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Background: We sought to assess the influence of the clinical introduction of new radiotherapy technolo-
gies on glioblastoma patients’ outcomes.
Methods: Newly diagnosed glioblastoma patients treated with 60 Gy and temozolomide (2005–2014)
were analyzed. The patients’ GTV and CTV were defined based on MR (n = 521) or FET-PET/MR
(n = 190), and were treated using conformal radiotherapy (CRT, n = 159) or image-guided volumetric
modulated arc therapy with hippocampal sparing (IG-VMAT, n = 362). Progression-free survival (PFS)
was assessed using the McDonald criteria. Associations between clinical data, dosimetry data, treatment
technology, for PFS and overall survival (OS) were explored.
Results: The PFS (7 months) and OS (15 months) were unaffected by CRT, IG-VMAT and FET-PET technol-
ogy. Mean brain dose was correlated with tumor volume, and was lower for IG-VMAT vs. CRT (p < 0.001).
Larger mean brain dose was associated with inferior PFS (univariate/multivariate Cox models, p < 0.001)
and OS (univariate, p < 0.001). Multivariate Cox models revealed association of larger mean brainstem
dose (p < 0.001), BTV (p = 0.045), steroid use at baseline (p = 0.003), age (p = 0.019) and MGMT status
(p = 0.022) with lower OS.
Conclusions: Introduction of hippocampal-sparing IG-VMAT technology appeared to be safe, and may
have reduced toxicity and cognitive impairment. Larger mean brain dose was strongly associated with
inferior PFS and OS.

� 2018 Elsevier B.V. All rights reserved. Radiotherapy and Oncology 130 (2019) 149–155
Glioblastomas are the most common primary brain tumor in
adults. The median survival is only about 14–15 months despite
combined surgery and chemo-radiotherapy [1]. Considerable tech-
nological advances have been made in the radiotherapy field [2],
including IMRT [3], VMAT and IGRT[4], which have enabled high-
precision radiotherapy [5,6], improved target dose conformity
and reduction of radiation dose to selected organs at risk (OAR)
[7–11]. In addition to the radiation delivery technology improve-
ments, the use of amino acid-tracers such as 11C-methionine
(MET) and O-(2-18F-flouroethyl)-L-tyrosine (FET) positron
emission tomography (PET) for target definition of glioblastoma
has recently been proposed and used in radiotherapy planning
[12–15]. This notion has been prompted by studies showing that
FET uptake correlates with tumor cell density and that FET-PET
exhibit high specificity for glioma tissue [16,17]. Amino-acid trac-
ers have been used for prediction of patterns of failure [18,19] and
for prognostication of progression-free survival (PFS) and overall
survival (OS) [20–22].

In our clinical practice, we have implemented IG-VMAT and
FET-PET technology [23,24]. Our group has attempted FET-PET
and MR-guided RT of recurrent glioma [25]. We have studied the
recurrence pattern in relation to FET-PET and MR-scanning data
[26], and constructed a prognostic model for treatment outcomes
based on clinical characteristics [27]. The purpose of the current
work was therefore to evaluate the influence on outcomes for
glioblastoma patients by the introduction IG-VMAT and FET-PET
scanning technology, in addition to the clinical characteristics
found significant in ref. [27]. Further, we wished to evaluate the
influence of the dose distribution on treatment outcomes.
Methods

Patients

We identified patients with histologically verified primary
glioblastoma treated within the period 2005–2014. Patients eligi-
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ble for evaluation in this retrospective study were treated with
radiotherapy to 60 Gy in 2 Gy-fractions with concomitant and
adjuvant temozolomide (TMZ). TMZ was administered daily
(75 mg/m2) and subsequently in 6 cycles, for 5 days schedule every
28 days (150–200 mg/m2). Histological evaluations were per-
formed on formalin-fixed and paraffin-embedded tissue sample
and graded using WHO guidelines. Further, O(6)-methylguanine-
DNA methyltransferase (MGMT) protein status was determined
using immunohistochemistry. Staining of more than 10% was con-
sidered positive for MGMT protein, and these patients were
referred to as methylated in this work. Polymerase chain reaction
(PCR) of MGMT promotor methylation status on the DNA level
was not performed routinely. Previously, we have demonstrated
a good inverse agreement between MGMT promotor methylation
and MGMT protein status in a study, and therefore we find MGMT
protein a reliable surrogate marker for the lack of MGMT promotor
methylation [28]. All patients received either stereotactic biopsy or
surgical resection before chemo-radiotherapy. Performance status
was evaluated and graded (0–2) at the start of oncological treat-
ment. Similarly, the use of steroid therapy was recorded at the start
of oncological treatment. We dichotomized steroid use as phasing
out (no use) if less than 15 mg/day, and (in use) if above 15 mg/day
[22]. The patient data were prospectively collected: permission
was granted by the Danish Data Protection Agency (2006-41-
6979).
Imaging technology for radiotherapy planning

