between AA-PET and the GdT1w-MRI volumes was also previously
observed in several studies [5,6,21]. In primary GBM, Niyazi et al.

[21] similarly found significantly larger tumor volumes delineated
according to FET-PET compared to the corresponding MRI-GTVs
and substantial differences in location in the majority of patients.

Concerning the size and location of DWI/ADC in the radiation
treatment planning of gliomas, there are only limited data avail-
able in the literature. In the current study, we used ADC maps
and not DWI sequences for the delineation of GTVs-ADClow, so
as to both allow for voxel-based quantitative analysis and avoid
T2 shine-through effects. The small size may have resulted from fil-
tering ADC reductions of other causes (infarction, etc.) by a careful
analysis of the entire MRI data set. The mean ADC value in the
defined ROIs was 0.74+0.22 x 10~ mm?/s, thus situating the
GTVs-ADClow in areas of definitely dense cellularity if compared
with data acquired for primary GBM. Eidel et al. [15] found in
561 stereotactic biopsy primary GBM specimens a mean ADC value
of 1.12+0.34 x 103> mm?/s at a mean cellularity of 3308.71
1915.32 cells/mm? and an inverse correlation between the two.
Furthermore, in a publication by Pramanik et al. [22] the presence
of restricted diffusion areas in primary GBM correlated with a
shorter progression-free survival and, more importantly, the insuf-
ficient dose coverage of these regions was considered a negative
predictive factor. In comparison to our study, the authors did not
use ADC maps or correlations with anatomical MR sequences for
the GTV definition, which might have led to considerably larger
volumes (median 9.8 ml, range 0.58-67 ml).

We also found that approximately 2/3 of the GTVs-ADClow
were located outside the respective GTVs used for re-irradiation.
This suggests that the target volume definition according to
GdT1w-MRI and/or FET-PET may not cover the entire biologically
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Fig. 6. Patient 33. A), B) Dose distribution and illustration of all three baseline volumes on the planning CT for re-irradiation treatment planning: GTV-GdT1w-MRI (green),
GTV-PET (yellow), GTV-ADClow (red). C) DVH of the re-irradiation plan, GTV-ADClow (red) shows underdosage corresponding to the brainstem lesion. D) Confirmed
recurrent tumor (blue) in pre-irradiated region and E) in brainstem, the latter emerging from previously identified but not treated area of restricted diffusion (red). F) Zoom in

on the brainstem recurrent lesion (blue) centered by the baseline GTV-ADClow (red).

active tumor. The incongruence between GTV-ADClow and PET
also indicates that the two investigations depict different underly-
ing biological properties. This agrees with earlier studies compar-
ing ADC and AA-PET in both low and high grade primary brain
tumors [23,24]. These studies found only minimal anatomic over-
lap between the two and suggested that tissue compression and
alteration of water distribution may play a more significant role
in ADC than tumor cell density. Exploring whether the one or the
other investigation really corresponds to active tumor tissue in
rGBM is warranted and necessitates the direct comparison with
pathologic findings as diagnostic gold standard. Pauleit et al. [25]
explored the histopathologic correlation of ADC in 22 primary
GBM patients and found a significantly lower ADC lesion-to-brain
ratio in tumor compared to peritumoral tissue, though without sig-
nificant predictive value.

Evaluated by DVH, the GTVs-ADClow were in our cohort only
partially included in the high dose volume, but still received a
median of 95% of the prescribed dose. This implies a relative spatial
proximity, especially to the GdT1w-MRI volumes. Mean values for
HI and CI supported the fact that the dose coverage in the GTVs-
ADClow was less homogeneous and less conformal.

Nevertheless, the evaluation of relapse patterns revealed that
recurrences more often derived from baseline GdT1w-MRI- and
PET- rather than from ADC-volumes. Similarly, Khalifa et al. [26]
found in a prospective analysis of 15 primary GBM patients that

diffusion-restricted areas could not predict relapse sites. Even
though recurrences were in our study exclusively delineated on
follow-up GdT1w-MRI, which would potentially represent a bias
in favor of this method, the correlation of recurrent tumors with
baseline GTV-PET appeared, though non-significantly, to be the
highest. This is comparable with results of Tsien et al. [27], who
showed a correlation between MET-PET and regions of high risk
of recurrence not defined by MRI in primary GBM. Galldicks et al.
[28] also found significant FET-uptake differences between real
tumor recurrence and pseudoprogression, while previous MRI-
based studies have failed to do so [29]. All in all, our results regard-
ing FET-PET/CT are in accordance with the current RANO (Response
Assessment in Neuro-Oncology) and EANO (European Association
for Neuro-Oncology) recommendations and further suggest that
FET-PET may help delineate tumor extent not only in newly diag-
nosed GBM, but also in rGBM [30].

