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3D-CRT 3-dimensional conformal radiotherapy
ART adaptive radiotherapy
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C contralateral

CNS central nervous system
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1. Introduction

Primary diffuse brain tumors contribute greatly to cancer mortality despite the introduction of
novel systemic treatment approaches (i.e., molecular targeted therapies and immunotherapies)
into the management of malignant tumors. A considerable amount of effort has been devoted
to improving the outcome of local tumor treatment modalities, with the introduction of
innovative techniques, such as navigation-based neurosurgery and highly selective radiation
dose delivery methods: stereotactic intensity-modulated radiotherapy and proton and ion
therapy [1,2]. Greater structural differentiation of the target has become available both for dose
painting and to define intracerebral organs at risk (OARS) on the basis of the differing radiation

susceptibility of the various regions and with advanced imaging [3,4,5].

Modern RT techniques, including intensity-modulated radiotherapy (IMRT), stereotactic RT
(SRT), and radiosurgery (SRS), provide better dose coverage to the target volumes decreasing
the treatment-related complications [6]. Recently, the radiation oncology is changing following
towards the ‘‘precision oncology” era. Magnetic resonance imaging (MRI) is becoming
increasingly important in precision radiotherapy due to its excellent soft-tissue contrast and
versatile scan capabilities. Several recent advances in MRI have shown to be promising for
improving MRI-guided radiotherapy and treatment outcomes (including clinical

implementation of deep learning-based automatic OARs delineation on MRI) [7].

Adaptive radiotherapy (ART) could be used to reduce dose to OARs and ultimately to improve
quality of life [8]. In this regard, an accurate delineation of tumor volumes and organs at risk is
critical to ensure maximum target dose and protect of the surrounding normal brain structures
to maintain high tumor control, while minimizing treatment-related toxicity. Most radiation
treatment centers are equipped with dedicated computed tomography (CT) scanners that
provide accurate anatomic and geometric information of structures, as well as electron density
information for precise dose calculation in treatment planning systems. Magnetic Resonance
Imaging has gradually replaced CT imaging due to its excellent soft-tissue contrast, high spatial
resolution, and widespread availability [9]. The direct, only MRI based planning is yet not
mature, but the different MRI sequences are widely applied using image co-registration and
fusion. Repeated imaging during the course of fractionated radiotherapy enable more accurate
target definition, adaptation to the anatomic changes both due to normal tissue reaction (edema,
resorption of postoperative bleeding, formation of surgical cavity) and to tumor response to the

chemoradiotherapy.



Glioblastoma multiforme (GBM) is one of the tumors most aggressively invading the
surrounding tissues, growing infiltrative and spreading in different brain tissues. Therefore, the
definition of the clinical target volume on the postoperative images is highly challenging task.
The recommendations for contouring in the US and in Europe are differing substantially

without final consensus [10].

Recently, there has been an increased focus on dose to the subventricular zone (SVZ), the region
around the lateral ventricles (LVs), postulated as a main niche of pluripotent neural stem cells
in the brain. These could differentiate into neurons or glial cells and migrate to places where
regeneration is necessary in the central nervous system (CNS) [11,12]. Recent studies support
the hypothesis that in a subgroup of glioblastoma (the SVZ-associated GBM), the neural stem
cells in the SVZ could transform into cancer stem cells and play an important role in both the
origin and recurrence of glioblastoma [13,14,15,16,17]. Thus, the concept of incorporating SVZ
into the high-dose region to eliminate the population of cancer stem cells with irradiation
emerged. However, the entire SVZ represents a huge volume addition to the 2-3 cm margin
around the primary tumor bed in which the potential tumor spread may originate in the CNS.
As a result, the potential consequences of brain irradiation must be carefully estimated, in
particular when neural stem cell niche irradiation is considered. Numerous preclinical and
clinical studies have demonstrated that radiation to the hippocampus may be associated with
neurocognitive deficits [18,19,20]. The clinical evidence for SVZ irradiation resulting in

cognitive deterioration is not as robust as in the case of hippocampus irradiation [21].

It has been demonstrated in several studies with retrospective dose distribution analysis that a
high dose to the ipsilateral SVZ results in significant improvement of progression-free survival
(PFS) and overall survival (OS) for glioblastoma patients [22-32]. A further prospective trial
confirmed the correlation of SVZ dose to the outcome for highgrade brain tumors [33]. These
results emphasize the importance of an accurate definition of the ipsi- and contralateral SVZ
for treatment planning and follow-up during the course of radiotherapy (RT). Image guided
radiation therapy (IGRT) and adaptive RT were introduced to many tumor sites to manage the
daily and long term, i.e., a few weeks of structural uncertainties. However, there is insufficient
data available on intracranial changes, and this is mainly limited to the volume dynamics of

tumor bed alteration after surgical removal [36,37,38].

Anatomical deformations may occur during radiation delivery due to tumor shrinkage or
growth, changes of the resection cavity, and an increase or decrease in perifocal and brain

edema. These changes in the target and organs at risk can significantly influence the dose



distribution defined on the planning CT [37]. This may be highly relevant with regard to the
lateral ventricle and subventricular zone in patients with brain cancer, where these structures

lie in close proximity to the target volume.

2. Aims

We investigated the extent of changes in the anatomical position, shape and volume of LVs and
SVZs. We included other critical OARs to examine their contribution to the dose delivered to
these regions. Additionally, the correlation between the SVZ radiation dose and clinical
outcome was analyzed using the median SVZ dose as a cut-off value for both of the structures
defined on the first planning CT and the data on the changed ipsi- and contralateral SVZs on

the repeated CT during the course of irradiation.

3. Patients and methods

3.1.Study population

Group 1: 41 patients treated between 1/2013 and 11/2015 with glioblastoma multiforme tumor
were enrolled in the study. The average age of the patients was 57 years. All the patients
underwent surgical management, and the tumor type was confirmed with histology. The
average time to planning CT after surgery was 2.8 weeks (0.7-5.1 weeks). Patient data,
including demographics, imaging data, treatment and clinical outcomes were retrospectively
collected.

Group 2: Between 1/2013 and 11/2021, 53 patients with glioblastoma multiforme tumor were
administered and included to the retrospective study. Patients belonged to the elderly age group
with an average age of 63 years. All the patients underwent surgical management, and the tumor
type was confirmed with histology. Most of the patients started the radiotherapy 4.3 weeks after

surgery.



3.2 Imaging

Patient positioning and fixation were performed using a 3-point individual thermoplastic mask
followed by a topometric CT scan in the supine position with 5 mm slice thickness. Pre-
operative imaging data (T1-weighted MRI pre- and post-contrast and FLAIR sequence) were
assessed to define the tumor volume and the tumor localization with regard to the SVZ. The
preoperative and postoperative (i.e., within 48 h) MR images were coregistered to the planning
CT for more accurate GTV/CTV delineation. Each patient underwent adaptive replanning for
boost definition on an additional (secondary) CT/MRI scan (3.9 (3.7-4.0) weeks after start of
radiotherapy, 7.7 (5.3-14.3) weeks after surgery) in accordance with the institutional protocol.

3.3 Target and OARs delineation

3.3.1 Target volume delineation

The gross tumor volume (GTV) was the contrast enhancing lesion on T1-weighted MRI or the
surgical cavity with residual contrast-enhancement. The clinical target volume (CTV) was built
with a 15-25 mm margin around the GTV, and then was edited to include the FLAIR signal
abnormality and adjust it to anatomic barriers. The planning target volume (PTV) was finally

built with a 3-mm isotropic margin expansion, adjusted to the anatomical structures.

Gross tumor volume (GTV1), clinical target volume (CTV1) and planning target volume
(PTV1) were defined on primary CT (CT1). After the first period of treatment, a second CT
(CT2) was performed using the same technical parameters and patient positioning. This was
registered to the initial planning CT (CT1). Gross tumor volume 2 (GTV2), clinical target
volume 2 (CTV2) and planning target volume 2 (PTV2) were also defined on the secondary CT
(CT2).

3.3.2 Organs at risk delineation

OAR segmentation was performed in axial reconstructions of the CT/MRI coregistred data set.
Ipsilateral LV (iLV), contralateral LV (cLV), ipsilateral SVZ (iSVZ) and contralateral SVZ

(cSVZ) contouring were retrospectively segmented by a radiologist. The SVZ contour was



defined in accordance with protocols developed by Gupta et al. [24],whereby SVZ was defined
as a 5mm margin along the wall of the LV on CT1 (Fig. 1(a)) and on CT2 (Fig. 1(b)).

Fig 1. Initial (primary) CT (CT1) (a) and follow-up (secondary) CT (CT2) (b) with the contours
for planning target volume (PTV) in red, gross tumor volume (GTV) in pink and subventricular
zone (SVZ) in orange. Although the two images were captured on the same plane, initially the
ipsilateral structures are extremely deformed and thus undetectable. After 40 Gy irradiation,

the ipsilateral lateral ventricle and SVZ appeared on CT2.

Relevant OARs such as brain, brainstem, chiasm, ipsilateral and contralateral eye, ipsilateral
and contralateral lens, ipsilateral and contralateral optic nerve were delineated by atlas-based
and manual segmentation. All contours were reviewed and corrected by radiologist/physician
according to online atlas published by Eekers et al. [39] for OAR delineation in neurooncology
on behalf of the task group ‘‘European Particle Therapy Network™ (EPTN) of ESTRO.

3.4 Treatment planning

Glioblastoma multiforme (GBM) was treated with a total dose of 60 Gy at a 2 Gy dose per
fraction with concomitant temozolomid (75 mg/m2 daily) followed by temozolomid

monotherapy. PTV1 was treated with 3-dimensional conformal radiotherapy (3D-CRT) or



Intensity Modulated RT (IMRT) to 40 Gy in 20 fractions for GBM patients. PTV2 was treated
with 3D-CRT or IMRT delivering an additional 20 Gy in 10 fractions for GBM. Both LVs and
SVZs were also contoured retrospectively on the planning and replanning images, along with
the other OARs, which did not exhibit relevant changes on secondary CT. Registration and
contouring were performed with Advantage SIM software (version 4.7, General Electric
Healthcare, Chicago, Ill., USA). All plans were created and optimized in the Xio Planning
System (version 4.7, Electa, Stockholm, Sweden). RT plan optimization to the adapted target
volume (GTV2 — CTV2 — PTV2) was performed in all cases and the homogeneity criteria was
specified by the ICRU 83 (Dose > 95% and D2y < 107%).