Patients were scanned using CT in the treatment position fixed
using an aquaplastic mask system. A clinical spiral CT (Siemens) of
the head was collected with 3-mm and subsequently (from 2012)
1-mm slice thickness (100 kVp, 400 mAs). A 1.5-Tesla MR-scanner
(Siemens) was used to collect images post contrast injection
(Gadovist, Bayer HealthCare). T1- and FLAIR/T2-weighted images
were collected in the treatment position on a radiotherapy-
dedicated scanner (from 2008). FET-PET/CT scanning was per-
formed routinely from 2012. The FET-PET images had
0.8 � 0.8 � 3 mm3 voxels and were corrected for dead time, atten-
uation, randoms and scatter. Reconstruction of PET images was
performed using ordered subset 3D expectation maximization
(for details see [25]).
Delineation

The patients’ imaging data were imported into the radiotherapy
treatment planning software (iPlan, BrainLab AG, Germany and
Eclipse, Varian Medical Systems) and the image series were co-
registered. OAR were delineated on all image slices: eyes, optic
nerves, optic chiasm, brainstem, whole brain, and also hippocampi
(from 2009) The gross tumor volume (GTV) was defined using MR
data as the contrast enhancing region and including the surgical
cavity. Clinical target volume (CTV) was delineated by adding a
2-cm uniform margin to the GTV and then adjusted (reduced) to
account for anatomical barriers such as bony structures, the brain-
stem and the tentorium. In order to account for set-up repro-
ducibility during radiation treatment a planning target volume
(PTV) margin was added to the CTV. Initially, the CTV-to-PTV mar-
gin was 5 mm, which was later reduced to 2 mm with the intro-
duction of daily IG (from 2009 and onward). A Biological Target
Volume (BTV) was defined using FET-PET scan data. The BTV was
semi-automatically defined as the region with uptake equal to or
greater than 1.6 times the background value [16]. Manual correc-
tion of the defined high uptake region was introduced by the
nuclear medicine physician with reference to T1/T2 MRI, removing
regions of reactive tissue and tissue with FET uptake not associated
with the tumor. For the FET-PET scanned patient cohort, a com-
bined MR-based GTV plus BTV volume was formed, and is referred
to as the GTV hereafter.
Radiotherapy prescription

The patients all received the prescribed radiation dose of 60 Gy
to the PTV. The brainstem, optic chiasm and nerves doses were
nominally 54 Gy or less. However, for CRT patients the radiation
dose coverage of the GTV and CTV was not compromised, causing
the maximum dose to the brainstem and optic structures to exceed
54 Gy for some patients (see Fig. 1). Using VMAT, the maximum
dose to the brainstem and the optic chiasm was kept below
54 Gy, though the max dose was 56–57 Gy to less than 1% of the
volume occasionally. PRV:s were defined for the brainstem and
was prioritized during optimization (max. dose of 56–57 Gy). For
VMAT patients, the dose coverage of the CTV and the PTV was often
compromised in favor of keeping the brainstem, optical chiasm and
nerve doses below about 54 Gy. The doses to the eyes and the
uninvolved brain were kept as low as possible. For VMAT patients,
the hippocampi were contoured and the dosimetry prioritized
above the uninvolved brain. We attempted to keep the bilateral
hippocampi radiation dose D40 EQD2 less than about 7 Gy, which
is based on Gondi et al. [8]. For the purpose of this analysis, we cal-
culated the average dose to the brain as the dose delivered to the
whole brain excluding the GTV (but including the CTV).
Radiotherapy technology

Patients treated 2005–2009: Radiotherapy was delivered using
three-dimensional conformal radiotherapy (CRT, Table 1). The
patients were set up using port radiographs at the start of the
treatment. The tolerance used for the verification images was
5 mm. If the patient was outside of the tolerance, the patient’s
position was corrected and a new set of verification radiographs
were acquired. The procedure was repeated until within tolerance.
The verification procedure was repeated midway through the
treatment. For the other treatment fractions the patients were
set up using marks on the aqua-plastic mask.

