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Purpose: Glioblastoma is routinely treated by concomitant radiochemotherapy. Current target definition
guidelines use anatomic MRI (magnetic resonance imaging) scans, taking into account contrast enhance-
ment and the rather unspecific hyperintensity on the fluid-attenuated inversion recovery (FLAIR)
sequence.
Methods and materials: We applied deep learning based free water correction of diffusion tensor imaging
(DTI) scans to estimate the infiltrative gross tumor volume (iGTV) inside of the FLAIR hyperintense
region. We analyzed the resulting iGTVs and their impact on target volume definition in a retrospective
cohort of 33 GBM patients.
Results: iGTVs were significantly smaller compared to standard pre- and post-operative gross tumor
volume (GTV) definitions. Two novel infiltrative tumor GTVs (nGTVPRE-OP and nGTVPOST-OP) defined as
the conjunction volume of the standard GTV and the iGTV showed only a moderate increase in size com-
pared to standard GTV definitions. On postoperative scans, the iGTV was predominantly covered by the
two clinical target volume (CTV) concepts CTVEORTC and CTVROTG1. A novel infiltrative tumor CTV (nCTV)
[nGTVPOST-OP + 2 cm margin] was significantly smaller compared to CTVROTG1 but larger than CTVEORTC.
The overlap volume and conformity index demonstrated a distinct spatial configuration of the nCTV.
Tumor recurrences overlapped with the iGTV in all but one patients and were completely covered by
the nCTV in all patients. After reducing the margin to 1 cm recurrences coverage was at least in-field
in all patients.
Conclusion: To conclude, free water corrected DTI scans may help to define infiltrative tumor areas of
GBM that could ultimately be used to individualize RT treatment planning in terms of dose sparing or
dose escalation.

� 2019 Elsevier B.V. All rights reserved. Radiotherapy and Oncology 138 (2019) 166–172
Glioblastoma (GBM) is the most frequent malignant primary
brain tumor. Current therapy regiments include gross tumor
resection of the contrast enhancing tumor followed by radiother-
apy (RT) with concomitant and adjuvant temozolomide [1]. The
success of therapy, however, remains limited with a reported
5-year survival rate of 10.8% [2].

In RT planning, no definite contouring guideline has been
established so far, and two major guidelines exist in parallel. The
consensus guidelines of the European Organization for Research
and Treatment of Cancer (EORTC) recommend targeting a clinical
target volume (CTV) including the surgical resection cavity and
any residual enhancing tumor defined on post-contrast T1
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weighted MRI scans plus a 2 cm margin (CTVEORTC) up to a total RT
dose of 60 Gy in 30 fractions [1,3].

In contrast, the Radiotherapy and Oncology Group (RTOG) rec-
ommends a 2-phase approach adding surrounding edema defined
on T2-weighted or Fluid Attenuated Inversion Recovery (FLAIR)
scans to the resection cavity and any residual enhancing tumor
plus a 2 cm margin (CTVRTOG1) with the delivery of 46 Gy total RT
dose in 23 fractions. Subsequently, an RT boost is given to a
CTVEORTC equivalent target volume up to a total RT dose of 60 Gy
in 30 fractions [3,4]. Besides this, the European Society for Radio-
therapy and Oncology (ESTRO) Advisory Committee on Radiation
Oncology Practice (ESTRO-ACROP) established a third possibility,
which defines the CTV according to the CTVEORTC, but allows an
adaption to include the adjacent FLAIR hyperintensities in selected
cases. Noteworthy, the FLAIR hyperintensities are not included into
the GTV but are rather considered as an area of infiltration [3].

The rationale for current strategies was largely defined by post-
mortem histological findings and tumor recurrence analyses in a
trade-off with neurotoxicity. For instance, tumor recurrences tend
to occur around the resection cavity [5,6]. Within a distance of
2 cm or 3 cm around the resection cavity approximately 80% or
95% of recurrences were located, respectively [7–9]. Tumor infiltra-
tion appeared to happen along white matter tracks [8]. In histolog-
ical analysis, tumor cells were found over large proportions of the
brain in varying cell densities indicating glioma as an infiltrative
disease [10].