Volumetric data for the LVs and SVZs on the primary and secondary CT were collected. For
the dosimetric study, dose-volume histograms of glioblastoma cases were calculated and the
following doses were extracted for ipsilateral and contralateral LVs and SVZs for the complete
course of radiotherapy with and without replanning: D2y , D10% , D2s% , Dso% , D75% , Dagos
Dmean and Dmax. Furthermore, the dose differences to these structures and the impact of the mean

doses of SVZs on overall survival were analyzed.

For other OARs dosimetric evaluation Dsov%, Deow and Dmean Were extracted from dose-volume
histogram (DVH) and performed a comparison between treatment plans with and without

replanning.

3.5 Statistical analysis

Statistical analysis was performed using the SPSS statistical analysis software package (version
20; SPSS, Chicago, Ill., USA), and patientand tumor-related factors (age, performance state,
type of surgery, time interval between surgery and start of radiotherapy, midline shift and tumor
size) and any parameter that showed measurable anatomical changes during the volumetric and
geometric analysis were included in the study. A value of p < 0.05 was considered statistically

significant. All p-values are two-sided.

A paired samples t-test was carried out to examine anatomical changes on the re-scanned CT
as compared to the first time point of the treatment course. Parametric data were expressed as
mean =+ standard deviation (SD). In addition, an independent samples t-test was administered
to investigate the relationship between midline deformation and LV and SVZ volume changes,

respectively. Subsequently, a paired samples t-test was used to compare dosimetric data



summing up the dose from the initial and the adaptive dose distribution for structures defined
for primary and complementary (boost) irradiation. Potential factors to impact OS, such as age,
performance status, tumor location, tumor size and extent of surgical resection, were tested as

covariates.

In addition, the dose received by ipsilateral and contralateral SVZs defined retrospectively on
both planning CTs was assessed for prognostic significance. The survival probability was
estimated using the Kaplan—Meier method. OS was calculated from the date of surgery to the
date of death. The log-rank test was used to test the significance between different groups in
the prognostic factors. Survival distributions were compared based on the log-rank test at the
58 Gy cut-off point and the contralateral SVZ dose at the 27 Gy cut-off point. The factors
exhibiting a correlation to the survival in a univariate test, such as the midline shift, RT start
date from surgery (Opus RT date), performance status (PS) and dose to the iSVZ, were further
analyzed with the multivariate Cox regression.

4. Results

4.1. Dosimetric comparison of LVs and SVZs during adaptive brain radiotherapy

Radiotherapy planning took place 2.8 (0.7-5.1) weeks on average post-surgery. The extent of
the tumor removal of the study group was biopsy (N = 7), partial resection (N = 29) and gross
tumor resection (N =5). RT generally started 1 week after the planning CT, and thus the interval
between surgery and RT was 26.6 (12-42) days. The patient and tumor characteristics as well

as the volumetric data for the defined targets are provided in Table 1.

Parameters Glioblastoma
Grade IV
N (male/female) 41 (20/21)
Age (years) <60 12
>60 29
Karnofsky performance status <70% 16
>70% 25
Type of surgery
Biopsy 7
STR (subtotal resection) 29
GTR (gross total resection) 5




Tumor size (Mean) (max. diameter in mm)

Tumor location
Parietal

Frontal
Occipital
Temporal
Cerebellum

GTV1 (Mean £ SD) (cc)
GTV2 (Mean £ SD) (cc)
PTV1 (Mean = SD) (cc)
PTV2 (Mean = SD) (cc)

Midline deformation on CT1
Yes
No

Relation of iSVZ1 to PTV1 on CT1
Included completely

Included partly

Not intersected

Relation of iSVZ2 to PTV2 on CT2
Included completely

Included partly

Not intersected

51.12

111.49 £70.53
103.91 £74.08
540.58 + 147.72
356.25 +133.92

23
18

15
25

6
34
1

Abbreviations: iISVZ1/iSVZ2=ipsilateral subventricular zone on primary/secondary CT,

CT1/CT2=primary/secondary CT, PTV1=planning target volume at CT1, PTV2=planning target volume at

CT2

Table 1. Patient characteristics (Group 1)

The largest average diameter of the tumor on the preoperative MRI was 51 mm (range 24-80
mm). We sorted the patients according to the presence or absence of midline deformation. This
defect is related to the size of the edema and could influence the volume change of LV and
SVZ. A significant correlation between the midline shift and the volume difference of the

ipsilateral structures was detected in all cases when a primary midline deformation was present

(Table 2).
Midline deformation
Yes No p?
AViLv (cm?®) 5.82+4.78 2.84+2.97 0.011
AVeyv (cm®) 221+1.81 1.55+1.78 0.209
AVisvz (cm?3) 2.79+1.96 1.06 +0.79 0.003
AVcsvz (cm®) 0.63 +0.83 0.60 + 0.49 0.914

p? = by independent samples t-test with statistical significance defined as p < 0.05




Table 2. Comparison of the volume difference (AV: mean + standard deviation) of the

ipsilateral/contralateral lateral ventricle (AViLv / AVeLv) and ipsilateral/contralateral

subventricular zone (AVisvz / AVesvz) with or without midline deformation on primary CT

However in our GBM patient group, no significant correlation was detected between the
presence of the midline shift and OS (p = 0.830). Significant differences were observed within
each volumetric parameter, and a major discrepancy was revealed by analyzing ipsilateral LVs
and SVZs in individual patients. Volumetric changes were above 2-3 cm?®, which resulted in a

higher than 17% volumetric change of ipsilateral SVZ (Table 3).

Primary CT (CT1) Secondary CT (CT2)

iLV1 cLV1 iISVZ1 cSVvZ1 iLv2 cLVv2 iISVZ2  cSVZ2

V (cm®) 103+£8.9 150+84 6.4+36 8.6+3.1 135+86 165+£85 7.5+33 9.0+£3.1
(+30%) (+10%) (+17%) (+5%)

pP <0.001 <0.001 0.030 <0.001

p® = by paired samples t-test with statistical significance defined as p < 0.05
Table 3. Comparison of volume (V) (mean + standard deviation) of the ipsilateral/contralateral
lateral ventricle (iLV1/cLV1) and ipsilateral/contralateral subventricular zone (iSVZ2/cSVZ2)

between CT1 and CT2

The change in volume is accompanied by significant alterations in the location of these
structures. Location shift was observed in mm range on both sides (within 3 mm in the case of
ipsilateral structures). All these changes resulted in relevant dosimetric impact, which is

presented in Table 4.

Primary CT (CT1) Secondary CT (CT2)

Dose parameter iSVZ1 cSVZ1 iISVZ2 cSVZ2

(p°)

Dsos (GY) 60.4+0.5 53.7+4.8 60.5+0.4 53.8+4.6
(0.030) (0.006)

D10o (GY) 60.2+0.4 50.7 5.0 60.4+0.5 50.8 5.1
(0.050) (0.028)

Da2sos (GY) 598+1.3 39.7+13.7 60.1+1.2 40.1+13.8
(0.001) (0.005)



Dsoos (GY) 56.8+7.7 33.8+14.1 572+173 34.0+14.2
(0.021) (0.007)
D159 (GY) 522+ 12.1 26.1+13.8 52.9+12.0 263+ 14.1
(0.010) (0.053)
D100% (GY) 36.2+18.7 13.9+10.4 36.4+18.3 14.0+10.5
(0.543) (0.230)
Dmean (GY) 55.1+6.9 33.1+12.1 55.9+7.1 333122
(0.014) (0.076)
Dmax (GY) 613+1.3 52.5+10.1 61.4+13 528499
(0.283) (0.025)

Abbreviations: iISVZ/cSVZ=ipsilateral/contralateral subventricular zone,
Dy« (Gy) = dose covering x% volume of the structure under examination in Gy,
p° = by paired samples t-test with statistical significance defined as p < 0.05

Table 4. Dose parameters of the SVZ (comparing the same radiotherapy plan adapted to the

primary CT and secondary CT) of the total 60 Gy irradiation

As a result, the first plan would have led to an incorrect dose distribution for the iISVZ and
cSVZ. Dose distribution analysis on the SVZ structures contoured at the 4-week interval
showed significant differences between the two time points on the dose volume histograms,
with higher difference and higher standard deviation at higher-volume doses. The mean dose
difference to the SVZ on CT1 and CT2 was significant for the iISVZ. Following the replanning,
the total dose to these structures was higher at each volume dose level than on CT1. The dose
difference was on average around 1 Gy on the ipsilateral side and about 0.5 Gy on the
contralateral side, but this difference even reached a 5-10 Gy dose in some individual patients.
Moreover, most of these dosimetric changes resulted in statistically significant differences in
this study. The large PTV1 encompassing the primary tumor volume, the peritumoral edema
and 2 cm margin due to potential microscopic tumor spread resulted in the incorporation of a
high portion of the iISVZ, while the involvement of the iISVZ was reduced in the shrunken PTV2
defined for replanning. Consequently, the dose to the structures con cerned showed greater
differences due to the anatomical changes re vealed on the repeated CT2 for the 20 Gy boost
treatment. The dosimetric impact of these topometric and volumetric changes of LV and SVZ
was calculated by taking into account the dose distribution for PTV1 up to 40 Gy and the dose
distribution after replanning with the dose prescription of 20 Gy to PTV2, which add up
representative re levant dose differences during the delivery of a 60 Gy total dose. A significant
difference (p = 0.048) was proven between mean OS at 15.6 months versus 27.8 months and
mean dose to the ipsilateral SVZ2 delineated on CT2 with a 58 Gy cut-off point. If the ipsilateral

mean SVZ1 dose based on the CT1 contour was analyzed with the same cut-off value, there



was no statistical difference (p = 0.153) between 17.6 and 26.6 months in this patient population

(Fig. 2).
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Fig. 2. Kaplan—Meier survival curves illustrating the overall survival difference between

groups that received high and low mean doses (Dmean < 58 Gy and Dmean>358 Gy) to their

ipsilateral subventricular zone on primary CT (a) and secondary CT (b) (p < 0.05 with the log-

rank test).