Patients treated 2009–2012: Radiotherapy was delivered using
Image-Guided hippocampal-sparing Volumetric Modulated Arc
Therapy (IG-VMAT, Table 1). The daily IG protocol involved acquir-
ing dual X-ray radiographs, which were compared with digitally
reconstructed radiographs from the CT-scanning data, and were
subsequently used to correct the patient’s position. The tolerance
of the verification images was 1 mm in all cardinal axis and
1 deg. rotation. If the patient was outside of the tolerance, the
patient’s position was corrected and a new set of verification radio-
graphs were acquired. This procedure was repeated for each treat-
ment field of each treatment fraction.

Patients treated 2012–2014: FET-PET/CT imaging was used in
addition to MRI to define the target volume. Apart from the intro-
duction of FET-PET scanning, the treatment procedure was other-
wise unchanged as compared to the period 2009–2012 (PET-
guided IG-VMAT, Table 1).
Statistics

The characteristics of the cohorts, CRT, IG-VMAT and PET-
guided IG-VMAT, were compared using Kruskal–Wallis or Chi-
squared tests. The progression free survival (PFS) and overall sur-
vival (OS) were calculated using the Kaplan–Meier method, and
the three cohorts were compared using log rank statistics. Univari-
ate and multivariate Cox models for PFS and OS were constructed
based on clinical data, technology use and dosimetric data for the
whole cohort. In the univariate models a Bonferroni corrected p-
value of 0.004 or less was considered significant, while a p-value



Fig. 1. FET-PET/CT and MR-scanned patient treated with IG-VMAT (top row) and a CT/MR-scanned patient treated with CRT (bottom row).

Table 1
Patient characteristics.

Patient characteristics CRT (2005–2009) IG-VMAT (2009–2012) PET-IG-VMAT (2012–2014)

Parameter Count Median (min-max) Count Median (min-max) Count Median (min-max) Statistic p-value

Number of patients 159 172 190
MGMT protein status Unmethylated 42 93 111 Chi-square 0.003

Methylated 52 56 58
Age 58 (22–75) 62 (23–76) 61 (31–79) Kruskal-Wallis 0.003
Steroid use No 56 81 94 Chi-square 0.027

Yes 101 91 96
Perf. status 0 96 110 105 Kruskal-Wallis 0.243

1 40 57 74
2 17 5 10

GTV total cc 60.7 (2.9–269.5) 37.0 (3–186.9) 38.2 (2.1–235.6) Kruskal-Wallis <0.001
BTV PET cc 19.8 (0.0–190.3) N/A
Brain, mean dose [Gy] 33.1 (10.9–46.9) 27.6 (11.0–46.6) 26.0 (9.0–44.0) Kruskal-Wallis <0.001
Brainstem, mean dose [Gy] 21.5 (3.2–60.0) 27.2 (0.6–52.9) 21.6 (0.4–44.5) Kruskal-Wallis 0.052
Hippoc. L, mean dose [Gy] 24.5 (0.7–62.0) 13.3 (0.6–60.7) Mann-Whitney 0.052
Hippoc. R, mean dose [Gy] 28.5 (1.0–60.7) 11.2 (0.5–62) Mann-Whitney 0.068
D95 (GTV) [Gy] 59.5 (55.5–61.7) 59.0 (55.1–61.4) 59.0 (54.5–61.1) Kruskal-Wallis <0.001
PFS, median (years) 0.58 (0.17–10.8) 0.58 (0.08–6.08) 0.50 (0.17–4.0)
PFS events 156 165 178
OS, median (years) 1.17 (0.25–10.8) 1.25 (0.08–6.08) 1.25 (0.17–4.0)
Death events 155 152 150
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of 0.05 was considered a trend. A forward selection process was
used for the multivariate model, where covariates with p-values
of 0.1 or less could enter the model and covariates with p-values
less than 0.05 were kept in the final model. For the multivariate
models, a bootstrapping procedure with 10,000 samples drawn
with replacement was used to evaluate the uncertainty of the
model. The correlation between significant covariates in the full
Cox model was explored using Spearman signed ranks statistics.
Finally, the patient cohort was split into a favorable and an unfa-
vorable group based on the median survival function obtained
from the Cox model, and the Kaplan–Meier estimates of PFS and
OS was plotted and compared using log rank statistics. Calculations
were performed using SPSS (v24, IBM, US) and R (version 3.3.2).
Multiple linear regression models were used to explore associa-
tions between mean brain dose, treatment technology (IG-VMAT
vs. CRT), and GTV size.
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Results

The information regarding the use of radiotherapy technology
as well as the radiotherapy records was lacking for 13 patients;
these were excluded from further analysis. A total of 521 patients
were found to be evaluable and included in the analysis. The char-
acteristics of the patients can be found in Table 1. Two cases of
radiotherapy plans are shown in Fig. 1.

