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Abstract

Purpose: Emerging evidence has linked glioblastoma multiforme (GBM) recurrence and survival
to stem cell niches (SCNs). However, the traditional tumor—ventricle distance is insufficiently
powered for an accurate prediction. We aimed to use a novel inverse distance map for improved
prediction.

Methods and Materials: Two T1-magnetic resonance imaging data sets were included for a
total of 237 preoperative scans for prognostic stratification and 55 follow-up scans for recurrent
pattern identification. SCN, including the subventricular zone (SVZ) and subgranular zone (SGZ),
were manually defined on a standard template. A proximity map was generated using the summed
inverse distances to all SCN voxels. The mean and maximum proximity scores (PSy-scn and
PSmax—scn) Were calculated for each primary/recurrent tumor, deformably transformed into the
template. The prognostic capacity of proximity score (PS)-derived metrics was assessed using Cox
regression and log-rank tests. To evaluate the impact of SCNs on recurrence patterns, we
performed group comparisons of PS-derived metrics between the primary and recurrent tumors.
For comparison, the same analyses were conducted on PS derived from SVZ alone and traditional
edge/center-to-ventricle metrics.

Results: Among all SCN-derived features, PSy,_scn wWas the strongest survival predictor (P
<.0001). PSihax—scn Was the best in risk stratification, using either evenly sorted (P=.0001) or k-
means clustering methods (P=.0045). PS metrics based on SVZ only also correlated with overall
survival and risk stratification, but to a lesser degree of significance. In contrast, edge/center-to-
ventricle metrics showed weak to no prediction capacities in either task. Moreover, PSy_scn»
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PSm-scz, and center-to-ventricle metrics revealed a significantly closer SCN distribution of
recurrence than primary tumors.

Conclusions: We introduced a novel inverse distance-based metric to comprehensively capture
the anatomic relationship between GBM tumors and SCN zones. The derived metrics
outperformed traditional edge or center distance-based measurements in overall survival
prediction, risk stratification, and recurrent pattern differentiation. Our results reveal the potential
role of SGZ in recurrence aside from SVZ.

Introduction

Brain glioblastoma multiforme (GBM) is one of the most aggressive types of primary
cancer, with a recurrence rate as high as 90% and a dismal 5-year survival of 4% to 5%.1:2
The standard of care for patients with newly diagnosed GBM consists of maximal safe
resection, followed by adjuvant therapies, among which external beam radiation therapy
(RT) has long played a crucial role with demonstrated survival benefit over other supportive
care.34 Despite significant developments in image guided RT leading to improved definitive
and salvage treatments, minimal improvement in GBM survival has been brought by RT
since the introduction of temozolomide coadministration a decade ago. Recently, the
development of tumor-treating fields has shown positive clinical trial results for further
survival extension but debates are ongoing on its lack of mechanism of action, and no
superior efficacy has been observed in the treatment of recurrent GBM.® Overall, the
therapeutic outcomes in recurrence reduction continue to be disappointing.6-8 The limited
clinical success in GBM treatment highlights the inadequate understanding of
tumorigenesis; thus, increasing tumor tissue profiling has been conducted at the genomic
and proteomic level for the underpinning biology and better patient stratification.8 However,
although pathologic subtyping dictates tumor aggressiveness and the associated survival
risks, it yields limited insights on the geometric location for more targeted RT planning.

Recently, increasing evidence has linked GBM pathogenesis with the involvement of stem
cell niches (SCNs; ie, regions identifiable through radiographic images), providing new
directions for RT treatment.®-11 There are 2 main SCNs in the adult human brain: the larger
subventricular zone (SVZ), which lines the wall of the lateral ventricles, and the smaller
subgranular zone (SGZ), which resides in the hippocampus.12:13 |solated neural stem cells
from these 2 regions are found to have shared cellular pathways with brain tumor cells and
exhibit some glioma-like characteristics, such as angiogenesis association, immature
antigenic phenotype possession, and, more importantly, a greater ability to migrate.14-16 The
role of SCN in GBM formation and progression has been further assessed through in vivo
imaging analysis, in which a worse prognosis and more aggressive cancer spread have been
associated with anatomic proximity to SCN.17-19

Additional evidence points to the positive correlation between incidental SCN dose from RT
and patient survival.#20:21 However, the modest correlation is weakened by uncertainties
from the heterogeneous geometric definition.22 The radiologic definition of SCN is
inconsistent among studies, with variations such as ipsilateral versus bilateral S\VZ, various
margins to ventricles, and with or without the inclusion of SGZ. As a result, SCN

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2021 July 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lao et al.

Page 3

involvement could only be semi-quantitatively assessed (anatomic contact vs noncontact,
distance to the wall of lateral ventricles). Given the proximity of SCN to several critical
brain regions, such as the corpus callosum and hippocampus, further debates arose on
increased toxicity over limited survival benefit. To date, there has been no consensus on a
single SCN-based measurement for patient stratification and the optimized target dose and
volume for SCN inclusion. Therefore, we need a novel quantitative SCN proximity
assessment that is capable of achieving significantly more robust prediction for patient
recurrence and survival analyses.

