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Abstract

Background and purpose: Radiation therapy for glioblastoma (GBM) typically involves
large target volumes. The aim of this study was to examine the recurrence pattern of GBM
following modern radiochemotherapy according to EORTC guidelines and provide dose and
distance information for the choice of optimal target volume margins.

Materials and methods: In this study, the recurrences of 97 GBM patients, treated with
radiochemotherapy from 2013 to 2017 at the Medical Center - University of Freiburg, Germany
were analysed. Dose and distance based metrices were used to derive recurrence patterns.

Results: The majority of recurrences (75 %) occurred locally within the primary tumor area.
Smaller GTVs had a higher rate of distant recurrences. Larger treated volumes did not show a
clinical benefit regarding progression- free and overall survival.

Conclusion: The identified recurrence pattern suggests that adjustments or reductions in target
volume margins are feasible and could result in similar survival rates, potentially combined with a
lower risk of side effects.
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Glioblastoma (GBM) is one of the most lethal cancer types with median survival prognosis
rates of only 9 months and up to 15-16 months if the standard of care, consisting in maximal
surgical composing of the surgical resection and adjuvant radiochemotherapy, is performed

[1].

Radiation therapy is thus one of the three main pillars in the treatment of primary GBM
and is classically performed with a total dose of 60 Gy administered in 2 Gy fractions,

5 times per week. One of the crucial elements in its implementation is the definition of
target volumes. There are two major guidelines to delineate the clinical target volume (CTV)
in GBM. The European Organization for Research and Treatment of Cancer (EORTC)
recommends to deliver the whole dose in one phase (2 Gy per fraction, ad 60 Gy). The
gross tumor volume (GTV) consists of the resection cavity and any residual enhanced
tumor. Further, the CTV is defined as an isotropic margin of 2 cm around the GTV. The
Radiotherapy and Oncology Group (RTOG) suggests to follow a two phase approach.
During the first phase, a larger volume called GTV1 (46 Gy) consisting of the surgical
cavity, residual tumor and surrounding edema (visible on T2 Flair) is used for the CTV
generation. In a second step, a smaller volume called GTV2 (additional 14 Gy) cavity and
residual tumor is used. The CTV1/2 for both GTV1 and GTV2 are constructed using a
margin of 2 cm each. Correction may be necessary for CTV generation near anatomical
barriers like the skull, falx, ventricles, brainstem and optic chiasm [2].

The resulting volumes are generally large and encompass a considerable volume of

normal brain tissue, increasing the risk of local inflammation and radiation necrosis, with
consecutive neurotoxicity and significant effects on quality of life. Resulting adverse events
such as headaches, nausea, fatigue, seizures, functional, neurocognitive and/or psychosocial
impairment are therefore more frequent with larger irradiated volumes. [3].

Whether or not the 2 cm-large margins around the GTV are necessary is decided based on
tumor infiltration and recurrence patterns. Previous publications have already performed a
dose-based evaluation (e.g. [4,5,6]) using Dose Volume Histogram (DVH)-based approaches
to evaluate recurrence locations and proved that most recurrences occur within the
irradiation field. This analysis aims to consider not only the dose distribution, but also

the actual distance between recurrence and initial tumor site in order to provide information
on tumor growth and choice of optimal CTV-margins. We hypothesize that a smaller margin,
related to less side effects and similar tumor control, might be the better option to treat GBM
patients.

Material and methods

Cases

A total of 97 patients were retrospectively analyzed. All patients received a dose of 60 Gy
in 5 x 2 Gy fractions/week, prescribed to an EORTC-based treatment volume. The target
volume delineation aimed to include peri- tumoral edema in the PTV, but did not involve an
expansion of the T2 Flair-volume with 2 cm, as recommended by the RTOG.
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All patients were treated consecutively at the Medical Center University of Freiburg between
January 2013 and December 2017 and underwent either 3D conformal radiotherapy (3D
CRT), intensity modulated radiation therapy delivered with static beams (IMRT) or dynamic
arcs (VMAT), or a combination of these techniques. Chemotherapy with temozolomide was
administered parallel and adjuvant to irradiation according to the Stupp protocol [7].

