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Abstract

Purpose To quantify the radiation dose distribution and lesion morphometry (shape) at baseline, prior to chemoradiation,
and at the time of radiographic recurrence in patients with glioblastoma (GBM).

Methods The IMRT dose distribution, location of the center of mass, sphericity, and solidity of the contrast enhancing tumor
at baseline and the time of tumor recurrence was quantified in 48 IDH wild-type GBM who underwent postoperative IMRT
(2 Gy daily for total of 60 Gy) with concomitant and adjuvant temozolomide.

Results Average radiation dose within enhancing tumor at baseline and recurrence was > 60 Gy. Centroid location of the
enhancing tumor shifted an average of 11.3 mm at the time of recurrence with respect to pre-IMRT location. A positive
correlation was observed between change in centroid location and PFS in MGMT methylated patients (P =0.0007) and Cox
multivariate regression confirmed centroid distance from baseline was associated with PFS when accounting for clinical
factors (P=0.0189). Lesion solidity was higher at recurrence compared to baseline (P=0.0118). Tumors that progressed
> 12 weeks after IMRT were significantly more spherical (P =0.0094).

Conclusion Most GBMs recur local within therapeutic IMRT doses; however, tumors with longer PFS occurred further from
the original tumor location and were more solid and/or nodular.

Keywords Glioblastoma - Radiation therapy - Patterns of progression

Abbreviations Introduction
GBM Glioblastoma
RANO Response assessment in neuro-oncology Glioblastoma (GBM) remains the most aggressive and fatal

MGMT O(6)-methylguanine-DNA methyltransferase form of primary brain tumor in adults with an extremely
IMRT  Intensity modulated radiation therapy poor prognosis [1]. Standard of care for newly diagnosed
PFS Progression free survival GBM includes maximal safe surgical resection followed by
(0N} Overall survival postoperative radiation therapy with concurrent temozo-
PPS Post progression survival lomide chemotherapy [2] (with or without tumor treating
CTV Clinical target volume fields [3]). However, recurrence rates of GBM are ~90%,
PTV Planning target volume and there remains no standard of care for recurrent GBM [4].
GTV Gross tumor volume Repeat surgery can only be considered for ~25% of patients

of recurrent GBM because of concerns of post-operative
morbidity, and despite advances in reirradiation techniques
for accurate target delineation, neurological toxicity from
radiation-induced brain necrosis remains a considerable
risk [4, 5]. While previous studies have shown that dose
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escalation at standard fractionation (1.8-2 Gy daily) up to
60 Gy improves survival [6, 7], tumor recurrence most often
occurs locally within the original 95% isodose zone [8—10].
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Therefore, there is a need for a contemporary and detailed
analysis quantifying the incidence and degree of local recur-
rence, as well as how these characteristics correspond with
patterns of progression in newly diagnosed GBM.

Recently, there has also been growing interest in explor-
ing the morphological features of GBM on MRI. For
example, metrics such as sphericity and solidity have been
explored to characterize newly diagnosed GBM subtypes
and offer prognostic value [11-13]. However, to our knowl-
edge, there has been little morphological analysis of GBM
at radiologic recurrence, and the analyses remains limited
to qualitative descriptors [14]. Because recurrent GBMs
are known to significantly differ from the primary tumor in
terms of gene mutations, gene expression, and tumor micro-
environment [15, 16], along with evidence that specifically
chemoradiation may have a role in the altered phenotype of
recurrent GBMs [16—18], a longitudinal assessment of GBM
recurrence involving radiation dose distribution, morpholog-
ical metrics, and molecular subtypes may provide insights
into the alterations that occur in recurrent GBMs and their
associated factors.

In the current study, we explored the dose distribution
within enhancing tumor and lesion morphological metrics
at baseline and at the time of recurrence. Based on previ-
ous observations, we hypothesized that the vast majority
of recurrent tumors would recur locally within therapeutic
radiation doses and that tumor recurrence at longer progres-
sion free survival times would be more solid and/or nodular.

Materials and methods
Patient characteristics

A total of 48 patients with histologically confirmed IDH1
wild-type GBM who underwent postoperative intensity-
modulated radiotherapy (IMRT) (2 Gy daily, total 60 Gy)
with concomitant temozolomide (75 mg/m?/day, 7 days per
week during radiotherapy, followed by 1 month break) and
612 cycles of adjuvant chemotherapy at 150 mg/m?/day
to 200 mg/m?/day between 2011 and 2019 were included
in the current study. Patients were included in the study if
they had high quality MRI data and radiation planning data
available for evaluation prior to and through the point of
radiographic progression according to the standard RANO
criteria [19]. If patients progressed within 3 months of com-
pletion of chemoradiation, a modified RANO criteria [20]
was used and progression was confirmed by a subsequent
scan exhibiting progressive enhancement in order to limit
pseudoprogression. Patients were not included if they were
treated with upfront experimental therapies including beva-
cizumab. All scans were evaluated twice, once using bidi-
rectional measurements to determine the time to progression
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via RANO and once by contouring the entire lesion for a
volumetric assessment and subsequent analyses. All scans
were retrospectively evaluated and measured by a board-
certified neurosurgeon (SS with 15 years of clinical experi-
ence) and reviewed by fellowship trained neuroradiologists
(H.E.U., A.H., N.S.). All patients provided informed written
consent to be included in our IRB approved Neuro-Oncology
database.

Radiation treatment planning

Radiation treatment planning was performed as part of clini-
cal standard of care by a radiation oncologist specialized
in treatment of central nervous system disorders. Contours
were drawn on MIM (MIM Vista, Cleveland, Ohio). Treat-
ment planning was performed on the Eclipse platform (Var-
ian Medical Systems, Palo Alto, CA). Treatment planning
was made using CT image data, then rigidly co-registered
(see details below) to contrast enhanced T1-weighted,
T2-weighted and T2-weighted fluid attenuated inversion
recovery (FLAIR) sequences (Fig. 1A). The gross tumor
volume (GTV) for radiation planning was defined as the
enhanced lesion at postoperative contrast-enhanced MRI.
The clinical target volume (CTV) consisted of GTV lesion
plus a 2-3 cm margin.