This analysis revealed no statistically significant correlations between the contralateral SVZ

dose and OS, assessed at the two time points (p = 0.477 and p = 0.283, respectively). A Kaplan—
Meier analysis of the Opus RT date and OS showed that RT started within 26.6 days results in
a higher mean OS with a significant p-value (27.9 vs. 15.8 months, p = 0.036). Furthermore,

PS had a relevant effect on OS, and a Karnofsky performance status with a higher value (>70%)

resulted in better OS (p = 0.007). In a multivariate Cox regression analysis with an iISVZ2 mean
dose, of the Opus RT date and PS, only PS was significant with regard to OS (Table 5).

Factor
Dinean (iSVZ1) <58 Gy
Dmean (ISVZ].) >58 Gy

Dimean (iSVZ2) <58 Gy
Dmean (ISVZZ) >58 Gy

Dimean (CSVZ1) <27 Gy
Dmean (CSVZ1) >27 Gy

OS (months)

17.6
26.6

15.6
27.8

22.2
26.8

pC

0.153

0.048

0.477




Dmean (CSVZ2) <27 Gy 21.1
Dmean (CSVZ2) >27 Gy 27.8 0.283
RT start <26.6 days 27.9
RT start >26.6 days 158 0.036
KPS <70% 9.9
KPS >70% 27.4 0.007

Abbreviations: iISVZ1/iSVZ2=ipsilateral subventricular zone on primary/secondary CT,
cSVZ1/cSVZ2=contralateral subventricular zone on primary/secondary CT,

Dmean = Mean Dose of the structure under examination in Gy,

RT start= Time interval between the opus and the radiotherapy start date in days
KPS=Karnofsky Performance Status in %

p¢=by log-rank test with statistical significance defined as p < 0.05

Table 5. Analysis of factors possibly influencing the overall survival (OS)

4.2. Dosimetric comparison of organs at risk during adaptive brain radiotherapy

The largest average diameter of the tumor on the preoperative MRI was 47 mm (range 26 - 60

mm). RT generally started 1 week after the planning CT, and thus the interval between surgery

and RT was 30 days. The average volume difference of the GTV and PTV (Vervi — Vprv2 (CC)

and Verv1 - Vertvz () during replanning was 151.81 + 143.00 and 13.49 + 32.78. The relevant

patient and tumor characteristics are shown in Table 6.

Parameters Glioblastoma
Grade IV

N (male/female) 28/25
Age (years) <60 16

> 60 37
Karnofsky performance status <70% 15

>70% 38

Type of surgery
Biopsy 10
STR (subtotal resection) ;Z

GTR (gross total resection)
Tumor size (Mean) (max. diameter in mm) 46.83

Tumor location
Parietal 16




Frontal
Occipital
Temporal
Cerebellum

GTV1 (Mean £ SD) (cc)
GTV2 (Mean £ SD) (cc)
PTV1 (Mean = SD) (cc)
PTV2 (Mean = SD) (cc)

15
10

106.67 £ 67.94
92.12 + 60.49
497.12 £ 182.32
339.14 £ 127.80

Abbreviations: GTV1=gross tumor volume at CT1, GTV2=gross tumor volume at
CT2, PTV1=planning target volume at CT1, PTV2=planning target volume at CT2

Table 6. Patient characteristics (Group 2)

We observed that the average of all investigated dose parameters to these structures was lower

at each volume dose level than on CT1 (Table 7.) and replanning caused significant differences

on most of them. The dose difference was on average around 0.5-1 Gy on every structures, but

this difference even reached a 2-5 Gy dose in some individual patients. Repeated imaging and

adaptive planning leads to improved follow of the anatomical changes and tumor response,

resulting more accurate residual GTV definition and consequent healthy brain tissue sparing in

the case of tumor schrinkage achieved.

Dose parameter (CT1) Dose parameter (CT2)
Organ at Dsow (GY) Doo% (GY) Dmean (GY) Dso% (GY) Doo% (GY) Dmean (GY)
Risk () (") (")
Brain 19.15+12.64 3.50+491 23.01+12.04 18.89+10.52 3.19+4.18 22.12+11.32
(0.049) (0.031) (0.152)
Brainstem  8.72+12.16 196+212 9.89+11.19 8.54+11.26 1.80+1.81 9.58 +10.59
(0.029) (0.072) (0.035)
Chiasm 8.00+7.99 752+ 754 7.99+7.98 7.50+7.22 6.86+6.16 7.45+7.09
(0.045) (0.083) (0.103)
Eye | 440 +4.66 293+2.51 5.15+4.75 420+4.30 244+2.12 4,99 +4.57
(0.213) (0.142) (0.107)
Eye C 3.39+3.33 221+2.15 3.99+3.77 3.32+3.28 2.12+2.00 3.89+3.72
(0.048) (0.150) (0.301)
Lens | 2.87+2.26 2.54+£2.03 291+2.26 276 £1.94 205+1.71 2.35+1.96
(0.118) (0.037) (0.118)
Lens C 241+£2.02 2.19+1.78 2.45+2.05 2.27+1.94 2.05+1.71 2.35+1.96
(0.125) (0.047) (0.055)
Optic 998+13.79 8.19+11.33 9.99=+14.04 9.69+13.39 8.08+11.19 9.86=+13.55
Nerve | (0.039) (0.168) (0.129)




Optic 710£9.10  558+643  7.10+9.08 693+9.18  560+683  698+9.11
Nerve C (0.247) (0.154) (0.047)

Abbreviations: I/C=ipsilateral/contralateral,
Dy« (Gy) = dose covering x% volume of the structure under examination in Gy,
p° = by paired samples t-test with statistical significance defined as p < 0.05

Table 7. Dose parameters of the brain structures (comparing the same radiotherapy plan
adapted to the primary CT (CT1) and secondary CT (CT2)) of the total 60 Gy irradiation

5. Discussion

We have investigated the role of SVZ involvement into the high dose region of GBM
postoperative irradiation to the outcome of the disease and the impact of the anatomical changes
to the dose distribution during the course of radiation delivery. Recently, a number of analyses
of tumor recurrence patterns and dosimetry data related to patient survival have revealed the
importance of elimination of brain cancer stem cells, which may play a key role in tumor
relapse. The majority of the pluripotent neural stem cells reside in the SVZ; therefore, it
represents the structure, which could be included in the clinical target volume for glial tumors
located in close proximity to it. Lim et al. [17] were the first to propose the prognostic
significance of a connection of a tumor to the ipsilateral SVZ for GBM. Since then, further
groups have confirmed this finding, and numerous retrospective clinical studies on high-grade
glioma have suggested a significant relationship between radiation dose to the ipsilateral SVZ
and disease outcome [22,24-28,30-32]. All of these studies examined survival by dividing the
patients into groups based on certain cut-off values of the bilateral, ipsilateral and contralateral
SVZ mean dose. In a pioneering study of 55 patients with high-grade brain tumors [22], the
bilateral SVZ mean dose above 43 Gy significantly improved the median PFS and, as a result,
was suggested as an independent factor in multivariate analysis. The authors of the following
study included 40 patients, exclusively with GBM, and used the same cut-off value (43 Gy),
yet no correlation was detected on PFS or OS either with the SVZ dose analyzed separately or
as a bilateral structure [23]. Similarly, Chen et al. [29] examined a large number of patients
with GBM (N = 116) and found no survival differences based on a higher (D > 40 Gy) or lower
dose (D < 40 Gy) to the ipsilateral SVZ. However, they reported improved progression-free
survival (PFS) and overall survival (OS) in the subgroup of patients who underwent gross total
resection together with an ipsilateral SVZ dose of >40 Gy compared to those who received an



SVZ dose of < 40 Gy during postoperative chemoradiotherapy. The authors of more recent
studies have included further relevant prognostic factors in their multivariate analysis, such as
MGMT (O6-methylguanine methyltransferase) methylation status, and used higher cut-off
mean doses for the ipsilateral SVZ (50-62.25 Gy). In these series of reports, Gupta et al. [24]
found the mean dose of > 57.9 Gy of ipsilateral SVZ to be an independent factor on OS, whereas
the same high dose to the contralateral SVZ had a reverse effect on survival. However, this
finding could be explained with additional factors, such as the size of the tumor and its spread
toward the contralateral hemisphere. Thereafter, Lee et al. [28] collected data on 173 patients
from two centers and used different SVZ dose cut-off points. 59.4 Gy to the ipsilateral SVZ
correlated significantly to PFS, but not to OS. This was confirmed to be an independent factor
in multivariate analysis. Subsequently, another research team provided conflicting results,
reporting either SVZ dose dependent improvement or, in contrast, a worsening of survival
outcome confirmed by their retrospective analysis [29,30,31,32,34,35]. Nevertheless, these
studies suggest that acute toxicity in connection with the delivery of a high radiation dose to
the SVZ may be acceptable as there was no statistically significant difference in the Karnofsky
Performance Status between the groups receiving a higher or lower SVZ dose. Finally, the
single prospectively planned study [33] to involve the ipsilateral SVZ in the CTV provided
encouraging results with a significantly improved median OS of 16 versus 14 months for
patients with higher than 58 Gy doses to the iSVZ. This study revealed a novel factor, which
could potentially account for such contradictory results. Our results highlight the importance of
the anatomy deformation shortly after surgery and the relevant changes, which may occur
during the course of radiotherapy, influencing the volume and location of such small volume
structures as the cancer stem cell niches. The structural changes during radiation delivery could
be caused by tumor shrinkage or growth, deformation of the resection cavity, and increase or
decrease in perifocal and brain edema. The postoperative change decreases by the time, but in
the case of GBM it would pose a high risk for relevant residual tumor growth in the case of
delayed CRT. Meanwhile, the optimal interval between surgery and start of CRT is a matter of
debate in the literature, and a clear conclusion cannot be drawn [40,41,42,43]. In our patient
group, the shorter time to CRT proved to be a significant factor for longer OS. The start of CRT
within 3 weeks after surgery may result in relevant changes of the target and organs at risk,
which can significantly influence the dose distribution calculated on the planning CT [37]. A
significant correlation between OS and the high ipsilateral SVZ2 dose (above 58 Gy) was found
in our patient population; meanwhile, no statistical difference was detected (p = 0.153) in OS

if the SVZ1s were used, which were contoured on the CT1 acquired five weeks earlier, 2—-3