Patients were followed-up with MRI investigations six-eight weeks after treatment and
every three months thereafter. Tumor progression was diagnosed after discussion in an
interdisciplinary team and involved confirmation through sequential MRI investigations,
amino acid PET or resection with evidence of tumor. The recurrences at the date of

first progression following treatment (in total n = 142) were manually segmented by an
experienced radiation oncologist.

For all patients, common demographic data (age and sex) and clinical data (survival, region
of primary tumor, side, IDH and MGMT status, and extent of surgery) were available (see
Table 1).

Recurrence distance analysis

The principle of the distance analysis is shown in Fig. 1 (a). The first step is the

calculation of the center of mass (COM) for each segmented recurrence (green dot within
the recurrence). For simplification we assume tumor growth to be isotropic, thus the COM
is considered as a “starting point” of the occurring recurrence. With respect to patients
containing more than a single recurrence, all COM are calculated separately for the different
recurrences. For each recurrence volume, the shortest euclidean distance //« //between its
COM, reoy, and the closest point r, within the GTV point cloud is calculated in R3 using the
following formula:

d(GTV,Rec) = min |[Fcom = 1| @
ieGv

Each recurrence was also masked to the dose matrix and various other metrics were
calculated (see Section 2.4).

High dose margin analysis

To evaluate the distance between the GTV boundary and high dose volume v, (which is the
volume receiving 95 % of the prescribed dose-95DP'®) we expand the GTV set gradually in
R3 leading to GTV;. 5 is the expansion which is done using binary dilation. We increase 5,
which can be interpreted as a margin until we capture all points of v ,,,. Another condition is
that we want to find the lowest & possible.

Qi GTV V) = inf {8 | GTV, > V) ®

Eqg. (2) creates margins which are isotropic. As mentioned before margins are corrected
by anatomical barriers in practice (see Fig. 1 (b)). This is not a limitation using this
analysis as we don’t evaluate the resulting volume but solely the resulting distance. Thus an
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overestimation (e.g. in Fig. 1 (b) - upper part) has no effect on the analysis in general as we
quantify the distance needed to capture V.

To avoid too large GTV, due to single high dose voxels we softened up Eg. (2) in a way that
not the full set of v;, but 90 % of all voxels need to be captured.

To evaluate the effect of the high dose margins with respect to survival all patients

were divided into two groups: I. smaller and II. larger or equal to the median of all

dvarein GTV, V 1) Subsequently Kaplan Meier Estimator of both groups were generated and
compared using log-rank tests [8].

Characteristics of recurrence patterns—In order to get an overview about the
recurrence patterns, typical metrics have been utilized to describe them in both qualitative
and quantitative ways.

All patients have been evaluated with respect to the frequency (single, multiple) and location
of recurrences based on Lee et al. [4]. The method classifies recurrences as.

“Central” if at least 95% 0f Viecyr receive 0.95 Dyye,
“In-field” if at least 80% but less than 95% of Viecyr receive 0.95 Dy, and.

“Marginal” if at least 20% but less than 80% of Vecyr receive 0.95Dyre, Where Viecyr stands
for the volume of the recurrence and Dy stands for the prescribed dose (60 Gy). Other
recurrences are considered as “Outside” (for examples see Fig. 2).

Dose-dependent metrices—For all masked doses the minimum, maximum, median,
mean and standard deviation metrices were calculated using the standard numpy functions.