Classically, GBM CTVs were originally defined by CT imaging or,
more recently, by MRI using T1-weight and FLAIR sequences.
Recent advances in functional MRI, however, may allow even for
more precise definitions of infiltrative tumor volume.

Diffusion tensor imaging (DTI) has emerged as a promising
sequence for visualizing tumor infiltration and recurrence [11]:
In a recent study from our institution, GBM recurrence preferably
occurred in areas of reduced fractional anisotropy (FA), a measure
derived from DTI data. Analysis of DTI is however complicated by
edema, as the free water signal is superimposed over the diffusion
signal. In order to separate these two signal sources, several algo-
rithms have been proposed [12,13]. We have recently proposed a
novel, deep learning based method for free water elimination of
DTI [14]: Compared to existing implementations, our method
allows for a fast, voxel-wise deconvolution of the raw tissue DTI
signal, and additionally outputs tissue volume maps, which
voxel-wise depict the ratio of tissue and free water diffusion. Pre-
liminary analyses suggest that these maps may delineate tumor
infiltration [14].

In this study, we defined infiltrative tumor volumes (iGTV)
using tissue volume (TV) maps and free water corrected FA maps.
The coverage in current contouring strategies was analyzed. We
generated a novel gross tumor volume (nGTV) incorporating the
iGTV. Finally, a novel CTV concept was defined. The respective
planning volumes were correlated to tumor recurrences.
Materials and methods

We retrospectively analyzed all available 33 patients diagnosed
with GBM that were treated with RT in our institution and that
received pre-operative or postoperative DTI and anatomic
(T1 ± contrast, T2, FLAIR) MRI scans (see Supplemental Material
for MRI acquisition parameters). Pre-operative DTI scans were
available in 24 patients, and postoperative DTI-scans were avail-
able in 21 patients. Both scans were available in 12 patients. The
number of postoperative MRIs was limited as DTI hasn’t been part
of the standard postoperative protocol in our institution. Patient
records were analyzed for RT regiments, demographics, tumor
location, tumor recurrence, and MGMT promotor methylation
status. This study was approved by the ethics committee of the
Technical University of Munich (reference number 466/16).

The raw DTI data were exported as a 4D NIfTI and input into a
neural network for signal deconvolution as described previously
[14]. Briefly, the neural network was trained on simulated data
to untangle ‘‘true” diffusion signal from free water corruption. This
network outputs both the free water corrected DTI data, from
which FA maps were calculated through the RESTORE algorithm
[15], as well as tissue volume maps, which show the relative con-
tribution of tissue and free water to the DTI signal in each voxel.

Treatment planning was performed in Aria Eclipse 13.0 (Varian,
Mountain View, USA). All patients were treated following the
guidelines of the ESTRO-ACROP consensus guidelines [3]. As conse-
quence, the FLAIR hyperintensity region was included into the CTV
if it was not already covered after the CTV expansion. CTVEORTC was
generated by adding a 2 cm margin to the resection cavity and
residual contrast enhancing tumor based on postoperative T1-
weighted contrast enhanced MRI scans. CTVRTOG1 was generated
by adding a 2 cm margin to the resection cavity and residual con-
trast enhancing tumor as well as the FLAIR hyperintense region
defined on postoperative MRI scans. Both CTVs were manually
adapted to anatomic structures as described by the ESTRO-
ACROP consensus guidelines [3].