weeks after surgery. We have to notice that the difference between the survival curves regarding
the initial iISVZ mean dose (< 58 Gy versus > 58 Gy) thought has not reached the significance
level, the same tendency could be observed, and an analysis including larger number of patients
may resulted in significant relationship. In any case, after surgery with primary brain tumor,
patients may show significant anatomical changes throughout the entire treatment course. As a
consequence of volume alteration and displacement of the SVZ, a significant difference
between the actual delivered dose and the initial planned dose is anticipated, which may
ultimately result in underdosage of this region if defined as part of the target. Previously,
adaptive radiotherapy (ART) was mainly proposed for extracranial regions, where the daily
variation of the location of the target and surrounding organs is thought to be high. So far, a
small number of studies have been devoted to the assessment of postsurgical changes of the
tumor bed for brain metastases [36,37,38]. However, no previous research has examined
repeated CT images to determine patient-specific anatomical variations of LV and SVZ during
the course of RT delivery, for which the treatment plan could be modified. This investigation
aims to fill this gap in the research on anatomical variations of LV and SVZ taking place during
irradiation. This study however has some limitations. The analysis of tumor related factors was
outside of the scope of this study, but several factors are known to influence the survival.
Furthermore, its retrospective nature, and relatively small patient number may have biased some
of the results. However, this study also has several strengths. Our results underline the
importance of including iISVZ in the target volume for GBM, but it is equally important that the
volume and localization of brain substructures may vary widely by time and individual. An
additional margin of 3 mm to the iSVZ would encompass the potential morphologic changes,
which occurs during the adjuvant chemo-irradiation. Furthermore, significant longer survival
for patients with good performance status (Karnofsky > 70%) and shorter time interval between
the surgery and start of the CRT was proven. Prospective clinical studies should be designed to
draw a valid conclusion on a target definition for high-grade brain tumors as regards the
inclusion of the SVZ and other structures. Moreover, in addition to involvement in stratification,
known and recently emerged molecular prognostic factors (MGMT metilation status, IDH1 and
ATRX) and time- and treatment-dependent morphological changes should also be taken into
account. However, considering all the limitations, our analysis documents survival advantage
from full target dose to the iISVZ and could suggest including this brain region in the clinical
target volume. The other finding of this study is the need for high-accuracy delineation of iISVZ

with careful follow-up of changes.



6. Conclusions

Following our retrospective evaluation of the postsurgical anatomy of the relevant brain
structures and irradiation plans at two time points, clinically relevant changes in LV and SVZ
volumes and location were revealed, resulting in significant dose alterations to these structures.
This should be taken into consideration when cancer stem cell radiation is planned and a defined
dose is prescribed to the SVZ. In addition dosimetric changes were found during the statistical

analysis of other brain structures and confirm the necessity of replanning.

Stemming from the clinical relevance of the anatomical changes in the brain during radiation
delivery, revision and replanning are recommended to facilitate adaptation to these changes.
Future prospective studies are necessary to determine the optimal time point for repeating
CT/MR imaging and replanning for brain  tumor patients  undergoing
radiotherapy/radiochemotherapy.
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ARTICLE INFO ABSTRACT

Purpose: The aim of this retrospective study was to investigate the relationship between the dose to the sub-
ventricular zone (SVZ) and overall survival (OS) of 41 patients with glioblastoma multiforme (GBM), who were
treated with an adaptive approach involving repeated topometric CT and replanning at two-thirds (40 Gy) of
their course of postoperative radiotherapy for planning of a 20 Gy boost.

Methods: We examined changes in the ipsilateral lateral ventricle (LV) and SVZ (iLV and iSVZ), as well as in the
contralateral LV and SVZ (cLV and cSVZ). We evaluated the volumetric changes on both planning CT scans
(primary CT1 and secondary CT2). The survival of the GBM patients was analyzed using the Kaplan-Meier
method; the multivariate Cox regression was also performed.

Results: Median follow-up and OS were 34.5 months and 17.6 months, respectively. LV and SVZ structures ex-
hibited significant volumetric changes on CT2, resulting in an increase of dose coverage. At a cut-off point of
58 Gy, a significant correlation was detected between the iSVZ2 mean dose and OS (27.8 vs 15.6 months,
p = 0.048). In a multivariate analysis, GBM patients with a shorter time to postoperative chemoradiotherapy
(< 3.8 weeks), with good performance status (=70%) and higher mean dose (=58 Gy) to the iSVZ2 had sig-
nificantly better OS.

Conclusions: Significant anatomical and dose distribution changes to the brain structures were observed, which
have a relevant impact on the dose-effect relationship for GBM; therefore, involving the iSVZ in the target
volume should be considered and adapted to the changes.

Keywords:

Adaptive radiotherapy
Glioblastoma multiforme
Subventricular zone
Overall survival analysis

1. Introduction ibility of the various regions and with advanced imaging [3,4,5].

Glioblastoma multiforme (GBM) is one of the tumors most aggressively

Primary diffuse brain tumors contribute greatly to cancer mortality
despite the introduction of novel systemic treatment approaches (i.e.,
molecular targeted therapies and immunotherapies) into the manage-
ment of malignant tumors. A considerable amount of effort has been
devoted to improving the outcome of local tumor treatment modalities,
with the introduction of innovative techniques, such as navigation-
based neurosurgery and highly selective radiation dose delivery
methods: stereotactic intensity-modulated radiotherapy and proton and
ion therapy [1,2]. Greater structural differentiation of the target has
become available both for dose painting and to define intracerebral
organs at risk (OARs) on the basis of the differing radiation suscept-

* Corresponding author.

invading the surrounding tissues, growing infiltrative and spreading in
different brain tissues. Therefore, the definition of the clinical target
volume on the postoperative images is highly challenging task. The
recommendations for contouring in the US and in Europe are differing
substantially without final consensus. [6]

Recently, there has been an increased focus on dose to the sub-
ventricular zone (SVZ), the region around the lateral ventricles (LVs),
postulated as a main niche of pluripotent neural stem cells in the brain.
These could differentiate into neurons or glial cells and migrate to
places where regeneration is necessary in the central nervous system
(CNS) [7,8]. Recent studies support the hypothesis that in a subgroup of
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glioblastoma (the SVZ-associated GBM), the neural stem cells in the
SVZ could transform into cancer stem cells and play an important role
in both the origin and recurrence of glioblastoma [9,10,11,12,13].
Thus, the concept of incorporating SVZ into the high-dose region to
eliminate the population of cancer stem cells with irradiation emerged.
However, the entire SVZ represents a huge volume addition to the
2-3 cm margin around the primary tumor bed in which the potential
tumor spread may originate in the CNS. As a result, the potential con-
sequences of brain irradiation must be carefully estimated, in particular
when neural stem cell niche irradiation is considered. Numerous pre-
clinical and clinical studies have demonstrated that radiation to the
hippocampus may be associated with neurocognitive deficits
[14,15,16]. The clinical evidence for SVZ irradiation resulting in cog-
nitive deterioration is not as robust as in the case of hippocampus ir-
radiation [17].

It has been demonstrated in several studies with retrospective dose
distribution analysis that a high dose to the ipsilateral SVZ results in
significant improvement of progression-free survival (PFS) and overall
survival (OS) for glioblastoma patients [18-28]. A further prospective
trial confirmed the correlation of SVZ dose to the outcome for high-
grade brain tumors [29]. These results emphasize the importance of an
accurate definition of the ipsi- and contralateral SVZ for treatment
planning and follow-up during the course of radiotherapy (RT). Image-
guided radiation therapy (IGRT) and adaptive RT were introduced to
many tumor sites to manage the daily and long term, i.e., a few weeks
of structural uncertainties. However, there is insufficient data available
on intracranial changes, and this is mainly limited to the volume dy-
namics of tumor bed alteration after surgical removal [32,33,34].

Anatomical deformations may occur during radiation delivery due
to tumor shrinkage or growth, changes of the resection cavity, and an
increase or decrease in perifocal and brain edema. These changes in the
target and organs at risk can significantly influence the dose distribu-
tion defined on the planning CT [33]. This may be highly relevant with
regard to the lateral ventricle and subventricular zone in patients with
brain cancer, where these structures lie in close proximity to the target
volume. We investigated the extent of changes in the anatomical po-
sition, shape and volume of LVs and SVZs and their contribution to the
dose delivered to these regions. Additionally, the correlation between
the SVZ radiation dose and clinical outcome was analyzed using the
median SVZ dose as a cut-off value for both of the structures defined on
the first planning CT and the data on the changed ipsi- and contralateral
SVZs on the repeated CT during the course of irradiation.
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2. Materials and methods
2.1. Study population

41 patients treated between 1/2013 and 11/2015 with glioblastoma
multiforme tumor were enrolled in the study. The average age of the
patients was 57 years. All the patients underwent surgical management,
and the tumor type was confirmed with histology. The average time to
planning CT after surgery was 2.8 weeks (0.7-5.1 weeks).

2.2. Contouring and treatment planning

Patient positioning and fixation were performed using a 3-point
individual thermoplastic mask followed by a topometric CT scan in the
supine position with 5mm slice thickness. The preoperative and post-
operative (i.e., within 48 h) MR images were coregistered to the plan-
ning CT for more accurate GTV/CTV delineation. Glioblastoma multi-
forme (GBM) was treated with a total dose of 60 Gy at a 2 Gy dose per
fraction with concomitant temozolomid (75 mg/m? daily) followed by
temozolomid monotherapy. Each patient underwent adaptive replan-
ning for boost definition on an additional (secondary) CT/MRI scan (3.9
(3.7-4.0) weeks after start of radiotherapy, 7.7 (5.3-14.3) weeks after
surgery) in accordance with the institutional protocol. Gross tumor
volume (GTV1), clinical target volume (CTV1) and planning target
volume (PTV1) were defined on primary CT (CT1). PTV1 was treated
with 3-dimensional conformal radiotherapy (3D-CRT) or Intensity
Modulated RT (IMRT) to 40 Gy in 20 fractions for GBM patients. After
the first period of treatment, a second CT (CT2) was performed using
the same technical parameters and patient positioning. This was re-
gistered to the initial planning CT (CT1). Gross tumor volume 2 (GTV2),
clinical target volume 2 (CTV2) and planning target volume 2 (PTV2)
were also defined on the secondary CT (CT2). PTV2 was treated with
3D-CRT or IMRT delivering an additional 20 Gy in 10 fractions for
GBM. Both LVs and SVZs were also contoured retrospectively on the
planning and replanning images, along with the other OARs, which did
not exhibit relevant changes on secondary CT. Registration and con-
touring were performed with Advantage SIM software (version 4.7,
General Electric Healthcare, Chicago, Ill., USA). The SVZ contour was
defined in accordance with protocols developed by Gupta et al. [20],
whereby SVZ was defined as a 5 mm margin along the wall of the LV on
CT1 (Fig. 1(a)) and on CT2 (Fig. 1(b)).