Volume-related metric—To measure the overlap of recurrence and GTV, a volume-
related metric RV was calculated as the intersection of the recurrence volume with the GTV,
relative to the volume of the recurrence:

_ View N Varv

R V Vrecur

©)

In this study 97 patients have been observed. The majority of patients (66) suffered

a unifocal recurrence. Still, 31 patients developed a multifocal recurrence (23 patients
had 2 lesions, 5 patients 3 lesions, and 3 patients 5 individual lesions). With respect to
the classification based on Lee et al. [4] 99 recurrences occurred locally, 8 in-field, 11
marginally and 24 outside.

Fig. 3 shows Kaplan Meier survival curves of time to progression (left) and time to
death (right) (see 2.3). The median high dose margin is 28 mm, which matches with
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target definition in practice (20 mm CTV margin plus additional 5 mm creating the PTV
compensating potential position and treatment device uncertainties). High dose margins
above 30 mm indicate treatment volumes receiving larger high dose volumes as usual (e.g.
peritumoral edemas, which are also part of the PTV, but not GTV). According to log-rank
tests both groups show no difference (p = 0.59 - Time to Progression and p = 0.39 - Time to
Death).

Fig. 4 (a), A.5 and A.6 show the results of the distance-dose analysis in scatter plots. Each
dot represents an individual recurrence. The distance plotted along the y~axis is the distance
d(GTV, Rec) determined in Subsection.

2.2 and is measured in mm. The dose along the x-axis is the calculated mean dose of

the whole recurrence volume and not for an individual point in the recurrence. Other
metrices like the min, max, median and standard deviation can be found in the appendix (see
Appendix A).

Fig. A.7 shows the relative volume RV of the recurrence overlapping with the GTV (see
Section 2.4.3). A value of 1 means that the whole recurrence is within the GTV. 0 means that
there is no overlap at all. 109 of 142 individual recurrences had an overlap with the GTV.

Fig. 4 (b) shows the absolute volume of the GTV with respect to the distance of each
recurrence. Table 2 bins the data of Fig. 4 (b) into three groups according to the volume of
the GTV with respect to the ratio of distant recurrences. In patients with GTV smaller than or
equal to 30 ml, 26.5 % of recurrences occurred more than 2 cm away from the GTV.

There was a significant correlation between MGMT-positive status and improved overall
survival (log-rank test: p = 0.007), however no significant benefit regarding progression free
survival.

Smaller GTV size (median split procedure) was associated with improved progression free
survival (log-rank test: p = 0.048), but not with overall survival (p = 0.926).

Discussion

Most of the recurrences occurred within the 2 cm margin (» = 115) around the GTV, with a
high percentage arising directly from the GTV. 77 % of all recurrences had an overlap with
the GTV (n = 109), suggesting a progression of remaining tumor cell clusters. 75 % of all
recurrences are considered to be central or in-field from the dose distribution point of view.
Only 27 recurrences (19 %) occurred at distances larger than 2 cm from the GTV. Thus,

the predominant local type of relapse matches the information provided by previous studies

(e.9.[9]).

It is interesting that the distance and frequency of distant recurrences in- creased when the
volume of the GTV decreased (p = 0.035) (see Fig. 4 (b)). Intuitively, larger volumes should

Appendix A. Distance dose analysis
(See Fig. A5, Fig. A6, Fig. A7 and Fig. A8).
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have been related to a higher rate of recurrences (both local and distant), but that doesn’t
seem to be the case. Larger GTV lead in the vast majority of cases included in this study to
local recurrences. This behavior might have various reasons. One could be that the maximal
distance of the recurrence to the GTV is limited to less remaining healthy brain for larger
GTV. But also the position of the GTV within the brain may affect the feasible distance.
Furthermore, patients with larger initial tumors and thus larger GTV might experience
recurrences earlier as compared to patients with smaller GTV. In Contrast, patients with
smaller preoperative tumor volumes and/or MGMT-positive status would tend to develop
recurrences later and distantly [10], which was also confirmed in our data.