The PFS and the OS were similar for patients treated with CRT,
IG-VMAT and PET-Guided IG-VMAT (non-significant log rank test).
However, the comparison is not straightforward given that the
baseline characteristics of the three cohorts were dissimilar. The
CRT cohort had a larger fraction of methylated tumors
(p = 0.003), was younger (p = 0.003), had larger fraction of patients
on steroids (p = 0.027) and had larger GTVs (p < 0.001).

The Cox model data are reported in Tables 2 (PFS) and 3 (OS).
For PFS, PS, steroid use, GTV size, BTV size, and the mean brain dose
were all significant univariately, while only mean brain dose
remained significant in the multivariate model. For OS, MGMT sta-
tus, age, PS, steroid use, GTV size, BTV size and mean dose to brain
and brainstem were significant univariately. In the multivariate
model, MGMT status, age, steroid use, GTV size, BTV size and mean
dose to the brainstem were significantly contributing to the model
(p < 0.05). Bootstrap analysis revealed that both the multivariate
Cox models were robust, and p-values reported remained signifi-
cant and were all within 0.005 of those reported in Tables 2 and
3. The Cox model was verified and reproduced using the R soft-
ware, where Martingale, Schoenfeld and deviance residuals were
examined.

The inclusion of radiotherapy treatment technique (IG-VMAT
vs. CRT) and FET-PET-guided vs. MR only target definition was
non-significant in the Cox models for PFS and OS. Interestingly,
the radiation dose received by 95% of the GTV (D95), which is a
measure of the target dose coverage, was trending toward signifi-
cance with a hazard ratio of 0.859 (p = 0.008) for OS.

Patients were split into two groups based on the Cox models
median survival function, and are referred to as ‘‘Favorable” and
‘‘Unfavorable” based on their prognosis. Favorable and Unfavorable
groups were formed using the Cox model for both PFS and OS. Sub-
sequently, Kaplan–Meier estimates for the favorable and unfavor-
able groups for both PFS and OS were calculated and are
presented in Fig. 2A–C.

Most of the prognostic factors were internally correlated, nota-
bly the use of steroids and the performance status at the start of
oncologic treatment, GTV size, BTV size and mean brain dose
Table 2
Univariate and multivariate Cox models for progression-free survival. Bootstrapping reve
within 0.005 of those reported below. Significant covariates are printed in bold typeface a

Univariate Cox models: progression-free survival

Parameter n HR p-

Overall model
MGMT Protein Status 412 1.224 0.
Age 521 1.010 0.
PS at start of oncologic therapy 514 1.294 <0

Steroids 519 1.377 <0
CRT vs VMAT w hippocampal sparing 521 1.065 0.
MR vs FET 521 1.071 0.
GTV total (cc) 482 1.004 0.
BTV PET (cc) 190 1.009 <0
Tumor dose conformity, GTV D95 (Gy) 485 0.905 0.
Mean brain dose (Gy) 474 1.036 <0
Mean brainstem dose (Gy) 365 1.010 0.
Mean hippocampus dose L (Gy) 356 1.004 0.
Mean hippocampus dose R (Gy) 355 1.005 0.
(rho > 0.15, p < 0.01). Further, the mean dose to the brainstem
was correlated to the hippocampi doses (rho > 0.5, p < 0.001), the
mean dose to the whole brain (rho = 0.52, p < 0.001) and worse
dose coverage of the GTV (GTV D95) (rho = �0.27, p < 0.001).
Finally, multiple linear regression models revealed that increased
mean brain dose was associated with both GTV size and use of
CRT (p < 0.001). Thus, for patients with equivalent GTV size the
use of IG-VMAT technology produced radiation dose distributions
with lower mean brain dose than CRT.
Discussion