Contouring was performed in axial reconstructions of the CT data
set. All plans were created and optimized in the Xio Planning System

Fig. 1. Initial (primary) CT (CT1) (a) and follow-up
(secondary) CT (CT2) (b) with the contours for
planning target volume (PTV) in red, gross tumor
volume (GTV) in pink and subventricular zone (SVZ)
in orange. Although the two images were captured on
the same plane, initially the ipsilateral structures are
extremely deformed and thus undetectable. After
40 Gy irradiation, the ipsilateral lateral ventricle and
SVZ appeared on CT2. (For interpretation of the re-
ferences to colour in this figure legend, the reader is
referred to the web version of this article.)
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(version 4.7, Electa, Stockholm, Sweden). RT plan optimization to the
adapted target volume (GTV2 - CTV2 - PTV2) was performed in all
cases and the homogeneity criteria was specified by the ICRU 83
(Dogy, > 95% and Doy, < 107%). Volumetric data for the LVs and SVZs
on the primary and secondary CT were collected. For the dosimetric
study, dose-volume histograms of glioblastoma cases were calculated
and the following doses were extracted for ipsilateral and contralateral
LVs and SVZs for the complete course of radiotherapy with and without
replanning: Dao, Diows Dasws Dsows D7s%s Dosoes Dmean and Dax.
Furthermore, the dose differences to these structures and the impact of
the mean doses of SVZs on overall survival were analyzed.

2.3. Statistical analysis

Statistical analysis was performed using the SPSS statistical analysis
software package (version 20; SPSS, Chicago, Ill., USA), and patient-
and tumor-related factors (age, performance state, type of surgery, time
interval between surgery and start of radiotherapy, midline shift and
tumor size) and any parameter that showed measurable anatomical
changes during the volumetric and geometric analysis were included in
the study. A value of p < 0.05 was considered statistically significant.
All p-values are two-sided.

A paired samples t-test was carried out to examine anatomical
changes on the re-scanned CT as compared to the first time point of the
treatment course. Parametric data were expressed as mean * standard
deviation (SD). In addition, an independent samples t-test was ad-
ministered to investigate the relationship between midline deformation
and LV and SVZ volume changes, respectively. Subsequently, a paired
samples t-test was used to compare dosimetric data summing up the
dose from the initial and the adaptive dose distribution for structures
defined for primary and complementary (boost) irradiation. Potential
factors to impact OS, such as age, performance status, tumor location,
tumor size and extent of surgical resection, were tested as covariates.

In addition, the dose received by ipsilateral and contralateral SVZs
defined retrospectively on both planning CTs was assessed for prog-
nostic significance. The survival probability was estimated using the
Kaplan-Meier method. OS was calculated from the date of surgery to
the date of death. The log-rank test was used to test the significance
between different groups in the prognostic factors. Survival distribu-
tions were compared based on the log-rank test at the 58 Gy cut-off
point and the contralateral SVZ dose at the 27 Gy cut-off point. The
factors exhibiting a correlation to the survival in a univariate test, such
as the midline shift, RT start date from surgery (Opus RT date), per-
formance status (PS) and dose to the iSVZ, were further analyzed with
the multivariate Cox regression.

3. Results

Radiotherapy planning took place 2.8 (0.7-5.1) weeks on average
post-surgery. The extent of the tumor removal of the study group was
biopsy (N = 7), partial resection (N = 29) and gross tumor resection
(N = 5). RT generally started 1 week after the planning CT, and thus the
interval between surgery and RT was 26.6 (12-42) days. The patient
and tumor characteristics as well as the volumetric data for the defined
targets are provided in Table 1.

The largest average diameter of the tumor on the preoperative MRI
was 51 mm (range 24-80 mm). We sorted the patients according to the
presence or absence of midline deformation. This defect is related to the
size of the edema and could influence the volume change of LV and
SVZ. A significant correlation between the midline shift and the volume
difference of the ipsilateral structures was detected in all cases when a
primary midline deformation was present (Table 2). However in our
GBM patient group, no significant correlation was detected between the
presence of the midline shift and OS (p = 0.830).

Significant differences were observed within each volumetric
parameter, and a major discrepancy was revealed by analyzing
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Table 1
Patient characteristics.

Parameters Glioblastoma grade IV
N (male/female) 41 (20/21)
Age (years) < 60 12
Age (years) = 60 29
Karnofsky performance status < 70% 16
Karnofsky performance status =70% 25
Type of surgery

Biopsy 7

STR (subtotal resection) 29

GTR (gross total resection) 5

Tumor size (Mean) (max. diameter in mm) 51.12
Tumor location

Parietal 9

Frontal 10

Occipital 2

Temporal 16

Cerebellum 4
GTV1 (Mean * SD) (cc) 111.49 = 70.53
GTV2 (Mean =+ SD) (cc) 103.91 + 74.08
PTV1 (Mean =+ SD) (cc) 540.58 = 147.72
PTV2 (Mean = SD) (cc) 356.25 *+ 133.92
Midline deformation on CT1

Yes 23

No 18
Relation of iSVZ1 to PTV1 on CT1

Included completely 15

Included partly 25

Not intersected 1
Relation of iSVZ2 to PTV2 on CT2

Included completely 6

Included partly 34

Not intersected 1

Abbreviations: iISVZ1/iSVZ2 = ipsilateral subventricular zone on primary/sec-
ondary CT, CT1/CT2 = primary/secondary CT, PTV1 = planning target vo-
lume at CT1, PTV2 = planning target volume at CT2

Table 2

Comparison of the volume difference (AV: mean * standard deviation) of the
ipsilateral/contralateral lateral ventricle (AViy/AV.y) and ipsilateral/con-
tralateral subventricular zone (AVisyz/AV.syz) with or without midline de-
formation on primary CT.

Midline deformation

Yes No p?
AViry (em®) 5.82 + 4.78 2.84 + 2.97 0.011
AV y (cm®) 2.21 + 1.81 1.55 + 1.78 0.209
AVigyz (cm®) 2.79 + 1.96 1.06 + 0.79 0.003
AV.syz (cm®) 0.63 + 0.83 0.60 + 0.49 0.914

p? = by independent samples t-test with statistical significance defined as
p < 0.05.

ipsilateral LVs and SVZs in individual patients. Volumetric changes
were above 2-3 cm®, which resulted in a higher than 17% volumetric
change of ipsilateral SVZ (Table 3). The change in volume is accom-
panied by significant alterations in the location of these structures.
Location shift was observed in mm range on both sides (within 3 mm in
the case of ipsilateral structures).

All these changes resulted in relevant dosimetric impact, which is
presented in Table 4. As a result, the first plan would have led to an
incorrect dose distribution for the iSVZ and cSVZ. Dose distribution
analysis on the SVZ structures contoured at the 4-week interval showed
significant differences between the two time points on the dose volume
histograms, with higher difference and higher standard deviation at
higher-volume doses. The mean dose difference to the SVZ on CT1 and
CT2 was significant for the iSVZ. Following the replanning, the total
dose to these structures was higher at each volume dose level than on
CT1. The dose difference was on average around 1 Gy on the ipsilateral
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Table 3
Comparison of volume (V) (mean
zone (iSVZ2/cSVZ2) between CT1 and CT2.

+
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standard deviation) of the ipsilateral/contralateral lateral ventricle (iLV1/cLV1) and ipsilateral/contralateral subventricular

Primary CT (CT1)

Secondary CT (CT2)

iLV1 cLV1 iSVZ1 cSVZ1 iLV2 cLV2 iSVZ2 cSVZ2
V(cm?®) 10.3 = 8.9 15.0 = 8.4 6.4 = 3.6 8.6 = 3.1 13.5 = 8.6 (+30%) 16.5 *= 8.5 (+10%) 7.5 * 3.3 (+17%) 9.0 = 3.1 (+5%)
p° < 0.001 < 0.001 0.030 < 0.001

p® = by paired samples t-test with statistical significance defined as p < 0.05.

side and about 0.5 Gy on the contralateral side, but this difference even
reached a 5-10 Gy dose in some individual patients. Moreover, most of
these dosimetric changes resulted in statistically significant differences
in this study.

The large PTV1 encompassing the primary tumor volume, the
peritumoral edema and 2cm margin due to potential microscopic
tumor spread resulted in the incorporation of a high portion of the iSVZ,
while the involvement of the iSVZ was reduced in the shrunken PTV2
defined for replanning. Consequently, the dose to the structures con-
cerned showed greater differences due to the anatomical changes re-
vealed on the repeated CT2 for the 20 Gy boost treatment. The dosi-
metric impact of these topometric and volumetric changes of LV and
SVZ was calculated by taking into account the dose distribution for
PTV1 up to 40 Gy and the dose distribution after replanning with the
dose prescription of 20 Gy to PTV2, which add up representative re-
levant dose differences during the delivery of a 60 Gy total dose.

A significant difference (p = 0.048) was proven between mean OS
at 15.6 months versus 27.8 months and mean dose to the ipsilateral
SVZ2 delineated on CT2 with a 58 Gy cut-off point. If the ipsilateral
mean SVZ1 dose based on the CT1 contour was analyzed with the same
cut-off value, there was no statistical difference (p = 0.153) between
17.6 and 26.6 months in this patient population (Fig. 2). This analysis
revealed no statistically significant correlations between the con-
tralateral SVZ dose and OS, assessed at the two time points (p = 0.477
and p = 0.283, respectively).

A Kaplan-Meier analysis of the Opus RT date and OS showed that
RT started within 26.6 days results in a higher mean OS with a sig-
nificant p-value (27.9 vs. 15.8 months, p = 0.036). Furthermore, PS
had a relevant effect on OS, and a Karnofsky performance status with a
higher value (=70%) resulted in better OS (p = 0.007). In a multi-
variate Cox regression analysis with an iSVZ2 mean dose, of the Opus
RT date and PS, only PS was significant with regard to OS (Table 5).