Subsequent segmentation and analysis were performed using
Slicer 3D (Version 4.8.0 stable release) [16]. To create tumor infil-
tration maps, the free water corrected FA maps were segmented
using a threshold between the anisotropy levels of 0.2 and 0.35
and free water corrected TV maps were thresholded between 0.4
and 0.7 based on previous findings [14]. The Boolean overlap
between both resulting maps and the FLAIR hyperintense regions
was generated representing the iGTV. We defined a novel preoper-
ative GTV (nGTVpre-OP) as the conjunction volume of the iGTV and
contrast enhancing GTV (GTVCE). In the postoperative situation, the
novel GTV (nGTVPOST-OP) was generated as the conjunction volume
of the iGTV and the resection cavity and residual enhancing tumor
(GTVcavity). Two novel CTVs were defined by adding a 2 cm (nCTV)
or 1 cm (nCTV1cm) margin to the nGTVPOST-OP as described above.
nCTV1cm was analyzed as potential boost volume with a stronger
dependence of the iGTV while still taking into account microscopic
spread around the detectable iGTV. The coverage of tumor recur-
rences was classified by the percentage overlap with the respective
CTV concept as central (>95% coverage), infield (81–95% coverage),
marginal (20–80% coverage), or distant (<20% coverage) as previ-
ously described [17].

Volume size and dice similarity coefficients (DSC) were calcu-
lated using the DiceComputation module of the SlicerRT extension.
The conformity index of two volumes of interest was calculated by
dividing the intersection volume by the conjunction volume giving
a measure for the spatial overlap of both volumes [18]:

Conformity Index :
CTV EORTCð Þ \ nCTV
CTV EORTCð Þ [ nCTV

The overlap volume of two volumes was calculated by diving
the intersection volume (e.g., CTVEORTC and nCTV) by the volume
of interest (e.g., nCTV) indicating its coverage by the other volume
of interest (e.g., CTVEORTC).

Overlap Volume :
CTVðEORTCÞ \ nCTV

nCTV

See Fig. 1 for an illustration of both volumetric measures. All
statistical analyses were performed using GraphPad Prism version
5.0c (GraphPad Software Inc., La Jolla, CA, USA). The KS normality
test was used to estimate if data were normally distributed.
Students’ t-test was used to compare planning volumes without
correction for multiple testing. In cases of non-normally dis-
tributed data, the Mann–Whitney U test was used. A two-tailed



Fig. 1. Illustration of the overlap volume and conformity index. The overlap volume (A) is calculated by dividing the intersection volume of two volumes (yellow) by the
volume of interest (CTV(B)) (blue). The conformity index (B) of two volumes of interest was calculated by dividing the intersection volume (yellow) by the conjunction
volume (blue). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Patient characteristics.

Age m 65 years
(r: 29–85)

KPS 70%
(r: 30–100%)

Gender Male 24 p 72.7%
Female 9 p 27.3%

MGMT-status Methylated 7 p 21.2%
Unmethylated 25 p 75.6%
Unknown 1 p 3.0%

Tumor site Left 19 p 57.5%
Right 14 p 42.5%

Location Frontal 11 p 33.3%
Parietal 7 p 21.2%
Temporal 9 p 27.2%
Occipital 3 p 9.0%
Thalamic 2 p 6.1%
Frontotemporal 1 p 3.0%
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p-value of less than 0.05 was regarded as statistically significant. A
paired test was applied if measurements from the same patient
cohort were compared.

Results

Patients

See Table 1 for patient demographics, tumor location, recur-
rence statistics, and MGMT promoter methylation status. In total,
28 (85%) patients were treated with up to a total dose radiation
dose of 60 Gy in 2 Gy singles doses with concomitant temozolo-
mide chemotherapy. Due to poor performance scores, five (15%)
patients received hypofractionated RT up to a total dose of
40.05 Gy in 2.67 Gy single doses with concomitant temozolomide
chemotherapy. All but one patient received tumor resection prior
to RT.
label: m: median, KPS: Karnofsky Performance Score, MGMT: O-6-methylguanine
DNA methyltransferase promoter, p: patients, r: range.
The infiltrative gross tumor volume (iGTV)

First, pre-operatively acquired DTI imaging was used to gener-
ate infiltrative tumor maps. The pre-operative iGTV had a median
size of 7.8 cc (range 0.4–32.4 cc). This was significantly smaller
compared to the GTVCE (median size 23.3 cc, range 0.8–185.9 cc,
p = 0.0001). The iGTV overlapped with the GTVCE with a proportion
of 50% (range 4–100%) reflecting that large proportions of the iGTV
were located inside of the peritumoral FLAIR hyperintense region.
Consequently, the nGTVPRE_OP (median size 30.8 cc, range 1.9–
187.2) had a median 32% greater volume compared to the GTVCE.