Alimitation of the current study is the fact that the GTVs-ADClow
were manually drawn. Thus, the ROI location, number and size were
operator-dependent and could have led to a selection bias and a
lower reproducibility, as described before [31]. To minimize these,
we ensured that GTVs-ADClow were delineated by two independent
investigators. Although no ADC threshold was defined, the very low
mean values support the ROI selection. A further limitation is the
reduced spatial resolution of ADC maps and their different voxel size
compared to the GAT1w-MRI sequences, leading upon their co-
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registration to an interpolation of ADC values. Furthermore, DWI is
prone to geometrical distortions. However, especially in the echo-
planar imaging-sequences used for ADC measurements, distortions
are mainly due to the field inhomogeneity caused by the patient’s
presence itself and are locally small. Moreover, as recent studies
have shown, there should be hardly any intra- and cross-system
variations to be expected in the measurement of ADC values [32].
Another source of bias could be the co-registration itself. This was
minimized through high precision automatic CT/PET image fusion,
as described by Grosu et al. [33], and rigid mutual information
fusion of MRI images, followed by a thorough verification and man-
ual adjustment according to anatomical landmarks.

In this study we showed that areas of restricted diffusion on
ADC/DWI do not correlate well with regions of either increased
FET uptake or GAT1w-MRI contrast enhancement for the re-
irradiation treatment planning of rGBM. We also highlighted that
GTV-GdT1w-MRI and GTV-PET in rGBM only match in a propor-
tion of 44%, supporting ongoing clinical studies on this matter,
such as the GLIAA trial [11]. Surprisingly, GTV-ADClow was often
localized outside both GTV-PET and GTV-GdT1w-MRI. From the
radiation oncologist’s point of view, a higher tumor cell density
would require a dose escalation. Considering that restricted diffu-
sion correlates with hypercellularity, the relevance of this volume

discrepancy has to be further investigated in histopathological
studies.
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Appendix A

Tables A1-A4.

Table A1
Patient characteristics.
Age
Median 58
Range 35-77
Sex
Men - no. (percentage) 31 (76%)
Women - no. (percentage) 10 (24%)
ECOG Performance Status
0 16
1 25
Location of recurrent tumor (more than 1 location/patient possible)
More than one lobe involved 23
Frontal lobe 19
Temporal lobe 27
Parietal lobe 13
Occipital lobe 7
Corpus callosum 1
IDH mutational status
mutated 3
wild type 31
unknown 7
MGMT promoter methylation status
methylated 7
not methylated 11
unknown 23
Table A2
ADC-values of ADClow ROIs.
Patient no. ADC1 ADC2 ADC3 ADC4 ADC5 ADC6 ADC7
mm?/s mm?/s mm?/s mm?/s mm?/s mm?/s mm?/s
1 0.75 1.16 0.84
2 0.66 0.56 0.75 1.18
3 0.71 0.98 0.73
6 0.77 0.67 0.56 0.51 0.58 0.72 0.60
7 0.90 0.86 0.86
8 0.98
9 0.97 0.96 1.02 0.67
11 0.61 0.59 0.48 0.58 0.47 0.64 0.45
12 0.92 0.95 0.91 0.87 0.80 0.63
13 0.25 0.52 0.62 0.5 0.54 0.68
15 0.56 1.21 0.94 1.05
16 0.82 0.45