4. Discussion

We have investigated the role of SVZ involvement into the high dose
region of GBM postoperative irradiation to the outcome of the disease
and the impact of the anatomical changes to the dose distribution
during the course of radiation delivery. Recently, a number of analyses

Table 4

of tumor recurrence patterns and dosimetry data related to patient
survival have revealed the importance of elimination of brain cancer
stem cells, which may play a key role in tumor relapse. The majority of
the pluripotent neural stem cells reside in the SVZ; therefore, it re-
presents the structure, which could be included in the clinical target
volume for glial tumors located in close proximity to it. Lim et al. [13]
were the first to propose the prognostic significance of a connection of a
tumor to the ipsilateral SVZ for GBM. Since then, further groups have
confirmed this finding, and numerous retrospective clinical studies on
high-grade glioma have suggested a significant relationship between
radiation dose to the ipsilateral SVZ and disease outcome
[18,20-24,26-28]. All of these studies examined survival by dividing
the patients into groups based on certain cut-off values of the bilateral,
ipsilateral and contralateral SVZ mean dose. In a pioneering study of 55
patients with high-grade brain tumors [18], the bilateral SVZ mean
dose above 43 Gy significantly improved the median PFS and, as a re-
sult, was suggested as an independent factor in multivariate analysis.
The authors of the following study included 40 patients, exclusively
with GBM, and used the same cut-off value (43 Gy), yet no correlation
was detected on PFS or OS either with the SVZ dose analyzed separately
or as a bilateral structure [19]. Similarly, Chen et al. [25] examined a
large number of patients with GBM (N = 116) and found no survival
differences based on a higher (D = 40 Gy) or lower dose (D < 40 Gy)
to the ipsilateral SVZ. However, they reported improved progression-
free survival (PFS) and overall survival (OS) in the subgroup of patients
who underwent gross total resection together with an ipsilateral SVZ
dose of =40 Gy compared to those who received an SVZ dose of <
40 Gy during postoperative chemoradiotherapy. The authors of more
recent studies have included further relevant prognostic factors in their
multivariate analysis, such as MGMT (O6-methylguanine methyl-
transferase) methylation status, and used higher cut-off mean doses for
the ipsilateral SVZ (50-62.25 Gy). In these series of reports, Gupta et al.
[20] found the mean dose of > 57.9 Gy of ipsilateral SVZ to be an
independent factor on OS, whereas the same high dose to the con-
tralateral SVZ had a reverse effect on survival. However, this finding
could be explained with additional factors, such as the size of the tumor
and its spread toward the contralateral hemisphere. Thereafter, Lee
et al. [24] collected data on 173 patients from two centers and used
different SVZ dose cut-off points. 59.4Gy to the ipsilateral SVZ

Dose parameters of the SVZ (comparing the same radiotherapy plan adapted to the primary CT and secondary CT) of the total 60 Gy irradiation.

Primary CT (CT1)

Secondary CT (CT2)

Dose parameter (p) iSvz1 cSVZ1 iSVZ2 cSVZ2

Dy (Gy) 60.6 = 0.6 53.8 = 4.9 60.7 * 0.5 (0.029) 53.9 * 4.6 (0.007)
Dios (GY) 60.2 = 0.4 50.7 = 5.0 60.4 = 0.5 (0.050) 50.8 + 5.1 (0.028)
Dases (GY) 59.8 + 1.3 39.7 + 13.7 60.1 = 1.2 (0.001) 40.1 + 13.8 (0.005)
Dsos (GY) 56.8 = 7.7 33.8 = 14.1 57.2 = 7.3 (0.021) 34.0 = 14.2 (0.007)
Dysy, (Gy) 52.2 * 12.1 26.1 * 13.8 52.9 * 12.0 (0.010) 26.3 = 14.1 (0.053)
Dog;, (GY) 36.3 = 18.5 14.1 + 105 36.5 + 18.1 (0.541) 14.3 + 10.6 (0.232)
Dinean (GY) 55.1 = 6.9 33.1 + 12.1 55.9 = 7.1 (0.014) 33.3 + 12.2 (0.076)
Dumax (GY) 61.3 + 1.3 52.5 * 10.1 61.4 = 1.3 (0.283) 52.8 = 9.9 (0.025)

Abbreviations: iSVZ/cSVZ = ipsilateral/contralateral subventricular zone, Dy, (Gy) = dose covering x% volume of the structure under examination in Gy, p® = by

paired samples t-test with statistical significance defined as p < 0.05.
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Fig. 2. Kaplan-Meier survival curves illustrating the overall survival difference between groups that received high and low mean doses (Dpean < 58 Gy and
Dmean = 58 Gy) to their ipsilateral subventricular zone on primary CT (a) and secondary CT (b) (p < 0.05 with the log-rank test).

Table 5
Analysis of factors possibly influencing the overall survival (OS).

Factor OS (months) P
Dinean (iSVZ1) < 58Gy 17.6 0.153
Dmean (iSVZ1) = 58 Gy 26.6

Dpnean (iSVZ2) < 58Gy 15.6 0.048
Diean (1SVZ2) = 58 Gy 27.8

Dinean (cSVZ1) < 27Gy 22.2 0.477
Dmean (¢SVZ1) = 27 Gy 26.8

Dmean (cSVZ2) < 27Gy 21.1 0.283
Dinean (¢SVZ2) = 27Gy 27.8

RT start < 26.6 days 27.9 0.036
RT start = 26.6 days 15.8

KPS < 70% 9.9 0.007
KPS = 70% 27.4

Abbreviations: iISVZ1/iSVZ2 = ipsilateral subventricular zone on primary/sec-
ondary CT, cSVZ1/cSVZ2 = contralateral subventricular zone on primary/sec-
ondary CT, Dpean = Mean Dose of the structure under examination in Gy, RT
start = Time interval between the opus and the radiotherapy start date in days.
KPS = Karnofsky Performance Status in %.

p° = by log-rank test with statistical significance defined as p < 0.05.

correlated significantly to PFS, but not to OS. This was confirmed to be
an independent factor in multivariate analysis. Subsequently, another
research team provided conflicting results, reporting either SVZ dose-
dependent improvement or, in contrast, a worsening of survival out-
come confirmed by their retrospective analysis [25,26,27,28,30,31].
Nevertheless, these studies suggest that acute toxicity in connection
with the delivery of a high radiation dose to the SVZ may be acceptable
as there was no statistically significant difference in the Karnofsky
Performance Status between the groups receiving a higher or lower SVZ
dose. Finally, the single prospectively planned study [29] to involve the
ipsilateral SVZ in the CTV provided encouraging results with a sig-
nificantly improved median OS of 16 versus 14 months for patients with
higher than 58 Gy doses to the iSVZ.

This study revealed a novel factor, which could potentially account
for such contradictory results. Our results highlight the importance of
the anatomy deformation shortly after surgery and the relevant
changes, which may occur during the course of radiotherapy, influen-
cing the volume and location of such small volume structures as the
cancer stem cell niches. The structural changes during radiation de-
livery could be caused by tumor shrinkage or growth, deformation of
the resection cavity, and increase or decrease in perifocal and brain
edema. The postoperative change decreases by the time, but in the case
of GBM it would pose a high risk for relevant residual tumor growth in
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the case of delayed CRT. Meanwhile, the optimal interval between
surgery and start of CRT is a matter of debate in the literature, and a
clear conclusion cannot be drawn [35,36,37,38]. In our patient group,
the shorter time to CRT proved to be a significant factor for longer OS.
The start of CRT within 3 weeks after surgery may result in relevant
changes of the target and organs at risk, which can significantly influ-
ence the dose distribution calculated on the planning CT [33]. A sig-
nificant correlation between OS and the high ipsilateral SVZ2 dose
(above 58 Gy) was found in our patient population; meanwhile, no
statistical difference was detected (p = 0.153) in OS if the SVZ1s were
used, which were contoured on the CT1 acquired five weeks earlier,
2-3 weeks after surgery. We have to notice that the difference between
the survival curves regarding the initial iSVZ mean dose (< 58 Gy
versus = 58 Gy) thought has not reached the significance level, the
same tendency could be observed, and an analysis including larger
number of patients may resulted in significant relationship.

In any case, after surgery with primary brain tumor, patients may
show significant anatomical changes throughout the entire treatment
course. As a consequence of volume alteration and displacement of the
SVZ, a significant difference between the actual delivered dose and the
initial planned dose is anticipated, which may ultimately result in un-
derdosage of this region if defined as part of the target. Previously,
adaptive radiotherapy (ART) was mainly proposed for extracranial re-
gions, where the daily variation of the location of the target and sur-
rounding organs is thought to be high. So far, a small number of studies
have been devoted to the assessment of postsurgical changes of the
tumor bed for brain metastases [32,33,34]. However, no previous re-
search has examined repeated CT images to determine patient-specific
anatomical variations of LV and SVZ during the course of RT delivery,
for which the treatment plan could be modified. This investigation aims
to fill this gap in the research on anatomical variations of LV and SVZ
taking place during irradiation.

This study however has some limitations. The analysis of tumor
related factors was outside of the scope of this study, but several factors
are known to influence the survival. Furthermore, its retrospective
nature, and relatively small patient number may have biased some of
the results. However, this study also has several strengths. Our results
underline the importance of including iSVZ in the target volume for
GBM, but it is equally important that the volume and localization of
brain substructures may vary widely by time and individual. An addi-
tional margin of 3mm to the iSVZ would encompass the potential
morphologic changes, which occurs during the adjuvant chemo-irra-
diation. Furthermore, significant longer survival for patients with good
performance status (Karnofsky > 70%) and shorter time interval
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between the surgery and start of the CRT was proven. Prospective
clinical studies should be designed to draw a valid conclusion on a
target definition for high-grade brain tumors as regards the inclusion of
the SVZ and other structures. Moreover, in addition to involvement in
stratification, known and recently emerged molecular prognostic fac-
tors (MGMT metilation status, IDH1 and ATRX) and time- and treat-
ment-dependent morphological changes should also be taken into ac-
count. However, considering all the limitations, our analysis documents
survival advantage from full target dose to the iSVZ and could suggest
including this brain region in the clinical target volume. The other
finding of this study is the need for high-accuracy delineation of iSVZ
with careful follow-up of changes.