In the present study, we aimed to quantify the extent of SCN involvement for improved
patient stratification and RT planning. On brain magnetic resonance imaging (MRI), we
characterized the tumor proximity to SCN through the summed inverse distance to SCN,
which captures a comprehensive spatial relationship between the tumor and all SCN zones
(SVZ and SGZ). We then evaluated the effectiveness of these novel metrics as patient
survival and recurrence location predictors.

Methods and Materials

Patient and imaging data

Two MRI data sets of patients with GBM were included in the study: preoperative scans of
237 patients, age 18 to 86 years (60.3 £ 12.8 years) from the Cancer Imaging Archive (used
for prognostic stratification),23:24 and follow-up scans of 55 patients, age 18 to 74 years
(51.1 + 13.9 years), retrospectively solicited from our institutional database (used for
recurrence pattern identification). The preoperative data set consists of multicenter,
multivendor MRI scans with field strengths of 1.5T or 3T and slice thickness of 1 to 6 mm.
Four sequences were included for each patient: T1-weighted (T1), T1 contrast-enhanced
(T1ce), T2-weighted (T2), and T2 fluid-attenuated inversion recovery (FLAIR). The
delineation of the tumor volumes (enhancing and nonenhancing tumor regions) was
provided with the data sets and assessed by a radiologist.24 The patients with GBM from the
follow-up data set were retrospectively solicited from our institutional databases according
to the following criteria: (1) had surgical resection; (2) had clinically diagnosed recurrence;
and (3) received MRI scans at the time of recurrence. MRI images of the same 4 sequences
were obtained on 3 scanners: GE Signa Excite 1.5T and 3T scanners, as well as SIEMENS
Avanto 1.5T scanner. Slice thickness ranged from 2 to 5 mm. Primary tumor volumes (we
used resection cavities in this study) and recurrence volumes were manually segmented,
mainly on T1ce images, with other sequences for complementary assessments.

Stem cell niche delineation and generation of proximity map

Four SCN zones were defined in the T1-MR Montreal Neurological Institute (MNI) brain
template, as shown in Figure 1.2° Specifically, bilateral SVZs were defined as the 3 to 5 mm
extension outside the wall of each lateral ventricle, and bilateral SGZs were defined at the
interface between the hilus and the granular layer of each hippocampus.12-13 As a common
representation in most neurogenic niche-related research, lateral ventricles (LVs) were also
delineated for each patient to facilitate traditional distance-to-ventricle measurements for
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comparison purposes. The delineation of LVs was initiated by registration-based warping
from a template and followed by manual editing.?®

To quantitatively characterize the degree of tumor—SCN proximity, a normalized proximity

map was generated using the inverse distance (ID) weightings to voxel-wise observations in
the corresponding SCN. Specifically, the proximity to SVZ, the largest and most commonly
referred SCN, is estimated as

ID(X) — I Dpyin

———ifx &V

PSsyz(x) = { I Dmax — I Din fx¢ )
l,ifxeV
where
N 1

IDx)= ), . —— 2
21 =1 d(x, V[_)Z 2

V; with i € [1, N] represents an observation in bilateral SVZ, and x is an interpolated voxel
in the brain. a(x, V)2 denotes the squared Euclidean distance between x and a given
observation in V. /Dy, and /D, correspond to the maximum and minimum inversed
distance within V, respectively.

Similarly, PSsg~is calculated for the less explored SGZ. Accounting for the impact of all
SCN zones, PSscyyis finally calculated as the sum of PSgy»and PSsg 7 normalized
between 0 and 1. All proximity calculations were conducted using in-house codes built in
MATLAB (version 9.6.0.1072779 [R2019a]; The MathWorks Inc., Natick, MA). A visual
illustration of the resulting PSscpy map is shown in Figure 1.

Image processing

To remove individual variances of brain size and shape on proximity measurements, we
preprocessed each T1 MRI by stripping the skull, conducting bias field correction, and
performing affine registration to the common template space using Simplel TK and FSL.26:27
Subsequently, pathology adaptive deformable registration was performed on each of the
patients to afford finer tissue alignment with the template, using state-of-the-art symmetrical
normalization diffeomorphic registration in advanced neuroimaging tools.2>28 Specifically,
the MNI template was deformably aligned to each patient, with similarity enforcement
applied only in the nonpathologic tissues, excluding the noncorresponding lesioned areas (ie,
tumor or cavities). Next, the inverse transformations were propagated onto the tumor and the
LV segmentation.

The mean and maximum proximity scores (PS) to the SVZ (PSy;_sy/zand PSpax-sy.2) and
all SCNs (PSp_scyand PSpax—_scn) Were calculated for each primary/recurrent tumor
volume, deformably transformed into the common template space. In addition, 2 traditional
SCN-related proximity metrics, tumor edge to the ventricle (EV) and center to the ventricle
(CV), were included for comparison. EV and CV measurements were calculated as the
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minimal distances between the edge or center of the tumor cores to the wall of the lateral
ventricles, using brutal force point-to-point distance calculations between 2 binarized
structures. Owing to the sensitivity of these point measurements to individual patient
anatomy, to maximally preserve the morphology, the EV and CV calculations were
performed in the subject space with only affine alignment to the common template.