MRI acquisition and post-processing

Anatomic MRI consisted of pre- and post-contrast axial
T1 weighted images acquired using either 2D using a
turbo spin echo (TSE) acquisition with 3 mm slice thick-
ness and no interslice gap or a 3D inversion prepared gra-
dient echo (IR-GRE) acquisition with 1-1.5 mm isotropic
voxel size according to the international standardized brain
tumor imaging protocol (BTIP) [21]. T2-weighted TSE and
T2-weighted FLAIR images were acquired with 3 mm slice
thickness and no interslice gap according to BTIP recom-
mendations. All images and radiation planning fields were
registered to the Montreal Neurological Institute (MNI)
space using a 12-degree of freedom-transformation with a
mutual information cost function and a tri-linear interpola-
tion (FLIRT, http://www.fmrib.ox.ac.uk/fsl/; FSL Version
6.0). 3D regions of interests (ROIs) constituting contrast
enhancing tumor were segmented based on the region of
hyperintensity in contrast enhanced T1-weighted digital
subtraction maps, using a semiautomatic procedure and
the Analysis of Functional Neuro-Images (AFNI) software
(NIMH Scientific and Statistical Computing Core: Bethesda,
MD, USA) as described previously [22].
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@ = Tumor at Radiation Planning (Baseline)

. = Tumor at Radiographic Recurrence

Fig.1 A Fusion of radiation treatment dose planning with pre-radiation MRI scans. B Segmented enhancing tumor at baseline (blue) and at the
time of radiographic recurrence (red) as well as the centroid location for both (solid spheres in center of enhancing regions of interest)

Estimation of recurrence patterns and radiation
dose exposure

In order to determine whether tumors were more likely to
progress locally near the site of the original tumor bed or
distal from the original treated tumor, the center of mass
of the enhancing tumor at baseline and at the time of tumor
recurrence was calculated using custom scripts in Python
(https://python.org) and Scipy (https://scipy.org), then
the distance between the centroid location of the original
tumor and recurrence was estimated from these coordi-
nates (Fig. 1B). We also calculated tumor sphericity, or
how spherical the tumor is, and solidity [11, 23], or how
irregular or dense (non-porous) the enhancing component
of the tumor is, as defined by:

1/3 2/3
Sphericity =¥ = # H
Solodity = © = ——. @

Convex Volume

where V is the enhancing tumor volume, A is the enhanc-
ing tumor surface area, and Convex Volume refers to the

volume of an object defined by the convex hull of the object.
Lastly, the radiation dose distribution to the original tumor
bed and the enhancing tumor at the time of recurrence was
calculated after fusion of radiation fields with the contoured
tumor regions of interest.

Hypothesis testing and statistical analysis

Based on the current literature, we theorized that most
tumors would recur near the site of the original treated
tumor [24]. We hypothesized the centroid of the enhanc-
ing tumor at the time of radiographic recurrence would be
<5 mm of the pre-treatment tumor centroid location based
on a study by Tu et al. that observed most GBMs recurred
within 5-mm of the contrast-enhanced tumor and T2/FLAIR
tumor boundaries [24]. To test this, we performed a one-
sided t-test to determine whether the mean centroid distance
was greater than 5 mm. We also hypothesized that tumors
that recur at a later time point, having longer progression
free survival (PFS), would be more distal from the original
tumor location and perhaps outside the original radiation
field, particularly in MGMT promoter methylated patients.
To test these hypotheses, we performed linear regression
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and used Pearson’s correlation coefficient for all patients
and MGMT subtypes and tested whether the slope and/or
intercept of this correlation differed from zero. We also used
Cox multivariable regression to further explore the associa-
tion between PFS, overall survival (OS), or post-progression
survival (PPS) and MGMT status or distance between cen-
troids at recurrence. Statistical analyses were performed
with R software (version 4.0.3; http://www.r-project.org/)
and GraphPad Prism (Version 8.0c; GraphPad Software,
La Jolla, Ca, USA). Statistical significance was defined as
P <0.05, with no multiple comparison corrections, and all
tests were two-tailed.

Results
Of the 48 patients enrolled in the current study, 19 were

female and 29 were male. The average age of the partici-
pants was 56.2 years old (+10.4 s.d.) and the average KPS

Table 1 Patient demographics

Number of patients 48

Age [years] (range) 56.2 (32-73)
Sex
Male (N) 58% (28)
Female (N) 42% (20)
Karnofsky performance score (KPS) 83.3 (50-90)
MGMT status
Methylated 37.5% (18)
Unmethylated 58.3% (28)
No result 4.2% (2)
S
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Fig.2 Association between tumor centroid location and outcomes. A
Centroid location for all patients in the current study, where size of
the spheres represents relative (normalized) tumor volume, for base-
line (blue, radiation planning) and at the time of radiographic recur-
rence (red). B Centroid location for all patients in the study with uni-
form sphere size, meant to illustrate similar centroid distances among
patients (size of blue line between the red and blue spheres). C Dif-
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Between RT Planning
and Recurrence [mm]

at baseline was 83 and the range was 50 to 90. A total of
18 patients were MGMT methylated (38%) and 28 patients
were unmethylated (58%), with 2 having unknown MGMT
status due to insufficient quantity of tissue for testing.
Mean volume of the baseline tumor was 12.36 mL (range
0.01-61.13 mL) and the average enhancing tumor volume
was 9.19 mL (range 0.44-86.10 mL) after completion of
radiotherapy. At the time of recurrence via RANO, aver-
age enhancing tumor volume for the cohort was 8.46 mL
(range 0.13-86.10 mL). This was likely due to 10 of the 48
patients (20.8%) exhibiting tumor shrinkage before the time
of radiographic recurrence (1 of these 10 were MGMT pro-
moter methylated) and another 15 of the 48 patients (31.3%)
exhibiting tumor recurrence due to an unmeasurable new
lesion. The median OS for the final cohort was 30.5 months,
the median PFS was 4.0 months, and the median post-pro-
gression survival (PPS) was 19.6 months. Additional patient
characteristics are shown in Table 1.