5. Conclusions

Following our retrospective evaluation of the postsurgical anatomy
of the relevant brain structures and irradiation plans at two time points,
clinically relevant changes in LV and SVZ volumes and location were
revealed, resulting in significant dose alterations to these structures.
This should be taken into consideration when cancer stem cell radiation
is planned and a defined dose is prescribed to the SVZ. Stemming from
the clinical relevance of the anatomical changes in the brain during
radiation delivery, revision and replanning are recommended to facil-
itate adaptation to these changes. Future prospective studies are ne-
cessary to determine the optimal time point for repeating CT/MR
imaging and replanning for brain tumor patients undergoing radio-
therapy/radiochemotherapy.
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Abstract. Background/Aim: To study the changes of
glioblastoma multiforme during chemoradiotherapy (CRT)
and to evaluate the impact of changes on dosimetry and
clinical outcomes. Patients and Methods: Forty-three
patients underwent volumetric imaging-based replanning.
Prognostic factors and gross tumor volume changes in
relation to overall survival and the effect of adaptive
replanning were statistically analyzed. Results: Patients with
total tumor removal, with shorter time to CRT (<27 days),
with methylated O-6 methylguanine DNA methyltransferase
and good performance status (>60%) had better survival.
Tumor shrinkage in 24 patients resulted in improved survival
compared to 19 in whom tumor was unchanged or
progressed (25.3 vs. 11.1 months, p=0.04). Adapted planning
target volume allowed a reduction in irradiated volume,
while increasing survival (12.06 vs. 28.98 months, p=0.026).
Conclusion: Tumor response during CRT has significant
impact on the outcome. Adaptation of the planning target
volume to the tumor changes proved to be beneficial and
warrants further investigation.

The advent of various forms of high-tech volumetric imaging
has opened up the possibility of defining and following
target and normal structures in the brain with high resolution
prior to and during a course of radiation therapy (RT).
Enhanced dose-delivery methods using new generation linear
accelerators (LINAC) or increasingly available nuclear
particle accelerators allow highly selective dose distribution
for predefined structures (1-4). These developments can lead
to a remarkably improved therapeutic ratio. Toward that
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goal, many newly defined structures have to be delineated.
Furthermore, if the volume and location of the primarily
contoured structures change, particularly small structures
(such as chiasma, subventricular zone (SVZ) and
hippocampus), those should also be followed and the RT
plan subsequently modified (5). Several studies have
investigated spatial and dosimetric changes in critical
structures during treatment for different cancer types (6-8),
but much less research has been performed on RT of the
brain, which has great anatomical constancy due to the
closed skull volume and lack of organ movement. However,
tumor volume, the surgical cavity, the peritumoral region and
several sensitive brain structures are assumed to undergo
slow but evident changes (e.g. hemorrhage, edema and shift
of anatomical structures) owing to the development of
radiation-related reactions and residual tumor response (9-
12). The importance of such anatomical changes during the
course of RT increases if growing numbers of small
substructures [target and organs at risk (OARs)] are defined
for dose prescription. The standard OARs for brain tumor RT
include the optic nerves, optic chiasm, eyes, lenses, brain and
brainstem. Optionally, the cochleae, lacrimal glands, pituitary
gland, hypothalamus and hippocampus could be taken into
account for treatment planning when the tumor is in a
location that will allow sparing without compromising the
dose to the target (13-15).

Glioblastoma is a tumor that invades surrounding tissues
aggressively, becomes infiltrative and spreads into different
regions of the brain. Defining the clinical target volume
(CTV) on postoperative images is therefore a highly
challenging task (16-18). Preoperative contrast-enhancing
volume cannot be directly used due to postoperative
changes, and the resection cavity does not correspond
accurately to the high number tumor cell region.
Additionally, residual contrast-enhancing and non-enhancing
tumor should be included in the CTV. Recently, advanced
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imaging techniques have been recommended to define the
volume of the tumor mass, such as different sequences of
magnetic resonance imaging (MRI) and amino acid-based
positron-emission tomography images (!'C-methionine and
O-(2- ['8F]fluoroethyl)-L-tyrosine) (17-19). Furthermore,
different approaches to the definition of ‘target volume’ are
practiced. The Radiation Therapy Oncology Group (RTOG)
guidelines suggest two-phase irradiation, using larger CTV,
including postoperative peritumoral edema, delineated on
MRI T2-weighted fluid-attenuated inversion recovery
(FLAIR) images, plus a 2 cm margin up to 46 Gy, followed
by boost therapy encompassing the residual tumor with an
additional margin of 2 cm (20). In Europe, the European
Organisation for Research and Treatment of Cancer
(EORTC) consensus guideline recommends single-phase
irradiation with a 20 mm margin around the gross tumor
volume (GTV), defined as the resection cavity plus residual
contrast-enhancing tumor enlarged with a 3-5 mm margin
for institutional set-up uncertainties (21). A recent
retrospective analysis of the recurrence pattern exhibited no
significant difference using such a limited (EORTC)
approach or even further reduced margins (10 mm and 5
mm, respectively) around the GTV for glioblastoma to
create the CTV (22). Whether to incorporate
pre/postoperative edema is also a subject of debate. In
recent years, growing attention has been paid to the dose in
the SVZ, the region around the lateral ventricles, postulated
as a main niche of pluripotent neural stem cells of the
central nervous system. These cells, with their capacity to
act as tumor stem cells, are able to differentiate into neurons
or glial cells and serve as a source of tumor development
and recurrence. Based on retrospective dose distribution
analyses, a high dose to the ipsilateral SVZ resulted in
significant improvement of progression-free (PFS) and
overall (OS) survival for patients with glioblastoma (23-29).
Therefore, the inclusion of the ipsilateral SVZ into the CTV
may be considered.

The target volume definition of GBM varies remarkably
at different institutions worldwide as a result of contradictory
recommendations. The use of several MRI sequences at
different time points, including preoperative MRI with a
diffusion-weighted sequence for tractography and functional
MRI, thereafter MRI within 48 hours post-surgery and a
further pre-RT MRI, has recently become a standard
requirement (30).

We investigated the potential of the use of repeated
CT/MRI during two-phase RT delivery and adaptation of the
structure definition for replanning and its impact on survival.

Patients and Methods

Study population. Forty-three consecutive patients with GBM
treated at the Department of Oncotherapy University of Szeged,
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Table 1. Patient characteristics.

Characteristic Frequency, n
Gender

Male 19

Female 24
Age

=60 Years 22

<60 Years 21
Histology

Glioblastoma 43
Type of surgery

Biopsy 7

Subtotal resection 27

Gross total resection 9
KPS

>60% 16

<60% 27
MGMT status

>40% 17

<40% 16

Unknown 10
RT start

<27 Days 22

=27 Days 21
Therapy

Chemoradiotherapy 39

Radiotherapy alone 4

KPS: Karnofsky Performance Status; MGMT: O-6 methylguanine DNA
methyltransferase promoter methylation; RT start: time interval between
the surgery and the radiotherapy start date.

Hungary, between January 2013 and June 2016 were selected for a
retrospective study. The patient and tumor characteristics as well as
the volumetric data for the defined targets are provided in Tables I
and II. The average age of the 43 patients (19 males and 24 females)
was 58.6 (range=12-85) gears. Thirty-nine patients were treated
with concurrent temozolomide chemotherapy during RT followed
by temozolomide monotherapy, and four patients received only RT.
All the patients underwent surgical tumor removal, with the tumor
type confirmed by histology. The extent of the tumor removal of the
entire study group was by subtotal resection in the majority of cases
(N=27). The O-6 methylguanine DNA methyltransferase (MGMT)
status was available for 33/43 tumor samples for the present
analysis and 17 were defined as being promoter region methylated
by immunohistochemistry. The average time to planning CT after
surgery was 2.8 (range=0.7-5.1) weeks. RT generally started 1 week
after the planning CT, thus the mean time interval between surgery
and CRT was 29.1 days (range=5-59 weeks). GBM was treated with
75 mg/m? temozolomide each day during RT, with a 60 Gy total
dose administered in two phases (40 Gy + repeated planning
CT/MRI-based replanning of a 20 Gy boost) conventionally
fractioned at 2 Gy per fraction. All the patients had an additional
(secondary) replanning CT/MRI (mean=3.9, range=3.7-4.0 weeks)
after the start of RT [mean=7.7 (range=5.3-14.3) weeks after
surgery], which was registered to the initial (primary) planning CT.
The University Ethics Committee and the local Institutional Review
Board approved the study under registration no. 46/2015.
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Initial GTV on CT-MRI fusion

Figure 1. A: Initial gross tumor volume (GTV - yellow) and planning target volume (PTV - red) after 40 Gy. B: Irradiation target volumes were

recontoured (GTVI - pink; PTVI - purple).

Table II. Gross tumor volume (GTV) and planning target volume (PTV) on primary and on secondary (GTV1 and PTV1) computed tomography and

their difference. Data are the mean=standard deviation.

Volume GTV (cm?) GTV1 (cm?) AGTV (cm3) PTV (cm3) PTV1 (cm3) APTV (cm3)
Overall 98.9+67.4 (n=43) 106.3+67.7 6.7+2.7 530.2+160.5 (n=43) 359.9+125.2 —183.2+130.5
Regression 113.1+69 4 (n=24) 85.5+£56.9 —27.56+20.8 547.2+162.3 (n=41) 353.6+122.8 —193.6+124 .4
No change/progression 94.6+66.2 (n=19) 113.5£75.5 19.2+1.8 460.0+114.5 (n=2) 489.6+£140.6 29.6+26.0

AGTV=GTV1-GTV; APTV=PTVI-PTV.

Contouring and treatment planning. Patients were positioned and
fixed using a 3-point individual thermoplastic mask, with a CT scan
taken with slice thickness of <5 mm with the patient in a supine
position. The GTV and planning target volume (PTV) were defined
on the primary CT using pre- and postoperative MRI images.
Registration and contouring were performed with Advantage SIM
software (version 4.7; General Electric Healthcare, Chicago, IL,
USA). Contouring was performed in axial reconstructions of the CT
data set after MRI-CT image fusion. The PTV margin around the
GTV on the preoperative gadolinium-enhanced T1-weighted MRI
sequence was defined according to our Institutional protocol based
on the RTOG contouring guidelines. Around the GTV, a 20 mm
margin was created encompassing the peritumoral edema defined
on the basis of postoperative T2-FLAIR MRI. In the case of
excessive edema, the margin was adapted manually in individual
cases. All plans were made and optimized in the Xio Planning
System (version 4.7; Elekta, Stockholm, Sweden). The PTV was
treated with 3-dimensional conformal RT or intensity-modulated RT
(IMRT) up to 40 Gy in 20 fractions with regular position control
using portal imaging or cone-beam CT. After the first period of
study, a second planning CT or, more recently, MRI, was performed.