To our knowledge, this is the first report to demonstrate strong
association of mean brain dose delivered and PFS and OS of
glioblastoma patients. The association of larger dose to the brain
and inferior PFS and OS is present in the univariate Cox regression
models and outcomes data for 475 glioblastoma patients, as well as
the smaller cohort of 163 patients evaluable using the multivariate
Cox model for PFS. Interestingly, in the multivariate Cox model for
PFS, the mean brain dose remained significant, while well-
established prognostic factors such as performance status were
not. For OS, the multivariate Cox model for 163 patients included
MGMT status, age at therapy, steroid use at baseline (yes/no),
BTV size, which are well-known prognostic factors, but also mean
dose to the brainstem was significantly associated with OS.

We found no statistically significant difference in the PFS or OS
outcomes after the clinical introduction of IG-VMAT or FET-PET-
guided radiotherapy planning. Given that IG and VMAT were intro-
duced simultaneously, we have no means of separating any poten-
tial clinical impact of either, but must look at the combined effect.
With respect to VMAT, the technique allows for improved dose
conformity with steep dose gradients toward the uninvolved brain
tissue, compared to CRT. Concurrently, with the introduction of
daily IG we introduced narrower PTV margins by merit of the smal-
ler positioning uncertainty, which allowed for greater dose confor-
mity around the target [6]. One could envision an increased risk of
recurrences in the rim of the CTV due to the greater dose confor-
mity intrinsic to IG-VMAT with narrower PTV margins as com-
pared to CRT without daily IG and wide PTV margins. Given
unchanged PFS and OS, we consider this unsupported by our data.
While multiple linear regression revealed that IG-VMAT produced
statistically significant lower mean dose to the brain than CRT
(similar to other authors [29–31]), the difference was numerically
too small to impact PFS or OS outcomes, which is contrary to [29]
aled that all the 95% confidence interval of the p-values of the multivariate model is
nd trends are italicized.

Multivariate Cox model: progression-
free survival

value n HR p-value

163 <0.001
051
021
.001

.001
513 ref = VMAT
463 ref = MR
001
.001
074
.001 1.060 <0.001
009
064
036



Table 3
Univariate and multivariate Cox models for overall survival. Bootstrapping revealed that all the 95% confidence interval of the reported p-values of the multivariate model is
within 0.005 of those reported. Significant covariates are printed in bold typeface and trends are italicized.

Univariate Cox models: overall survival Multivariate Cox model: overall survival

Parameter n HR p-value n HR p-value

Overall model 163 <0.001
MGMT Protein Status 412 1.542 <0.001 1.541 0.022
Age (years) 521 1.022 <0.001 1.023 0.019
PS at start of oncologic therapy 514 1.591 <0.001
Steroids 519 1.776 <0.001 1.755 0.003

CRT vs VMAT w hippocampal sparing 521 0.918 0.394 ref = VMAT
MR vs FET 521 0.905 0.638 ref = MR
GTV total cc 482 1.003 0.002
BTV PET cc 190 1.008 <0.001 1.006 0.045
Tumor dose conformity, GTV D95 (Gy) 485 0.859 0.008
Mean brain dose (Gy) 474 1.043 <0.001
Mean brainstem dose (Gy) 365 1.014 0.001 1.031 <0.001
Mean hippocampus dose L (Gy) 356 1.006 0.015
Mean hippocampus dose R (Gy) 355 1.003 0.174

P. Munck af Rosenschold et al. / Radiotherapy and Oncology 130 (2019) 149–155 153
where, however, the dissimilar histology of the VMAT and CRT
cohorts may obscure the sole impact of technology.

Given the correlation of FET-PET uptake with tumor cell density
[16,17], the use of FET-PET in the target delineation for RT should,
at least in theory, improve the radiation dose coverage of infiltra-
tive disease. However, we observe no change in either PFS or OS
with the introduction of routine FET PET scanning as part of the
radiotherapy planning workup. A potential reason for the similar
outcomes after introduction of FET-PET scanning could be that
the solely MRI-based target definition encompasses the BTV for
most patients [23,32]. Consistent with several previous studies,
we find that increased pre-treatment post-surgical amino acid-
based PET BTV size is a prognostic marker associated with inferior
OS [20,33–35].