Patterns of recurrence

As depicted in Fig. 2A, B, the centroid of the enhancing
tumor shifted an average of 11.3 mm (+1.03 S.E.M.) at
the time of radiographic recurrence relative to the baseline,
pre-RT planning scan. This was significantly greater than
the theorized limit of 5 mm from the original site (Fig. 2C;
one-sided t-test, P < 0.0001). A positive trend was observed
between difference in tumor centroid location and PFS when
pooling all patients (Fig. 2D; P=0.0957) and a significant
bias was observed in this correlation (intercept=_8.6 mm;
P <0.0001), suggesting an average change in centroid dis-
tance of around 8.6 mm regardless of PFS. When patients
were stratified based on MGMT status, a significant positive

Correlation between PFS

and Recurrence Distance

from Original Tumor Site
—=- MGMT Methylated (M)
-0 MGMT Unmethylated (U)

Correlation between PFS
and Recurrence Distance
from Original Tumor Site
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s

ference between centroid location at baseline or planning compared
with centroid location at the time of radiographic recurrence, show-
ing more than 5 mm shift in tumor location at the time of recurrence
(P<0.0001). D Correlation between progression-free survival (PFS)
and difference in centroid location between baseline and recurrence
for all patients and E for patients separated by MGMT status. MGMT
M MGMT methylated, MGMT U MGMT unmethylated
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correlation was observed between centroid differences and
PFS in MGMT methylated (Fig. 2D; P=0.0007) but not
unmethylated (P=0.3051) GBM patients. Cox multivariable
regression confirmed that continuous measures of centroid
distance was associated with PFS (P=0.0189, HR=0.9481),
while MGMT status (P =0.0705) was not significantly asso-
ciated with PFS. No significant association was observed
between centroid distance and post-progression survival
(PPS), defined as the difference between the time of radio-
graphic progression to death (Cox, P=0.6828).

No difference in tumor sphericity was observed between
baseline, pre-radiation scans, and the scans at radiographic
progression (Fig. 3A; paired t-test, P=0.3136); however, a
significantly higher level of solidity was observed at the time
of tumor recurrence relative to the pre-radiation baseline
time point (Fig. 3B; P=0.0118). At recurrence, enhanc-
ing tumors were significantly more spherical in shape if
they progressed after 12 weeks (Fig. 3C; Mann—Whitney,
P =0.0094) and trended toward lower solidity (Fig. 3D;
Mann—Whitney, P=0.0956). Neither sphericity (Cox,

P=0.2924) nor solidity (Cox, P=0.7462) were independ-
ent predictors of PPS.

Of the 48 patients enrolled in the current study, 15
patients had recurrence by a new measurable enhancing
lesion (31%) and 10 patients had tumor shrinkage prior to
radiographic progression (21%), so the time to progression
for these patients was determined by the nadir. On aver-
age for all patients (Fig. 3E), mean tumor volume prior to
radiation treatment was 12.4 mL (median=15.3 mL) and
mean tumor volume at the time of recurrence was 8.5 mL
(median=4.6 mL). In patients exhibiting new enhancing
lesions or shrinking tumors, the average tumor volume at
baseline was 13.7 mL and 12.5 mL, while the average tumor
volume was 7.0 mL and 2.8 mL at recurrence, respectively.
For patients without evidence of new lesions or evidence
of tumor shrinkage (48%), tumor volume at baseline was
10.9 mL and 11.1 mL at recurrence. There was no significant
difference in tumor volume between baseline and recurrence
for patients with radiographic progression prior to 12 weeks
(Fig. 3F; P=0.1976), but patients who progressed after
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Fig.3 A Tumor sphericity and B solidity of enhancing tumor at base-
line (treatment planning) and radiographic recurrence. C Tumor sphe-
ricity and D solidity at the time of recurrence for patients exhibiting
radiographic progression before and after 12 weeks following com-
pletion of chemoradiation. E Tumor volume at baseline and at the
time of radiographic recurrence. F Difference in tumor volume at the
time of radiographic recurrence with respect to pre-treatment base-
line for patients exhibiting radiographic progression before and after
12 weeks following completion of chemoradiation. G Average tumor

dose for each patient within the enhancing tumor at baseline and at
the time of radiographic recurrence after alignment to pre-treatment
image space. H Radiation dose within the enhancing tumor at base-
line for patients who exhibited new lesions, tumor shrinkage, and
tumor growth in response to chemoradiation treatment. I Baseline,
pre-treatment radiation dose and J dose at the time of radiographic
recurrence within the enhancing tumor compared between patients
exhibiting radiographic progression before and after 12 weeks follow-
ing completion of chemoradiation
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12 weeks from the start of radiation demonstrated a sig-
nificant reduction in tumor volume compared to baseline
(P=0.0103).

Cox univariate survival analysis showed no significant
association between continuous measures of pre-radiation
enhancing tumor volume (P =0.6020), post-radiation
enhancing tumor volume (P =0.7945), or the difference in
enhancing tumor volume between pre- and post-radiation
time points and PFS (P=0.3415). Similarly, no significant
associations were observed between continuous measures
of pre-radiation enhancing tumor volume (P =0.2700),
post-radiation enhancing tumor volume (P =0.9808), or
the difference in enhancing tumor pre- and post-radiation
and OS (P=0.2445). Enhancing tumor volume at the time
of radiographic recurrence was not associated with PPS
(P=0.6478). Cox multivariate analysis including age and
MGMT status as covariates showed comparable lack of
significance between all enhancing tumor volume measure-
ments and PFS, OS, and PPS.

Effects of radiation dose

The average radiation dose to the enhancing tumor across
all patients at the pre-radiation baseline time point was
61.8 Gy (median=61.5 Gy, range =60.3-63.8 Gy) and the
average radiation dose exposed by the enhancing tumor
at the time of recurrence was 61.6 Gy (median=061.6 Gy,
range =56.5-64.1 Gy). No difference in the average

Dose Distribution at Radiation Planning (Baseline)

dual Patient Distributi

Patient

Pooled Histogram From All Patients

g b Wbk o RPN

0 4
Dose (G] Dose [G]

Fig.4 Voxel-based dose distribution for individual patients. A Voxel-
wise dose distribution within enhancing tumor at baseline or radia-
tion planning. B Log,,-transformed histogram of voxel-wise dose
distribution individual patients, color coded by individual patients. C
Logy-transformed histogram of voxel-wise dose distribution pooled
for all patients. D Voxel-wise dose distribution within enhancing
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radiation dose within enhancing tumor at baseline and the
average radiation dose within the enhancing tumor at recur-
rence was identified (Fig. 3G; P=0.1561). No significant
difference in the average dose within the enhancing tumor
at baseline compared with the pattern of recurrence was
observed (Fig. 3H; P=0.3817), although patients exhibit-
ing tumor shrinkage prior to tumor recurrence had an aver-
age radiation dose of ~0.5 Gy higher than the average dose
to the enhancing tumor at baseline in patients who exhib-
ited new, non-measurable enhancing lesions at the time of
radiographic progression. No difference in baseline radiation
dose (Fig. 3I; P=0.7002) or dose at recurrence (Fig. 3J;
P=0.2792) was observed between patients who progressed
before or after 12 weeks following radiation therapy. Addi-
tionally, no significant associations were observed between
continuous measures of average radiation dose within the
enhancing tumor at baseline and PFS (Cox, P=0.2045) or
OS (P=0.7907), even after accounting for both age and
MGMT status (P=0.2047 for PFS and P=0.8626 and
0S). Similarly, no association was observed between the
average radiation dose prescribed at baseline to the site of
future GBM recurrence and the time of radiographic recur-
rence and PPS (P=0.7583) even after controlling for age
and MGMT status (P=0.8412). However, when examin-
ing voxel-based dose distributions for individual patients
(Fig. 4), the distribution of dose within the enhancing tumor
at both the baseline time point and at radiographic recur-
rence was quite variable. For example, at recurrence, there