In 22 patients with available postoperative imaging studies, DTI
scans were used to generate postoperative iGTVs (see Fig. 2). In
direct comparison in patients that had pre and post-operative
DTI scans, tumor resection led to a smaller size of the post-
operative iGTV, without reaching statistical significance (median
5.9 cc, range 1.3–29.0 cc, p = 0.24).

The iGTV was included inside of the GTVcavity with a median
proportion of 55% (range 4–100%). Compared to GTVcavity, the
nGTVPOST_OP showed a median 8% larger volume.
Pattern of recurrence

In total, 14 patients (42%) were diagnosed with tumor recur-
rence defined by the ‘‘response assessment in neuro-oncology”
(RANO) criteria [19]. Six patients received tumor resection at
recurrence. Histological work-up in these patients proved tumor
recurrence in all of these cases. Recurrent tumor volumes inter-
sected with the iGTVs in all patients but one (93% of all patients
with recurrences). In this patient, the tumor recurrence occurred
at the resection cavity inside of a FLAIR isointense region.
A novel CTV concept

Preoperative and postoperative iGTVs were predominantly
covered by the CTVEORTC with a median proportion of 97% (range
37–100%) and 100% (range 4–100%), respectively. As the iGTV
was defined inside of the FLAIR hyperintense region, CTVRTOG1

covered all iGTVs completely.
Using the post-operative iGTVs we defined two novel infiltra-

tive tumor CTVs. The nCTV was generated by adding a margin of
2 cm (nCTV) to nGTVPOST-OP to account for microscopic spread
(see Fig. 3 for exemplary cases with correlation to tumor recur-
rences). The resulting nCTVs had a median size of 240.9 cc (range
75.1–458.5 cc) and were significantly smaller compared to
CTVRTOG1 (median 276.8 cc, range 142.0–480.2 cc) (p = 0.045) but
larger than CTVEORTC (median 207.2 cc, range 88.36–452.9 cc)
(p = 0.006) (see Fig. 4).

Next, the spatial configuration of the nCTV was compared to the
conventional CTV definitions (see Table 2). The nCTV overlapped
with CTVEORTC and CTVRTOG1 with a median intersection volume
of 80% and 98%. The coverage was significantly different from a full
overlap for CTVEORTC (p < 0.0001) and CTVRTOG1 (p < 0.0001). The
conformity index was significantly different from one for CTVEORTC

and CTVRTOG1 (p < 0.0001, each) indicating a distinct spatial



Fig. 2. Pattern of recurrence in comparison to the infiltrative gross tumor volume (iGTV) derived from free water corrected fractional anisotropy and tissue volume
maps. Exemplary comparison of the tumor recurrence (red segmentation) registered to the post-operative fluid attenuated inversion recovery (FLAIR) MRI scans (A, D, G, J).
The infiltrative gross tumor volume (iGTV) is depicted in orange. The respective free water corrected tissue volume (B, E, H, K), fractional anisotropy maps (C, F, I, L), and a
representative greyscale are shown. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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distribution and geometrical shape. The median Dice similarity
coefficients (DSC) of nCTV with CTVEORTC and CTVRTOG1 were 0.88
and 0.95, respectively.
Coverage of recurrent GBM using the novel CTV concept

In all patients with postoperative CTVs all six tumor recurrences
were covered by CTVRTOG1, CTVEORTC and nCTV completely (central
coverage). In addition, we created a potential boost volume
(nCTV1cm) by adding a 1 cmmargin to the nGTVPOST-OP. The nCTV1cm

covered one recurrences in-field and the remaining cases centrally.
For comparison, a 1 cm margin was added to the GTVcavity in anal-
ogy to CTVEORTC that covered three recurrences centrally
(CTVEORTC1cm). In two patients and one patient the recurrent GBMs
were covered in-field or marginal, respectively.
Discussion