A major finding in this analysis is the very strong association of
large mean brain dose and inferior PFS and OS. This immediately
suggests that large volume of brain tissue irradiated to a high dose
may impact the toxicity of the treatment as well as the PFS, which
appears consistent with the recent QUANTEC report [9]. The asso-
ciation of mean brain dose with PFS and OS should be interpreted
with caution. First, the factors associated with poor prognosis were
internally correlated, in particular GTV size and mean brain dose
(p < 0.01). The gross tumor size (i.e. the GTV) is affecting the size
of the CTV (equal to the GTV plus up to 2 cm) that defined during
the radiotherapy planning process, which is (unsurprisingly) corre-
lated to the mean brain dose. In addition, it is most likely such that
localization of the target volume will affect the mean brain dose: a
centrally located target must tend to have larger mean brain dose
than a peripheral target. The localization of the primary tumor
appears related to the glioblastoma phenotype [36]. Our data sup-
port lowering the dose to the hippocampi, given the association
with improved cognition outcomes [8] and the inferior PFS and/
or OS with increased dose in this data set (borderline statistically
significant). Poor radiation dose coverage of the GTV is due to pri-
oritizing the OAR dose over tumor coverage in the planning pro-
cess. Interestingly, poor tumor radiation dose coverage (GTV
D95) was borderline statistically significant (p = 0.008) associated
with inferior OS, suggesting that poor radiation dose coverage of
the GTV may be detrimental to the survival of the patient. Alterna-
tively, a centrally located tumor (close to the brainstem) is a poor
prognostic factor and that the mean dose to the brainstem is a sur-
rogate of localization, or a combination of these two effects.

The overall survival match of our complete cohort was fairly
similar to the chemo-radiation arm of the seminal Stupp et al pub-
lication (Fig. 2). The survival difference in the favorable and unfa-
vorable cohorts in the plots in Fig. 2 amount to approximately 3
and 8 months for median PFS and OS, respectively, when based
on the mean brain dose. This survival difference in the plots in
Fig. 2A–C exceeded the benefit in survival found by the introduc-
tion of temozolomide (approximately 2 months), though this
observation should be interpreted with great caution: the cohorts
in this work were retrospectively split based on prognostic factors.
We note also that the survival curves in Fig. 2B eventually join, and
that lasting survival for GBM patients was very modest, and lim-
ited to a few percent at 5 years. Though based on fewer patients
and with shorter follow-up, a stronger separation of the survival
curves was obtained by making use of the full Cox model (Fig. 2C).

There are several limitations to the present study, primarily due
to its retrospective nature. Given that the treatment technology
was introduced for all patients for a certain time-period, we do
not believe there was selection bias in our data. However, we
acknowledge the fact that the time from diagnosis to treatment,
not all data were known for all patients, and salvage therapy prac-
tices may have varied for the period. Our group recently identified
a subgroup of recurrent GBM patients benefitting from beva-
cizumab therapy [37], though this appears to have limited impact
on the overall survival of the cohort. Further, the subventricular
zone was not routinely contoured, which has been shown to be
associated to the patterns of failure and survival [38–40]. In addi-
tion, we note a curious imbalance of the distribution of MGMT sta-
tus (see Table 1) of the three cohorts, which might obscure the
impact of technology in this evaluation. The premise of the current
work was to base the investigation on technology impact on
patient outcomes on our group’s previous findings regarding the
significant clinical characteristics [27]. The associations of PFS
and OS with radiation dosimetry metrics, the tumor localization
and size, imaging features in MR and FET PET data sets, and clinical
prognostic factors such as the extent of surgery for glioblastoma
patients treated with surgery and radio-chemotherapy warrant
further studies, which is however beyond the scope of the current
work. The use of reduced GTV-to-CTV margins [26,41–44] and/or
of proton therapy [24,45] may be of interest for further study given
that these are potential methods for reducing the mean brain dose.

In conclusion, we find that the introduction of highly conformal
hippocampal-sparing IG-VMAT has been safe and have reduced the
dose to the uninvolved brain and to the hippocampi without dete-
riorating the progression free or overall survival. Interestingly, we
find that the mean brain dose was very strongly associated with
both inferior PFS and OS, which should be considered in designing
future radiotherapy protocols.



Fig. 2. A–C: Progression-free survival (A) and Overall survival for the cohort (B–C).
The cohort has been split into a ‘‘Unfavorable” group with a survival function less
than median and a ‘‘Favorable” group with higher than the median survival
function, as calculated based on the mean brain dose (A–B) or the full multivariate
model for OS (C).
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