Dose Distribution at Radiographic Recurrence

Individual Patient Di

3435 3 37 38 % 40 41 42 43 44 45 46 47 a8

Histogram of Individual Patients Pooled Histogram From All Patients

of

10°
»
310
107
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tumor at the time of radiographic recurrence after alignment to pre-
treatment image space and fused with radiation dose prescriptions. E
Log,-transformed histogram of voxel-wise dose distributions at the
time of radiographic recurrence, color coded by individual patients. F
Log,-transformed histogram of voxel-wise dose distributions at the
time of radiographic recurrence, pooled across all patients
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Fig.5 Association between dose distribution, tumor shape char-
acteristics, and patterns of recurrence for each patient. A Heat map
showing correlations between dose, shape, and recurrence pattern
characteristics, color coded by Pearson’s correlation coefficient, R.
Red boxes highlight associations with P <0.05. B Positive correlation
between dose within enhancing tumor at planning with dose at the
time of radiographic recurrence. C Negative correlation between dose
within enhancing tumor at recurrence and the difference in centroid

was a larger proportion of enhancing tumor voxels having
received a reduced dose of <40 Gy than at baseline.

Lastly, we explored the correlation between dose distribu-
tion, tumor shape characteristics, and patterns of recurrence
for each patient (Fig. 5). A heat map showing correlations
between these variables are illustrated in Fig. 5A. Seven sets
of variables were identified as having a significant linear
correlation. These include intuitive associations, includ-
ing those between baseline dose and the dose at recurrence
(Fig. 5B; R=0.71, P=5.4X 1(T7), dose at recurrence and the
difference in centroid distance at the time of radiographic
recurrence (Fig. 5C; R=— 0.38, P=0.0167), and pre-radia-
tion enhancing tumor volume and the volume at recurrence
(Fig. 5D; R=0.42, P=0.008). There were also significant
correlations between enhancing tumor volume and spheric-
ity at the time of recurrence (Fig. SE; R=—- 0.33, P=0.038),
enhancing tumor volume and solidity at baseline prior to
treatment (Fig. 5SF; R=0.44, P=0.005), and enhancing
tumor solidity at recurrence and sphericity at both baseline
(Fig. 5G; R=0.41, P=0.010) and at recurrence (R=0.47,
P=0.003).

Discussion

GBM recurrence remains nearly uniform [4], so improved
characterization of GBM recurrence following chemoradia-
tion remains an urgent need. The present study observed
numerous associations in GBM recurrence patterns with
dose distribution and lesion morphological metrics at
baseline and at time of recurrence. For example, this study
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Recurrence Sphericity
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location for enhancing tumor at baseline and recurrence. D Positive
correlation between baseline tumor enhancing volume and enhancing
volume at the time of recurrence. E Negative correlation between the
enhancing tumor volume and sphericity at the time of radiographic
recurrence. F Positive correlation between baseline enhancing tumor
volume and solidity. G Positive correlation between tumor sphericity
at baseline and sphericity at radiographic recurrence compared with
tumor solidity at recurrence

observed that increased change in centroid distance was
associated with increased PFS. These findings are similar to
previous findings by Brandes et al., where they observed that
recurrences distant from the RT field occurred after a longer
time interval compared to those within the RT field [10], and
add to the current body of literature suggesting that local
recurrences within the RT field are most common in GBM
and distant recurrences are more common in patients with
long time to first relapse. Additionally, it is important to note
that increased change in centroid distance was not found to
be predictive of survival advantage in terms of PPS, which
may guide clinical follow-up in GBM patients at recurrence.

Interestingly, when stratifying patients based on MGMT-
status, there was a significant positive correlation between
change in centroid distance and PFS for MGMT methylated
patients only. It is well-known that primary and recurrent
GBMs are substantially altered [16]. Kim et al. discovered
that local, recurrent GBMs shared ~70% of gene mutations
with their primary tumors while distant, recurrent GBMs
shared only ~25% of gene mutations with their primary
tumors [25], and similarly Andor et al. observed a trend
that recurrent tumors who received RT and temozolomide
had a higher number of mutations in the recurrent GBM
compared to the primary tumor [17]. Furthermore, MGMT
unmethylated tumors have been shown to recur within the
RT field more often than MGMT methylated tumors, which
was theorized to be the result of increased sensitivity of
MGMT methylated GBM cells to chemoradiation within
the RT field [5, 10]. In the present study, there was also a
significant negative correlation between radiation dose and
change in centroid distance. Although speculative, the fact
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that the shift in centroid distance was significantly corre-
lated to PFS only in MGMT methylated patients may reflect
greater altered tumor composition in MGMT methylated
GBMs, although other factors beyond MGMT status may
be present to specifically explain the correlative behavior of
centroid distance and PFS in this patient subgroup.