17 0.85 0.81 0.78
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Table A2 (continued)
Patient no. ADC1 ADC2 ADC3 ADC4 ADC5 ADC6 ADC7
mm?/s mm?/s mm?/s mm?/s mm?/s mm?/s mm?/s
18 0.68 0.85
21 1.09 0.98 0.99
23 0.65 0.61 0.87 0.68
24 0.57 0.60 0.6 0.57
25 0.80 0.76 0.90
26 1.44 1.01
27 0.31 0.35 0.28 0.46 0.39 0.43
28 0.89 0.66 0.93 1.10
30 0.57
32 0.69 0.79 1.09 0.82
33 0.74 0.66 0.83
36 0.59 0.7 0.42
37 0.81 0.97 0.9
38 0.89 0.76
39 0.83 0.67 0.65
40 0.62 0.46 0.77
41 0.95 0.81
Table A3
Volumetric comparison of GTVs-ADClow, GTVs-GdT1w-MRI and GTVs-PET.
Patient GTV- GTV- GTV- Overlap Overlap Non- Overlap  Non- Union GTV ~ Union CDhV CDhV DSC DSC
no. GdT1w- PET  ADClow (GdT1w- (ADClow, overlap (ADClow, overlap (ADClow, GTV (ADClow, (ADClow, (ADClow, (ADClow,
MRI (ml) (ml) MR, GdT1w-  (ADClow, PET)(ml) (ADClow, GdT1w- (ADClow, GdT1w-  PET) GdT1w-  PET)
(ml) PET) MRI) GdT1w- PET) MRI) (ml) PET) MRI) MRI)
(ml) (ml) MRI) (ml) (ml)
(ml)
1 8.60 6.66 5.30 4.75 2.73 2.57 1.84 3.45 11.18 10.11 0.52 0.35 0.39 0.31
2 3.05 1.86 1.44 0.72 0.28 1.16 0.16 1.27 4.21 3.13 0.19 0.11 0.12 0.10
3 14.62 15.01 1.32 10.61 0.96 0.36 0.78 0.54 14.98 15.54 0.73 0.59 0.12 0.10
4 1.77 206 - 0.59 - - - - - - - - - -
5 4.76 293 - 1.13 - - - - - - - - - -
6 13.49 11.92 2.86 8.24 0.61 2.25 0.00 2.86 15.76 14.77 0.21 0.00 0.07 0.00
7 48.27 45.71 1.55 23.03 1.45 0.09 1.35 0.19 48.37 46.29 0.94 0.87 0.06 0.06
8 5.75 14.78 0.27 5.74 0.00 0.27 0.00 0.27 6.02 15.05 0.00 0.00 0.00 0.00
9 22.38 25.58 6.52 17.59 3.25 3.27 3.21 3.31 25.65 28.89 0.50 0.49 0.22 0.20
10 11.43 1034 - 8.75 - - - - - - - - - -
11 16.68 27.85 3.89 14.23 2.20 1.69 2.90 0.99 18.36 28.95 0.57 0.75 0.21 0.18
12 12.77 13.24 7.52 10.14 1.93 5.58 2.67 4.85 18.35 18.09 0.26 0.36 0.19 0.26
13 3.03 036 3.01 0.23 0.06 2.96 0.00 3.01 5.99 3.38 0.02 0.00 0.02 0.00
14 5.95 435 - 2 - - - - - - - - - -
15 3.18 1.53  2.62 0.93 0.62 2.00 0.54 2.08 5.18 3.61 0.24 0.21 0.21 0.26
16 13.93 940 1.54 4.98 0.48 1.06 0.39 1.14 14.99 10.55 0.31 0.25 0.06 0.07
17 7.11 9.50 1.85 527 1.04 0.81 1.38 0.46 7.92 9.96 0.56 0.75 0.23 0.24
18 19.14 46 1.36 16.99 0.19 1.17 0.19 1.17 20.31 49.02 0.14 0.14 0.02 0.01
19 1.35 068 - 0.31 - - - - - - - - - -
20 5.40 1393 - 4.56 - - - - - - - - - -
21 13.61 12.72 1.81 7.83 0.67 1.14 0.18 1.63 14.75 14.35 0.37 0.10 0.09 0.02
22 5.13 584 - 4.13 - - - - - - - - - -
23 11.33 21.66 2.94 4.15 1.63 1.31 213 0.81 12.64 22.47 0.55 0.72 0.23 0.17
24 3.43 440 0.39 0.56 0.05 0.34 0.11 0.28 3.77 4.68 0.13 0.28 0.03 0.05
25 0.95 2.60 0.61 0.68 0.05 0.56 0.20 0.41 1.51 3.01 0.08 0.33 0.06 0.12
26 21.61 8.04 1.17 6.05 0.22 0.95 0.12 1.06 22.56 9.10 0.19 0.10 0.02 0.03
2-7 12.10 996 4.23 2.99 1.23 3.01 0.14 4.09 15.10 14.05 0.29 0.03 0.15 0.02
28 0.87 31.45 5.63 0.59 0.23 5.4 2.82 2.81 6.27 34.26 0.04 0.50 0.07 0.15
29 28.68 24.16 - 10.8 - - - - - - - - - -
30 21.47 10.94 0.86 0.71 0.10 0.76 0.34 0.52 22.23 11.45 0.12 0.40 0.01 0.06
31 1.13 214 - 1.01 - - - - - - - - - -
32 8.31 10.79 2.69 433 0.91 1.78 1.15 1.54 10.10 12.32 0.34 0.43 0.17 0.17
33 15.20 32.00 2.17 11.75 1.28 0.89 1.64 0.53 16.09 32.53 0.59 0.76 0.15 0.10
3-4 4.03 827 - 3.58 - - - - - - - - - -
35 4.20 16.93 - 4.08 - - - - - - - - - -
36 22.08 14.20 1.50 10.01 0.76 0.74 0.16 1.34 22.82 15.54 0.51 0.11 0.06 0.02
37 11.60 27.46 3.46 4.8 0.49 2.97 0.90 2.56 14.57 30.02 0.14 0.26 0.07 0.06
38 6.29 36.68 0.60 4.89 0.16 0.44 0.41 0.19 6.73 36.87 0.27 0.68 0.05 0.02
39 2.59 11.57 0.71 1.49 0.02 0.69 0.01 0.70 3.28 12.27 0.03 0.01 0.01 0.00
40 6.12 447 0.62 2.73 0.44 0.18 0.22 0.40 6.31 4.88 0.71 035 0.13 0.09
41 4.25 6.59 1.48 1.42 0.03 1.45 0.56 0.92 5.70 7.51 0.02 0.38 0.01 0.14
Mean  10.43 13.82 2.39 5.59 0.80 1.60 0.88 1.51 13.39 17.42 0.32 0.34 0.11 0.10
SD 9.34 11.91 1.87 5.36 0.85 1.40 0.98 1.28 9.46 12.57 0.25 0.26 0.09 0.09
Median 7.11 10.79 1.68 433 0.55 1.15 0.40 1.10 13.61 14.20 0.27 0.34 0.07 0.08
Range 0.87- 0.36- 0.27- 0.23- 0.00-3.25 0.09-5.58 0.00- 0.19-4.85 1.51-48.37 3.01- 0.00-0.94 0.00-0.87 0.00-0.39 0.00-0.31
48.27 46 7.52 23.03 3.21 49.02
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Table A4