In this work, we introduced a novel concept of defining iGTVs
using free water corrected TV and FA maps derived from DTI scans
using deep learning. These newly defined subvolumes within the
FLAIR hyperintense region may represent infiltrative tumor. We
demonstrated that iGTVs were not completely covered inside of
the current contrast enhanced MRI based GTV definition. Conjunc-
tion volumes including the standard GTVs plus the iGTV showed
moderate increases in total volume, especially in the postoperative
situation but also preoperatively. As the proposed method of GTV
definition allows to define the residual infiltrating tumor volume
more precisely than by simply including rough geometric esti-
mates, we made a proposition for a novel CTV. The iGTV was added
to the current standard GTV (resection cavity and the residual



Fig. 3. Comparison of the nCTV with established CTV strategies. T1-weighted contrast-enhanced MRI scan depicting the respective tumor recurrence and the
registration of the different CTV concepts. All four tumor recurrences (A–D) had histological confirmation and post-operative DTI scans available. The blue line depicts the
CTVRTOG1. The light green and dark green lines represent the nCTV and nCTV1cm (one centimeter safety margin). CTVEORTC and CTVEORTC1cm (one centimeter safety margin) are
represented by the yellow and orange lines. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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contrast enhancing tumor). The resulting nCTV had significantly
larger volume compared to CTVEORTC but smaller volume compared
to CTVRTOG1 and was spatially different from them. Tumor recur-
rences overlapped with the iGTV and was covered by nCTV in all
patients.

As described above, no optimal target delineation concept has
been established worldwide. So far, no direct comparison between
CTV definitions of the EORTC and RTOG guidelines were made in
any prospective randomized trial. In two prospective international
studies that allowed application of both concept, however, no sig-
nificant difference in outcome was seen following randomization
according to radiotherapy technique [4,20]. In other words, the
inclusion and expansion of the whole FLAIR hyperintense region,
which may include infiltrative tumor but also peritumoral edema,
did not confer a prognostic benefit. The iGTV and nCTV concepts
presented here aims for more precise, individualized tumor target-
ing inside of the FLAIR hyperintense region. It may be applied to
multiple RT planning scenarios. For instance, the nCTVmay supple-
ment the FLAIR-positive region in a two CTV-concept. The reduc-
tion of the treatment volume may help to reduce neurotoxicity.

DTI data have shown promise for predicting tumor recurrence
[11]. Estimating the voxel-wise tissue volume fraction from DTI
data is a novel approach for visualizing tumor infiltration in the
peritumoral region. In a previous analysis, we have found that
the tissue volume fraction is substantially higher in areas of con-
trast enhancement as well as in peritumoral areas with suspicious
T2 signal [14]. While this suggests that tissue volume may be a
non-invasive measure of tumor infiltration, this has not been inde-
pendently validated. To this end, we are currently investigating a
cohort of GBM patients to systematically investigate the relation
between tissue volume, free water corrected FA and tumor
recurrence.

Several other approaches have been proposed to optimize GBM
treatment planning. Amino acid-based positron emission tomogra-



Fig. 4. A CTV size comparison. Comparison of CTV volumes of nCTV, CTVEORTC, and
CTVRTOG1. nCTV was significantly smaller compared to CTVRTOG1 but larger than
CTVEORTC (p = 0.045 and p = 0.006, respectively, by two-sided paired Students’
t-test).

Table 2
Comparison of the novel CTV (nCTV) with clinical target volumes.