Although there was no significant difference in the aver-
age dose within the enhancing tumor at baseline compared
to recurrence, patients exhibiting tumor shrinkage follow-
ing RT tended to have ~0.5 Gy higher average dose to the
enhancing tumor compared with patients exhibiting new
enhancing disease. Moreover, comparisons between voxel-
wise dose distributions at baseline and at recurrence clearly
revealed that some components of the tumor progress into
areas of the brain that experienced subtherapeutic radia-
tion dose, particularly in regions <40 Gy. Because of the
concerns of radiation-induced neurotoxicity, the current
standard in radiotherapy for glioblastomas is delivering
a total dose of 60 Gy with concomitant temozolomide to
the contrast-enhancing tumor. Studies with dose escalation
beyond 60 Gy have shown mixed results in terms of sur-
vival benefit [7, 26, 27], and there is an increased risk of
symptomatic radiation necrosis at doses of 72 Gy and 90 Gy
[28]. There have also been explorations in expanding the RT
target volume. For example, inclusion of the peritumoral
edema in the RT target volume was found to decrease the
failure rate of marginal recurrences, but no significant dif-
ferences in PFS or OS were observed [29]. There has also
been interest in the subventricular zone (SVZ) because of the
region’s role in GBM tumorigenesis [30] and alterations fol-
lowing chemoradiation [31], and irradiation of the ipsilateral
SVZ has been associated with improved survival for GBM
patients [26, 32]. As a result, the present finding that recur-
rent GBMs had a larger proportion of voxels that received
subtherapeutic doses compared to the primary tumor fur-
ther demonstrates the neuro-oncologic need for improved
management of GBM. Our findings may also support the
potential benefit of combining chemoradiation with other
treatments. For example, an area of growing interest has
been combining immunotherapy with radiation therapy, for
pre-clinical models of GBM have shown promising results
[33, 34]. Further studies investigating GBM recurrence with
RT dose maps in patients undergoing chemoradiation with
concurrent treatments may be valuable.

To our knowledge, the present study is also the first to
assess morphological features of sphericity and solidity at
both baseline and recurrence. Interestingly, although there
was no overall difference in sphericity at recurrence com-
pared with baseline, tumors that progressed within 12 weeks
of RT were less spherical than those that progressed after
12 weeks of RT. Previous studies on sphericity in GBMs
found that reduced sphericity of both the contrast-enhancing
and FLAIR hyperintense tumor of GBMs was associated
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with reduced OS [13] and that differences in sphericity can
be one component to stratify general subtypes of GBM [35].
Moreover, in the present study, tumors had higher solid-
ity at recurrence compared to baseline, and Chaddad et al.
observed that increased solidity of necrotic regions of GBM
was associated with reduced OS [11]. While the present
study did not observe any associations between PPS and
sphericity or solidity, it remains possible that the altered
morphology between recurrent tumors and tumors at base-
line may reflect differences in tumor severity as reflected
in previous studies on GBMs at single timepoints. This is
further suggested by how at baseline, larger tumor volumes
were associated with higher solidity and how at radiographic
recurrence, larger tumor volumes were associated with lower
tumor sphericity. As a result, further investigations with a
larger cohort assessing morphological differences between
tumors at baseline and at recurrence, including metrics
beyond sphericity and solidity, are warranted to better guide
clinical decision making at GBM recurrence that combines
conventional metrics such as tumor volume with advanced
morphological metrics.

This study has several limitations that should be
addressed. The small sample size of 48 patients may have
limited the study’s capability to detect significant find-
ings, particularly in relationships with survival outcomes
with radiation dose and morphological features. For exam-
ple, although MGMT methylation status is considered to
be prognostic, no significant relationships were able to be
found between MGMT and prognosis in this study. Because
GBM is known to have genetic heterogeneity [36], further
studies with a larger study cohort may be needed for under-
standing how other tumor genetics beyond MGMT status
may be related to IDH-wild-type GBM recurrence location,
dose distributions, and change in morphological features
after radiation therapy. Moreover, a large majority of our
study cohort (34/48 patients; 70.8%) had recurrence within
3 months of completion of RT. Considering that the majority
of pseudo-progression occurs within the first 3 months after
radiation [37], the present study may have benefitted from a
larger study cohort with more patients who progressed after
3 months of completion of RT to better characterize patients
who may have had pseudo-progression.

Conclusion

Changes in centroid distance and morphological features
of recurrent GBMs may reflect tumor alterations follow-
ing chemoradiation. Dose distributions of RT at baseline
may offer insights into regions of GBM recurrence. Further
studies assessing morphological changes between recurrent
GBMs and at baseline are warranted.



Journal of Neuro-Oncology (2022) 160:115-125

123

Author contributions S.S., R.R.S. contributed equally on data analy-
sis and manuscript preparation. B.M.E. performed data interpretation,
figure generation, and wrote the main manuscript text. H.E.U., A.H.,
C.R., WB.P,, N.S. were involved in supplemental data analysis and
interpretation. A.L., PL.N., LM.L., T.E.C., T.B.K. were involved in
patient recruitment and clinical evaluations. All authors reviewed the
manuscript

Funding This work was supported by NIH/NCI R21CA223757 (Ell-
ingson), PSOCA211015 (Liau, Ellingson, Cloughesy), RO1CA270027
(Ellingson), and the NIGMS T32 GM008042 (Cho).

Declarations

Conflict of interest Benjamin Ellingson: Paid advisor for Medicenna,
MedQIA, Neosoma, Agios, Siemens, Janssen, Imaging Endpoints, Ka-
zia, VBL, Oncoceutics, Boston Biomedical Inc (BBI), Ellipses, and
ImmunoGenesis. Grant funding from Siemens, Agios, and Janssen.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. CBTRUS (2008) Primary brain tumors in the United States 2000—
2004. Central Brain Tumor Registry of the United States, Chicago

2. Stupp R, Hegi ME, Mason WP, van den Bent MJ, Taphoorn MJ,
Janzer RC, Ludwin SK, Allgeier A, Fisher B, Belanger K, Hau
P, Brandes AA, Gijtenbeek J, Marosi C, Vecht CJ, Mokhtari K,
Wesseling P, Villa S, Eisenhauer E, Gorlia T, Weller M, Lacombe
D, Cairncross JG, Mirimanoff RO (2009) Effects of radiotherapy
with concomitant and adjuvant temozolomide versus radiother-
apy alone on survival in glioblastoma in a randomised phase 111
study: 5-year analysis of the EORTC-NCIC trial. Lancet Oncol
10:459-466. https://doi.org/10.1016/s1470-2045(09)70025-7

3. Stupp R, Taillibert S, Kanner A, Read W, Steinberg DM, Lher-
mitte B, Toms S, Idbaih A, Ahluwalia MS, Fink K, Di Meco F,
Lieberman F, Zhu J-J, Stragliotto G, Tran DD, Brem S, Hottinger
AF, Kirson ED, Lavy-Shahaf G, Weinberg U, Kim C-Y, Paek
S-H, Nicholas G, Bruna J, Hirte H, Weller M, Palti Y, Hegi ME,
Ram Z (2017) Effect of tumor-treating fields plus maintenance
temozolomide vs maintenance temozolomide alone on survival
in patients with glioblastoma: a randomized clinical trial. JAMA
318:2306-2316. https://doi.org/10.1001/jama.2017.18718

4. Weller M, Cloughesy T, Perry JR, Wick W (2013) Standards of
care for treatment of recurrent glioblastoma—are we there yet?
Neuro Oncol 15:4-27. https://doi.org/10.1093/neuonc/nos273

5. Minniti G, Niyazi M, Alongi F, Navarria P, Belka C (2021)
Current status and recent advances in reirradiation of glio-
blastoma. Radiat Oncol 16:36-36. https://doi.org/10.1186/
s13014-021-01767-9

10.