Another reason could be that the smaller volumes were under-estimated during contouring.
But still it is noticeable that especially the smallest GTV of 10 to 20 ml provided the high
frequency of distant recurrences (and also the most distant ones). From the data in Fig. 4
(b) we can thus assume that larger GTV lead to local recurrences and smaller GTV tend

to relapse distantly. Taking into consideration that the mechanisms of distant relapse are
different from the ones of direct tissue invasion, predicting and covering all possible distant
locations cannot be performed by using larger margins. Therefore, small margins appear to
be appropriate and sufficient for both small and large GTVs.

Furthermore, the margin analysis shows that patients treated with larger high dose margins
neither had a benefit in progression free nor overall survival. Log-rank tests do not show a
statistically significant difference between both groups (smaller and larger high dose margin)
with respect to both time to progression and death. Subsequently, a modification of CTV
margins com- pared to the ones used in the landmark EORTC trial seems feasible. Several
small trials have already investigated alternative CTV delineation methods involving smaller
volumes and have not found any detrimental consequences on outcome [11,5,12,13,14,15].
Also larger volumes, such as the RTOG volume, yielded similar results in clinical trials [16].

These favorable data are mainly due to the predominantly local recurrence pattern of GBM.
In our cohort, 70 % of recurrent lesions were found centrally within the irradiation field.

The microscopic extension of GBM cells was shown to be the highest among gliomas,
but also very heterogeneous between individuals [17]. While it is unlikely to reach distant
recurrences by solely increasing the margin of the CTV, marginal recurrences (11 out of
142 in our study) are those which could potentially benefit from an adaption in target
volume definition. One option might be a method to generate an anisotropic CTV margin.
While individual pathological assessments are certainly the gold standard, they are not
feasible in clinical practice. Non-invasive methods are thus warranted. We hypothesize that
an anisotropic margin, depending on quantitative surrogates (e.g. using radiomics) could
be beneficial. In literature there are also promising approaches to model glioma growth
using fractional anisotropy derived from Diffusion Tensor Imaging (DTI) (e.g. [18]) or
probabilistic methods using deep neural networks (e.g. [19,20]).

It seems to be counterintuitive that there are also a few recurrences which are quite close to
the GTV (<5mm) but have no overlap (see Fig. A.7). This is due to some very small volume
recurrences a few millimeters away from the GTV (see Fig. A.8). It’s also worth to mention
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that there is some uncertainty paired with the data. For some patients, radiation oncologist
don’t follow the 2 cm approach strictly as it would result in a too large CTV. / PTV. Also
there is some uncertainty in the delineation of the GTV. One solution for these problems
might be the use of automative segmentation algorithms (e.g. [21]).

In Fig. 4 (a) it is interesting to see that the COM of most recurrences is very close to or lies
within the GTV contour. The CTV and PTV margins thus provide up to 3 cm (depending

on institutional margins for positioning and treatment planning) additional high dose area,
which might not be necessary and associated with more side effects. Especially considering
the importance for quality of life of maintaining cognitive functions, smaller volumes would
allow a better protection of the hippocampus and of other sensitive structures such as the
prefrontal or the inferior parietal cortex [22,23,24].

Conclusion

Appendix
Appendix

Most of the recurrences occurred locally (75 %), being central or in-field. The GTV size

to distant recurrence frequency relationship needs to be investigated further. Following the
hypothesis, a CTV margin depending on its GTV size could be a treatment option to obtain
similar (or even improved) tumor control while having less side effects. Using smaller
margins the dose reduction to healthy tissue and organs at risk (e.g. hippocampal-sparing) is
more feasible. Furthermore the risk of radionecrosis is reduced.
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Fig. AS.

Results of the distance-dose analysis with respect to minimum, maximum and mean doses.
The horizontal red line is equivalent to the suggested 2 cm margin in literature (for details
and literature see 1).
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Results of the distance-dose analysis with respect to median, standard deviation and relative
volume RV. The horizontal red line is equivalent to the suggested 2 cm margin in literature
(for details and literature see 1).
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Fig. A7.