CTVEORTC CTVRTOG1

Overlap volume 0.80 (0.5–1.0) 0.98 (0.51–1.0)
Conformity index 0.76 (0.46–0.98) 0.92 (0.43–0.96)
Dice similarity coefficient 0.88 (0.66–0.99) 0.95 (0.61–0.99)

Overview of the overlap volume, conformity index and dice similarity coefficient
(also see Fig. 2 for a schematic overview) of the nCTV with CTVEORTC and CTVRTOG1.
The median values are shown. The range is listed in parentheses.
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phy (PET) uptake can be used to assess the cancerous metabolism
enabling prognostic assessment, non-invasive tumor grading but
also improved postoperative gross tumor assessment [21,22]. RT
planning studies showed major differences in GTV definition com-
pared to the standard MRI-based technique [18,23,24]. Whole
Brain Spectroscopy which was correlated to GBM tumor cell den-
sity may constitute an alternative way to assess tumor infiltration
[25]. Finally, the mathematical modeling of tumor growth on the
basis of estimated tumor cell density was used to adjust CTVs
[26]. Combining these approaches directly or using it as input for
an optimal mathematical growth modeling may help to find the
best approach. In a first step, we recently demonstrated a tumor
growth model using (18)F-fluoro-ethyl-tyrosine PET biological
tumor volumes as input feature [27].

Early dose escalation studies have shown controversial results
showing a high proportion of in-field recurrences despite total RT
doses of 90 Gy delivered by 3D conformal RT [28]. In a recent
study, however, dose escalation up to 81 Gy total RT dose to the
resection cavity plus enhancing residual tumor using intensity
modulated RT with concomitant temozolomide showed a
promising median overall survival of 20.1 months [29]. Recurrence
analysis showed that insufficient coverage of pre-therapeutic
11C-methionine PET-based tumor volumes was associated with a
higher risk of non-central failure [29]. These controversial results
might be explainable by an insufficient target volume definition,
which focused on contrast enhancement. Besides PET imaging,
the iGTV introduced here could represent an additional technique
for defining areas of infiltration that should be included into the
high-dose target volume in dose escalation trials. For example,
the reduced margin CTV1cm could be used as target volume for dose
escalation. In our study, nCTV1cm covered all postoperative recur-
rences at least in-field. In contrast, a CTV in analogy to CTVEORTC

using a 1 cm margin showed a marginal coverage in one patient.
As can be expected from the frequent recurrences close to the
resection cavity, all recurrences were completely covered by
CTVEORTC [7–9]. As consequence, validation of iGTVs and distant
recurrences is indicated. To this end, future studies should assess
the true value of iGTV based recurrence prediction and its value
for treatment planning with a larger patient cohort.

The presented data bear several limitations. To enable a first
analysis, preoperative DTI scans were used to test the concept of
iGTVs, bringing about limitations: First, surgery leads to a signifi-
cant anatomical shift, making a correct registration to post-
operative planning MRI or CT scans difficult. Secondly, interim
tumor growth between pre-operative imaging and RT planning
could not be accounted for. To address these issues, we sought
patients with postoperative DTI scans. As GBM patients did not
regularly receive post-operative DTI imaging in our institution,
the resulting patient number was limited. In addition, post-
operative hemorrhage and present ischemia challenges for DTI.
Thirdly, FA values in normal brain tissue show a heterogeneous
distribution [30]. As consequence, the proposed method remains
restricted to the FLAIR hyperintense regions and thus may miss
tumor infiltration in FLAIR-isointense brain tissue as could be
observed in one patient in this study. Further on, regional varia-
tions of FA and TV intensities may lead to unspecific iGTV segmen-
tations. Manual adaption of the resulting volumes regarding
known infiltration routes, e.g. along fiber tracts, may help to
increase the precision of the method in future studies. Lastly, the
calculated maps may suffer from some distortion which should
be accounted for by an appropriate safety margin. As a conse-
quence, the available number of tumor recurrences was limited,
too. Future studies should prospectively address these issues using
postoperative MRIs only.

To conclude, with the help of deep learning-based free water
correction of DTI imaging, we generated a novel concept for an
iGTV. We generated a novel nCTV with significantly different size
and shape parameters compared to CTVEORTC and CTVROTG1. The
novel nCTV and nCTV1cm showed good coverage of tumor recur-
rences. The proposed concepts may be used as the basis for more
precise GBM RT targeting.
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