11.

12.

13.

15.

16.

17.

Cabrera AR, Kirkpatrick JP, Fiveash JB, Shih HA, Koay EJ,
Lutz S, Petit J, Chao ST, Brown PD, Vogelbaum M, Reardon
DA, Chakravarti A, Wen PY, Chang E (2016) Radiation therapy
for glioblastoma: executive summary of an American Society for
Radiation Oncology Evidence-Based Clinical Practice Guideline.
Pract Radiat Oncol 6:217-225. https://doi.org/10.1016/j.prro.
2016.03.007

Badiyan SN, Markovina S, Simpson JR, Robinson CG, DeWees T,
Tran DD, Linette G, Jalalizadeh R, Dacey R, Rich KM, Chicoine
MR, Dowling JL, Leuthardt EC, Zipfel GJ, Kim AH, Huang J
(2014) Radiation therapy dose escalation for glioblastoma mul-
tiforme in the era of temozolomide. Int J Radiat Oncol Biol Phys
90:877-885. https://doi.org/10.1016/].ijrobp.2014.07.014
Showalter TN, Andrel J, Andrews DW, Curran WJ Jr, Daskalakis
C, Werner-Wasik M (2007) Multifocal glioblastoma multiforme:
prognostic factors and patterns of progression. Int J Radiat Oncol
Biol Phys 69:820-824. https://doi.org/10.1016/j.ijrobp.2007.03.
045

McDonald MW, Shu HK, Curran WJ Jr, Crocker IR (2011) Pattern
of failure after limited margin radiotherapy and temozolomide for
glioblastoma. Int J Radiat Oncol Biol Phys 79:130-136. https://
doi.org/10.1016/j.ijrobp.2009.10.048

Brandes AA, Tosoni A, Franceschi E, Sotti G, Frezza G, Amista
P, Morandi L, Spagnolli F, Ermani M (2009) Recurrence pattern
after temozolomide concomitant with and adjuvant to radiother-
apy in newly diagnosed patients with glioblastoma: correlation
With MGMT promoter methylation status. J Clin Oncol 27:1275-
1279. https://doi.org/10.1200/jc0.2008.19.4969

Chaddad A, Desrosiers C, Hassan L, Tanougast C (2016) A
quantitative study of shape descriptors from glioblastoma mul-
tiforme phenotypes for predicting survival outcome. Br J Radiol
89:20160575. https://doi.org/10.1259/bjr.20160575

Czarnek N, Clark K, Peters KB, Mazurowski MA (2017) Algo-
rithmic three-dimensional analysis of tumor shape in MRI
improves prognosis of survival in glioblastoma: a multi-institu-
tional study. J Neurooncol 132:55-62. https://doi.org/10.1007/
s11060-016-2359-7

Sanghani P, Ti AB, Kam King NK, Ren H (2019) Evaluation of
tumor shape features for overall survival prognosis in glioblas-
toma multiforme patients. Surg Oncol 29:178-183. https://doi.
org/10.1016/j.suronc.2019.05.005

. Bette S, Barz M, Huber T, Straube C, Schmidt-Graf F, Combs

SE, Delbridge C, Gerhardt J, Zimmer C, Meyer B, Kirschke
JS, Boeckh-Behrens T, Wiestler B, Gempt J (2018) Retrospec-
tive analysis of radiological recurrence patterns in glioblas-
toma, their prognostic value and association to postoperative
infarct volume. Sci Rep 8:4561-4561. https://doi.org/10.1038/
s41598-018-22697-9

Stadlbauer A, Oberndorfer S, Zimmermann M, Renner B, Buch-
felder M, Heinz G, Doerfler A, Kleindienst A, Roessler K (2020)
Physiologic MR imaging of the tumor microenvironment revealed
switching of metabolic phenotype upon recurrence of glioblas-
toma in humans. J Cereb Blood Flow Metab 40:528-538. https://
doi.org/10.1177/0271678X19827885

Campos B, Olsen LR, Urup T, Poulsen HS (2016) A comprehen-
sive profile of recurrent glioblastoma. Oncogene 35:5819-5825.
https://doi.org/10.1038/0nc.2016.85

Andor N, Harness JV, Miiller S, Mewes HW, Petritsch C (2014)
EXPANDS: expanding ploidy and allele frequency on nested sub-
populations. Bioinformatics 30:50-60. https://doi.org/10.1093/
bioinformatics/btt622

. Christmann M, Nagel G, Horn S, Krahn U, Wiewrodt D, Sommer

C, Kaina B (2010) MGMT activity, promoter methylation and
immunohistochemistry of pretreatment and recurrent malignant
gliomas: a comparative study on astrocytoma and glioblastoma.
IntJ Cancer 127:2106-2118. https://doi.org/10.1002/ijc.25229

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/s1470-2045(09)70025-7
https://doi.org/10.1001/jama.2017.18718
https://doi.org/10.1093/neuonc/nos273
https://doi.org/10.1186/s13014-021-01767-9
https://doi.org/10.1186/s13014-021-01767-9
https://doi.org/10.1016/j.prro.2016.03.007
https://doi.org/10.1016/j.prro.2016.03.007
https://doi.org/10.1016/j.ijrobp.2014.07.014
https://doi.org/10.1016/j.ijrobp.2007.03.045
https://doi.org/10.1016/j.ijrobp.2007.03.045
https://doi.org/10.1016/j.ijrobp.2009.10.048
https://doi.org/10.1016/j.ijrobp.2009.10.048
https://doi.org/10.1200/jco.2008.19.4969
https://doi.org/10.1259/bjr.20160575
https://doi.org/10.1007/s11060-016-2359-7
https://doi.org/10.1007/s11060-016-2359-7
https://doi.org/10.1016/j.suronc.2019.05.005
https://doi.org/10.1016/j.suronc.2019.05.005
https://doi.org/10.1038/s41598-018-22697-9
https://doi.org/10.1038/s41598-018-22697-9
https://doi.org/10.1177/0271678X19827885
https://doi.org/10.1177/0271678X19827885
https://doi.org/10.1038/onc.2016.85
https://doi.org/10.1093/bioinformatics/btt622
https://doi.org/10.1093/bioinformatics/btt622
https://doi.org/10.1002/ijc.25229