DVH-Analysis for GTV-ADClow.
Patient no. V5% V80% DN % Dyiean % DnearmAx % HI @}
1 97 99.6 65.67 101.6 103.85 0.11 4.35
2 86 93.1 40.2 98.9 106.2 0.49 17.8
3 99.5 100 92.6 995 104 0.07 11.14
6 43.7 54.2 30.6 79.9 103.8 0.83 9.41
7 779 100 91 95.9 100.5 0.1 5.26
8 0 0 0.8 0.9 1 0.25 80.09
9 67.9 75.7 38.9 90.1 102.9 0.51 6.5
11 97.6 100 93.9 99.7 104 0.09 12.2
12 54.2 63.9 9.8 326 40.5 0.72 3
13 0 0 2.2 12.7 32.7 2.6 1
15 79.6 79.5 15.1 86.8 102.4 0.81 5.6
16 94.4 100 814 100.2 102.3 0.12 18.8
17 99 100 93.9 99 104 0.09 7.69
18 17.6 26.1 17.2 56 101.3 1.7 52.6
21 79.7 94.2 66.5 97.1 1023 0.28 0.75
23 100 100 97.7 102.3 107.1 0.09 26.6
24 100 100 96.6 103 105.3 0.08 199.1
25 36 35.9 17.4 51 99.3 2,97 100.1
26 100 100 98.4 99.7 100.7 0.02 277.9
27 21.7 59.1 33.08 81 100.1 0.62 2.6
28 53.7 55.3 1.4 58.9 101 1.01 8.2
30 66 98 31.11 43.6 45.5 0.2 58.6
32 89.6 100 86.34 97.8 101.1 0.13 2.8
33 91 91 0.6 90.5 100.6 1.01 23.6
36 100 100 100 101 102.9 0.02 51.7
37 79.6 88.2 21.2 94.8 106 0.76 23.86
38 100 100 100.5 107.4 109.5 0.06 151.1
39 63.9 63.9 58.5 89 103.9 0.43 60.1
40 729 814 37.6 90.8 108.8 0.69 19.4
41 79.9 89.1 55.4 97.8 107.5 0.51 25.9
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