GTVI1 and PTV1 were defined on the secondary planning CT. When
an MRI was taken, image registration was applied for delineation
of GTV1 and PTV1 on the planning CT (Figure 1). PTV1 was
assigned by adding a 10 mm margin around GTV1. The PTV1
volume was treated with 3D-conformal RT/IMRT delivering an
additional 20 Gy in 10 fractions.

Statistical analysis. The primary endpoint was OS and target-
volume parameters. OS was measured from the date of histological
diagnosis to the date of death from any cause. Patients who
developed none of these time-to-event endpoints were censored on
the date of their last follow-up. Survival distributions and median
survival data were estimated using the Kaplan—-Meier method, and
comparisons were performed based on the log-rank test for
categorical characteristics. Cox proportional hazards regression
models were fitted to examine the association of RT parameters with
OS. Variables with p-values of less than 0.05 in the univariate
analysis were selected for the multivariate Cox proportional hazards
model. Statistical analysis was performed using the SPSS statistical
analysis software package (version 20; IBM, Armonk, NY, USA).
Statistical significance was set at a threshold of p<0.05.
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Figure 2. Correlation of initial gross tumor volume (GTV) (A) and initial planning target volume on primary (PTV) (B) on primary computed

tomography with overall survival.

Results

The initial size of the GTV was strongly inversely correlated
with OS. The patients were separated for the Kaplan—-Meier
analysise into two groups according to the mean GTV size:
<99 cm?® and >99 cm?. The median OS was 25.33 months
(95% CI=19.59-35.27 months) for the first group and 15.21
months (95% CI=10.82-22.27 months) for the second,
corresponding to a hazard ratio (HR) of 1.006 (95%
CI=1.00-1.01, p=0.031) (Figure 2A). Using the average
value as cut-off point, the PTV did not exhibit a correlation
with survival. Median OS was 15.21 months (95%
CI=15.06-31.34 months) in the first group and 19.12 months
(95% CI=15.64-28.67 months) in the second group
corresponding to an HR of 1.001 (95% CI=0.99-1.01,
p=0.910) (Figure 2B).
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Anatomical changes in the brain and tumor growth or
shrinkage occurred during RT. The GTV volume change
(AGTV=GTV1-GTV) during RT was correlated with OS.
The median OS was 25.33 months (95% CI=21.68-35.28
months) in the group with AGTV<0 cm?, ie. GTV
regression, and 11.10 months (95% CI=10.63-22.69 months)
in the group with AGTV=0 cm?3, i.e. no change or
progression of GTV, corresponding to an HR of 1.006 (95%
CI=0.99-1.01, p=0.040) (Figure 3A). The recontouring and
change of PTV was significantly different between the two
groups: Patients with APTV <183 c¢m? and those with
APTV >183 cm?>. The median OS was 12.06 months (95%
CI=11.63-22.91 months) for the first group and 28.98
months (95% CI=22.36-38.82 months) for the second,
corresponding to an HR of 1.001 (95% CI=0.99-1.01,
p=0.026) (Figure 3B).
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Figure 3. Correlation of change in gross tumor volume (AGTV) (A) and in planning target volume (APTV) (B) with overall survival.

The type of surgery had a significant impact on survival,
patients who underwent biopsy had a mean survival of 6.97
months, those with subtotal tumor resection 20.5 months and
with gross tumor resection of 25.33 months (p=0.009)
respectively. A Kaplan—Meier analysis of the time from
surgery to the start of CRT and OS revealed that CRT started
within 27 days resulted in a significantly higher mean OS
(26.48 vs. 15.21 months, p=0.046). Our results demonstrated
that MGMT promoter methylation was associated with
significantly longer OS. The median OS was 7.03 (95%
CI=7.58-18.44) months in those with non-methylated MGMT
promoter (<40%) and 26.48 (95% CI=19.54-35.86) months
in those with >40% MGMT promoter methylation,
corresponding to an HR of 1.017 (95% CI=0.99-1.03,
p=0.065), retrospectively. Patients with higher postoperative

Karnofsky Performance Status (KPS) status (KPS>60%) also
demonstrated increased OS, with 38.31 (95% CI=27.46-
42.01) months versus 11.10 (95% CI=10.11-17.75) months
for the other group, corresponding to an HR of 0.949 (95%
CI=0.92-0.97, p<0.001).

Discussion

In accordance with the literature, our data confirm the impact
of general prognostic factors on disease outcome, i.e. better
KPS, larger extent of tumor removal and methylated MGMT
promoter status resulted in longer survival. The optimal time
interval between the surgery and start of CRT is a matter of
debate in the literature (29) and a clear conclusion cannot be
drawn in our patient group, although the shorter time to CRT
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proved to be significant factor for better OS. Adaptive RT
has mainly been applied in patients with extra-cranial
localization taking into account anatomical changes
associated with weight loss, internal organ movement, organ
filling, tissue edema and potential tumor regression. These
changes may significantly influence the dose distribution,
resulting in target volume missing or overdosing in the OAR
region. The studies published on adaptive RT have varied
between daily onboard imaging-based plan adaptation and
CT/MRI-based replanning prior to boost definition. The final
definition of the optimal time point and methodology for
these resource-consuming procedures is yet to be
determined. The advantageous effect of replanning for brain
irradiation is not yet supported by strong clinical evidence
despite the increased attention to adaptive techniques and a
growing amount of clinical data for tumors in other
locations. There are limited data available on adaptive RT
including brain structures in publications on head and neck
region RT. A study by Ho’s team found no relevant effect of
a daily assessment of dose-distribution changes for the
brainstem and spinal cord in oropharyngeal cancer and hence
did not recommend frequent replanning from this aspect
(31). In contrast, numerous other studies have confirmed the
benefit of adaptive RT for the treatment of head and neck
tumors to outcomes (32-36). A recent study on adaptive RT
of advanced head and neck cancer (36) demonstrated an
improved therapeutic index by increasing the tumor coverage
and dose reduction to the OARs. It confirmed that without
replanning, the dose to some OARs would have exceeded
their respective tolerance threshold, including central nerve
system structures, i.e. the brainstem and spinal cord.

Unlike extra-cranial localizations, data on adaptive RT for
brain tumors is sparse in spite of the fact that GBM is known
as a rapidly growing tumor type, and CRT is applied
postoperatively when relevant changes in post-surgical and
tumor volume are supposed to occur (5, 9-12, 37). Both
internationally applied guidelines (RTOG and EORTC) define
target volume based on surgical cavity, edema and residual
tumor. However, neither of them contains a recommendation
for CT/MRI-based replanning during the course of RT.
According to the institutional strategy at our Oncotherapy
Department, two-phase irradiation is planned with the
shrinking-volume technique. A pre-therapeutic boost definition
is applied in conjunction with a recontouring of the residual
tumor mass (GTV2) for repeated planning CT/MRI in an
adapted CTV2-PTV2 approach. Recently, an evaluation on
inter-fractional variation for completely resected GBM has
been reported. Surgical cavities of 19 patients with
glioblastoma with gross total resection were measured at three
time points, 1 day following surgery, 4 weeks thereafter at the
planning of RT and 5 weeks later (after S0 Gy was delivered)
prior to boost planning. The differences between the surgical
defect volumes were statistically significant (p<0.001), and
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based on the planning comparison, the authors concluded that
the volume-adapted replanning during RT might reduce the
irradiated volume of normal brain tissue and prevent a radiation
target miss for boost RT (10). In line with this research, we
detected relevant morphological changes on CT/MRI-based
replanning performed prior to the boost irradiation. Moreover,
patients were included with macroscopic tumors after partial
resection and biopsy in which tumor response had contributed
greatly to target volume changes in addition to post-surgical
and RT-triggered reactions. In a preliminary study on three
patients with GBM using integrated high-field MRI-LINAC,
relevant volumetric changes in GBM tumor volume had been
observed over the course of RT (37). Muruganandham et al.
compared the status of tumor metabolic activity with MRI
spectroscopy prior to and during the third week of RT,
revealing a significant correlation with PES (38). In our study,
both the initial residual tumor volume and the extent of tumor
shrinkage exhibited a significant impact on OS. The outcome
of survival analysis showed no significant difference in terms
of the initial size of the PTV. However, the GTV volume
difference i.e. the difference between the GTV defined on the
first plan and the tumorous mass seen on the replanning image,
did show a significant correlation with OS in univariate
analysis. Similarly, a relevant decrease in the size of the PTV
(the PTV volume difference, analogous to the GTV volume
difference) predicted better OS.

Our research has certain limitations due to its retrospective
nature and relatively small number of patients. Thus, the
correlation between the adapted boost volume and OS
disappeared in the multivariate analysis, taking into account
stronger prognostic factors, such as KPS and MGMT
promoter methylation status. Furthermore, the first series of
replanning took place using repeated CT images but in the
later part of the study, all patients underwent repeated MRI.
In order to compensate for the lack of MRI and increase the
accuracy of the boost volume delineation, in all cases, two
experts (one of them a neuro-radiologist) defined GTV1.

Our findings support the great importance of monitoring
anatomical changes in the course of fractionated
postoperative brain tumor irradiation. A follow-up of the
residual tumor during CRT and adaptation of the PTV to
tumor volume changes result in increased accuracy of dose
delivery to the tumor and relevant normal brain tissue
sparing. According to our data, reduction of the PTV did not
compromise survival; in contrast, it seemed to be beneficial.
Our preliminary data on improved survival on the basis of a
higher degree of PTV reduction warrant further clinical
studies to confirm these encouraging results.

The implementation of an adaptive RT approach is
suggested for postoperative irradiation of GBM to optimize
coverage of the target and minimize the dose to OARs. The
reported data confirm that significant changes occur in
different brain structures and in the residual tumor during
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fractionated CRT. The tumor response and adapted boost
volume definition exhibited a strong correlation to treatment
outcome. Optimization of the imaging (MRI and amino acid-
based PET/CT) for replanning could further improve the
quality of the adaptive approach.
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