124

Journal of Neuro-Oncology (2022) 160:115-125

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

Wen PY, Macdonald DR, Reardon DA, Cloughesy TF, Sorensen
AG, Galanis E, Degroot J, Wick W, Gilbert MR, Lassman AB,
Tsien C, Mikkelsen T, Wong ET, Chamberlain MC, Stupp R,
Lamborn KR, Vogelbaum MA, van den Bent MJ, Chang SM
(2010) Updated response assessment criteria for high-grade glio-
mas: response assessment in neuro-oncology working group. J
Clin Oncol 28:1963-1972. https://doi.org/10.1200/JC0O.2009.26.
3541

Ellingson BM, Wen PY, Cloughesy TF (2017) Modified crite-
ria for radiographic response assessment in glioblastoma clinical
trials. Neurotherapeutics 14:307-320. https://doi.org/10.1007/
s13311-016-0507-6

Ellingson BM, Bendszus M, Boxerman J, Barboriak D, Erickson
BJ, Smits M, Nelson SJ, Gerstner E, Alexander B, Goldmacher G,
Wick W, Vogelbaum M, Weller M, Galanis E, Kalpathy-Cramer
J, Shankar L, Jacobs P, Pope WB, Yang D, Chung C, Knopp MV,
Cha S, van den Bent MJ, Chang S, Yung WK, Cloughesy TF,
Wen PY, Gilbert MR (2015) Consensus recommendations for a
standardized brain tumor imaging protocol in clinical trials. Neuro
Oncol 17:1188-1198. https://doi.org/10.1093/neuonc/nov095
Ellingson BM, Kim HJ, Woodworth DC, Pope WB, Cloughesy JN,
Harris RJ, Lai A, Nghiemphu PL, Cloughesy TF (2014) Recur-
rent glioblastoma treated with bevacizumab: contrast-enhanced
T1-weighted subtraction maps improve tumor delineation and aid
prediction of survival in a multicenter clinical trial. Radiology
271:200-210. https://doi.org/10.1148/radiol. 13131305

Limkin EJ, Reuzé S, Carré A, Sun R, Schernberg A, Alexis
A, Deutsch E, Ferté C, Robert C (2019) The complexity of
tumor shape, spiculatedness, correlates with tumor radi-
omic shape features. Sci Rep 9:4329. https://doi.org/10.1038/
$41598-019-40437-5

Tu Z, Xiong H, Qiu Y, Li G, Wang L, Peng S (2021) Limited
recurrence distance of glioblastoma under modern radio-
therapy era. BMC Cancer 21:720. https://doi.org/10.1186/
$12885-021-08467-3

Kim J, Lee IH, Cho HJ, Park CK, Jung YS, Kim Y, Nam SH, Kim
BS, Johnson MD, Kong DS, Seol HJ, Lee JI, Joo KM, Yoon Y,
Park WY, Lee J, Park PJ, Nam DH (2015) Spatiotemporal evolu-
tion of the primary glioblastoma genome. Cancer Cell 28:318-
328. https://doi.org/10.1016/j.ccell.2015.07.013

Kusumawidjaja G, Gan PZ, Ong WS, Teyateeti A, Dankulchai
P, Tan DY, Chua ET, Chua KL, Tham CK, Wong FY, Chua ML
(2016) Dose-escalated intensity-modulated radiotherapy and
irradiation of subventricular zones in relation to tumor control
outcomes of patients with glioblastoma multiforme. Onco Targets
Ther 9:1115-1122. https://doi.org/10.2147/0tt.S96509
Zschaeck S, Wust P, Graf R, Misch M, Onken J, Ghadjar P,
Badakhshi H, Florange J, Budach V, Kaul D (2018) Locally dose-
escalated radiotherapy may improve intracranial local control and
overall survival among patients with glioblastoma. Radiat Oncol
13:251. https://doi.org/10.1186/s13014-018-1194-8

Lawrence YR, Li XA, el Naqa I, Hahn CA, Marks LB, Merchant
TE, Dicker AP (2010) Radiation dose-volume effects in the brain.
Int J Radiat Oncol Biol Phys 76:S20-27. https://doi.org/10.1016/].
ijrobp.2009.02.091

Choi SH, Kim JW, Chang JS, Cho JH, Kim SH, Chang JH, Suh
C-O (2017) Impact of including peritumoral edema in radiother-
apy target volume on patterns of failure in glioblastoma follow-
ing temozolomide-based chemoradiotherapy. Sci Rep 7:42148.
https://doi.org/10.1038/srep42148

@ Springer

30.

31.

32.

33.

34.

35.

36.

37.

Lee JH, Lee JE, Kahng JY, Kim SH, Park JS, Yoon SJ, Um JY,
Kim WK, Lee JK, Park J, Kim EH, Lee JH, Lee JH, Chung WS,
Ju YS, Park SH, Chang JH, Kang SG, Lee JH (2018) Human
glioblastoma arises from subventricular zone cells with low-level
driver mutations. Nature 560:243-247. https://doi.org/10.1038/
s41586-018-0389-3

Cho N, Wang C, Raymond C, Kaprealian T, Ji M, Salamon N,
Pope WB, Nghiemphu PL, Lai A, Cloughesy TF, Ellingson BM
(2020) Diffusion MRI changes in the anterior subventricular zone
following chemoradiation in glioblastoma with posterior ventricu-
lar involvement. J Neurooncol 147:643-652. https://doi.org/10.
1007/s11060-020-03460-5

Chen L, Guerrero-Cazares H, Ye X, Ford E, McNutt T, Klein-
berg L, Lim M, Chaichana K, Quinones-Hinojosa A, Redmond
K (2013) Increased subventricular zone radiation dose correlates
with survival in glioblastoma patients after gross total resection.
Int J Radiat Oncol Biol Phys 86:616-622. https://doi.org/10.
1016/j.ijrobp.2013.02.014

Ladomersky E, Zhai L, Lenzen A, Lauing KL, Qian J, Scholtens
DM, Gritsina G, Sun X, Liu Y, Yu F, Gong W, Liu Y, Jiang B,
Tang T, Patel R, Platanias LC, James CD, Stupp R, Lukas RV,
Binder DC, Wainwright DA (2018) IDOI1 inhibition synergizes
with radiation and PD-1 blockade to durably increase survival
against advanced glioblastoma. Clin Cancer Res 24:2559-2573.
https://doi.org/10.1158/1078-0432.Ccr-17-3573