Results of the distance-dose analysis with respect to the overlapping relative volume. The
horizontal red line indicates the recommended 2 cm margin in literature (for details and
literature see 1).
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Fig. A8.

Two dimensional slice showing the recurrence (white), the COM of which is 4 mm away
from the GTV (grey) surface.
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(;\ . GTV 4
(a) (b)
Fig. 1.

a: Schematical representation of the distance recurrence analysis. For illustration reasons the
image is shown in R (instead of R3 - further details see text). b: Example of the marginal
analysis (for illustration reasons the image is shown in R? (instead of R3). White: GTV.
Light-grey: v, covered with 57 Gy. Dark-grey: Volume created by the marginal analysis
USing dyugn(GTV, Hyp).
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Fig. 2.
Examples for locations of recurrences (white) with respect to the GTV (grey). Left: central

recurrence within the GTV. Right: marginal recurrence.
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10 20 30 40
Time to Death [month]

28 12 6 3
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Kaplan Meier survival curves of Time to progression (left) and time to death (right),
measured in months for both groups (smaller and larger or equal to the median
dvaren GTV, Hy ). Shaded areas are the respective 95 % confidence levels. For details see

text.
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Fig. 4.

a: Results of the distance-dose analysis with respect to the mean dose. The horizontal red
line indicates the suggested 2 cm margin in literature (for details and literature see 1). b:
Here the d(GTV, Rec) of the recurrences from the GTV is plotted as a function of the absolute

GTV Volume measured in ml.
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Demographic and clinical data of 97 patients included in this study treated at the Medical Center - University
of Freiburg from 2013 to 2017.

Demographics

female

male

age (diagnosis)
Survival [months]
PFS

oS

37197
60/97
58 +/- 10

16

Occurrence of primary tumor

left

right

both sides
Resection type
complete
partial

biopsy

IDH

wildtype
mutated
unknown
MGMT

yes

no

unknown
Location of primary tumor
temporal
occipital
frontal

parietal
midline/butterfly
cerebellum

multiple lobes

40/97
47197
10/97

32/97
52197
13797

89/97
6/97
2197

24197
45/97
28197

35/97
2197
20/97
9/97
10/97
1/97
20/97

PFS: median progression free survival, OS: median overall survival, IDH: Isocitrate dehydrogenase, MGMT: 06— methylguanine — DNAmethyl -

transferase.
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Table 2

Interval based evaluation of data plotted in Fig. 4 (b).

GTV[m] n. n.:d(GTV, rec)

<20mm >20mm
0-30 49 36 (73.5%) 13(26.5%)
31-60 63 50(80.9%) 13(19.1%)
>60 30 29(96.7%) 1(3.3%)

with: n,..: d(GTV, rec): ratio of recurrences with a distance of more and less equal 20 mm. A chi-square test of independence showed that there

was a significant association between GTV volume and number of distant recurrences (X2(2, N = 142) = 6.70, p = 0.035).

Radiother Oncol. Author manuscript; available in PMC 2024 June 01.



	Abstract
	Material and methods
	Cases
	Recurrence distance analysis
	High dose margin analysis
	Metrics
	Characteristics of recurrence patterns
	Dose-dependent metrices
	Volume-related metric


	Results
	Discussion
	Conclusion
	AppendixFig. A5. Results of the distance-dose analysis with respect to minimum, maximum and mean doses. The horizontal red line is equivalent to the suggested 2 cm margin in literature (for details and literature see 1).Fig. A6. Results of the distance-dose analysis with respect to median, standard deviation and relative volume RV. The horizontal red line is equivalent to the suggested 2 cm margin in literature (for details and literature see 1).Fig. A7. Results of the distance-dose analysis with respect to the overlapping relative volume. The horizontal red line indicates the recommended 2 cm margin in literature (for details and literature see 1).Fig. A8. Two dimensional slice showing the recurrence (white), the COM of which is 4 mm away from the  (grey) surface.
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Table 1
	Table 2