Zeng J, See AP, Phallen J, Jackson CM, Belcaid Z, Ruzevick J,
Durham N, Meyer C, Harris TJ, Albesiano E, Pradilla G, Ford
E, Wong J, Hammers HJ, Mathios D, Tyler B, Brem H, Tran PT,
Pardoll D, Drake CG, Lim M (2013) Anti-PD-1 blockade and
stereotactic radiation produce long-term survival in mice with
intracranial gliomas. Int J Radiat Oncol Biol Phys 86:343-349.
https://doi.org/10.1016/j.ijrobp.2012.12.025

Rathore S, Akbari H, Rozycki M, Abdullah KG, Nasrallah
MP, Binder ZA, Davuluri RV, Lustig RA, Dahmane N, Bilello
M, O’Rourke DM, Davatzikos C (2018) Radiomic MRI signa-
ture reveals three distinct subtypes of glioblastoma with differ-
ent clinical and molecular characteristics, offering prognostic
value beyond IDHI1. Sci Rep 8:5087. https://doi.org/10.1038/
s41598-018-22739-2

Verhaak RG, Hoadley KA, Purdom E, Wang V, Qi Y, Wilkerson
MD, Miller CR, Ding L, Golub T, Mesirov JP, Alexe G, Law-
rence M, O’Kelly M, Tamayo P, Weir BA, Gabriel S, Winckler W,
Gupta S, Jakkula L, Feiler HS, Hodgson JG, James CD, Sarkaria
JN, Brennan C, Kahn A, Spellman PT, Wilson RK, Speed TP,
Gray JW, Meyerson M, Getz G, Perou CM, Hayes DN (2010)
Integrated genomic analysis identifies clinically relevant subtypes
of glioblastoma characterized by abnormalities in PDGFRA,
IDHI1, EGFR, and NF1. Cancer Cell 17:98-110. https://doi.org/
10.1016/j.ccr.2009.12.020

Brandsma D, Stalpers L, Taal W, Sminia P, van den Bent MJ
(2008) Clinical features, mechanisms, and management of pseu-
doprogression in malignant gliomas. Lancet Oncol 9:453—461.
https://doi.org/10.1016/S1470-2045(08)70125-6

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1200/JCO.2009.26.3541
https://doi.org/10.1200/JCO.2009.26.3541
https://doi.org/10.1007/s13311-016-0507-6
https://doi.org/10.1007/s13311-016-0507-6
https://doi.org/10.1093/neuonc/nov095
https://doi.org/10.1148/radiol.13131305
https://doi.org/10.1038/s41598-019-40437-5
https://doi.org/10.1038/s41598-019-40437-5
https://doi.org/10.1186/s12885-021-08467-3
https://doi.org/10.1186/s12885-021-08467-3
https://doi.org/10.1016/j.ccell.2015.07.013
https://doi.org/10.2147/ott.S96509
https://doi.org/10.1186/s13014-018-1194-8
https://doi.org/10.1016/j.ijrobp.2009.02.091
https://doi.org/10.1016/j.ijrobp.2009.02.091
https://doi.org/10.1038/srep42148
https://doi.org/10.1038/s41586-018-0389-3
https://doi.org/10.1038/s41586-018-0389-3
https://doi.org/10.1007/s11060-020-03460-5
https://doi.org/10.1007/s11060-020-03460-5
https://doi.org/10.1016/j.ijrobp.2013.02.014
https://doi.org/10.1016/j.ijrobp.2013.02.014
https://doi.org/10.1158/1078-0432.Ccr-17-3573
https://doi.org/10.1016/j.ijrobp.2012.12.025
https://doi.org/10.1038/s41598-018-22739-2
https://doi.org/10.1038/s41598-018-22739-2
https://doi.org/10.1016/j.ccr.2009.12.020
https://doi.org/10.1016/j.ccr.2009.12.020
https://doi.org/10.1016/S1470-2045(08)70125-6

Journal of Neuro-Oncology (2022) 160:115-125 125

Authors and Affiliations

Satoka Shidoh'23 . Ricky R. Savjani® - Nicholas S. Cho'%5¢ . Henrik E. Ullman®'" . Akifumi Hagiwara'2” .
Catalina Raymond' - Albert Lai® - Phionah L. Nghiemphu? - Linda M. Liau® - Whitney B. Pope? -
Timothy F. Cloughesy? - Tania B. Kaprealian® - Noriko Salamon? - Benjamin M. Ellingson'%>°10

! UCLA Brain Tumor Imaging Laboratory (BTIL), Center 6 Department of Bioengineering, Henry Samueli School

for Computer Vision and Imaging Biomarkers, Department
of Radiological Sciences, David Geften School of Medicine,
University of California Los Angeles, 924 Westwood Blvd.,

of Engineering and Applied Science, University of California
Los Angeles, Los Angeles, CA, USA

Department of Radiology, Juntendo University School

Suite 615, Los Angeles, CA 90024, USA of Medicine, Tokyo, Japan

Department of Radiological Sciences, David Geffen 3
School of Medicine, University of California Los Angeles,
Los Angeles, CA, USA

Department of Neurology, David Geffen School of Medicine,
University of California Los Angeles, Los Angeles, CA, USA

Department of Neurosurgery, David Geffen School
of Medicine, University of California Los Angeles,
Los Angeles, CA, USA

Departmet of Neurosurgery, Washington University
in St. Louis, St. Louis, MO, USA

Department of Radiation Oncology, David Geffen School 10
of Medicine, University of California Los Angeles,
Los Angeles, CA, USA

Department of Psychiatry and Biobehavioral Sciences, David
Geffen School of Medicine, University of California Los
Angeles, Los Angeles, CA, USA

Medical Scientist Training Program, David Geffen 1
School of Medicine, University of California,

Los Angeles, Los Angeles, CA, USA

Department of Radiology, Washington University School
of Medicine, St. Louis, MO, USA

@ Springer



	Relapse patterns and radiation dose exposure in IDH wild-type glioblastoma at first radiographic recurrence following chemoradiation
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Patient characteristics
	Radiation treatment planning
	MRI acquisition and post-processing
	Estimation of recurrence patterns and radiation dose exposure
	Hypothesis testing and statistical analysis

	Results
	Patterns of recurrence
	Effects of radiation dose

	Discussion
	Conclusion
	References