Statistical Analysis

Results

The prognostic values of the 4 PS-based metrics (PSp,_sv.z PSmax—svz PSm-scn, and
PSmax-scn) Were first evaluated using univariate Cox proportional hazards regression with
overall survival (OS). OS was defined as the period from the time of diagnosis to the time of
patient death or last encounter. Given the wide range of patient age in the data set (range,
18-86 years) and the confounding role of age,29:3% multivariate Cox regression was also
performed for each predictor to account for the age effect. To assess the classification
capacity of each risk predictor, we stratified all patients into 2 risk groups based on 2
methods: M1, sorted and evenly divided high-risk (HG) and low-risk (LG) groups; and M2,
automatically clustered HG and LG using K-means with the city block distance. For
comparison, we performed the same analyses on traditional EV and CV measurements.

To further evaluate the impact of SCNs on recurrence patterns, group comparisons were
performed between the primary and recurrent tumors in terms of 4 PS-derived metrics and
the 2 traditional measurements for comparison. All statistical analyses were performed in
MATLAB (version 9.6.0.1072779 [R2019a]; The MathWorks Inc; Natick, MA).

Preoperative prognostic capacity

Table 1 shows the Cox regression results of all predictors. Among all tested metrics, the
PSscnrderived metrics were the best OS predictors, with or without adjusting for age. In
particular, PSy,_scp (ie, degree of overall tumor core proximity to all SCN zones)
significantly predicted OS (P < .0001) with a hazard ratio of 10.28 (95% confidence interval,
3.1841-33.2289), indicating a drastically increased survival risk with closer SCN
proximities. The next best OS predictor is PS.—scn (i€, extent of the closest vicinity of the
tumor core to all SCN zones; univariate 2= .0019; age-adjusted £=.0021). Proximity
estimation based on SVZs only, PSyax—svzand PSy,,_s\/7 also presented associations with
OS, but to a lesser degree of significance. The 2 traditional distance-based metrics (CV and
EV) are ineffective in predicting OS, with highly varying HR values that fluctuated around
1.

The risk stratification capability of each metric was further validated using the log-rank test,
as shown in Table 2. Kaplan-Meier survival curves of groups stratified using M1 and M2 can
be found in Figure 2A and 2B, respectively. The survival risks were best stratified by
PSmax-scn, using both evenly divided and K-means clustering methods, with P-values

of .0001 and .0045, respectively. Consistently, in both methods, PS metrics derived from all
SCN zones outperformed those derived from SVZ alone. Again, the traditional CV and EV
metrics were unable to stratify the risks using even division or K-means clustering.
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Recurrence pattern differentiation

As shown in Figure 3, the difference in anatomic distributions between primary and
recurrent tumors is reflected in the composite map of tumors from all patients. A 3-
dimensional rendering of accumulated primary versus recurrent tumors (shown in red and
green, respectively) revealed more medial/central located recurrence. In other words,
recurrent tumors showed a decreased distance to the ventricles and increased proximities to
SCNs. The medial/central shift between primary and recurrent tumors was successfully
detected by 3 tumor center-/average-related metrics: PSy,_scan PSm-svz and CV, with A~
values of .0225, .0321, and .0243, respectively. The remaining 3 edge/maximal PS-related
metrics (PSmax—scn PSmax—sv.z and EV) failed to detect the collective shift. More detailed
statistical results of the primary and recurrence comparisons can be found in Table 3.

Discussion

The connection of adult brain SCN with glioma pathogenesis dates back 2 decades ago
when accumulating cancerogenesis evidence suggested that gliomas arose from transformed
endogenous stem cells rather than fully differentiated glia, as was long believed.%14 As
imaging techniques advanced, the in vivo association between GBM and SCNs have been
reappraised in patients. The majority of these studies focused on SVZ, the largest SCN in the
adult brain. In particular, Jafri et al classified 91 patients with GBM according to their
primary tumor location in relation to the SVZ and cortex and found decreased OS and
progression-free survival in SVZ-contacting group, regardless of cortical involvement.1’
However, using similarly classified groups according to SVZ abutment on 49 patients,
Kimura et al found no relation between GBM location with respect to SVZ and recurrence
patterns (local, spread, distant).3! Subsequently, Adeberg et al further evaluated 607 patients
with GBM and confirmed the association of SVZ involvement with shorter survival and
distant progression.18 Different from the coarse binary grouping method based on SVZ
contact, Liu et al refined the definition of SVZ involvement using the shortest distances from
the tumor centroid to the edge of the lateral ventricles and reported poorer prognosis in
patients with low-grade glioma with shorter distances to the ventricles.1® However, as shown
by our study, the point—distance metrics for classification suffer from high variance and are
unreliable predictors of OS and risks.

Previous SCN-derived GBM studies focused on SVZ, but the prognostic role of SGZ, the
relatively smaller neurogenic niche in the adult brain, has been inadequately explored.
Located between the granule cell layer and hilus of the dentate gyrus of the hippocampus,
the SGZ is concomitantly spared in advanced hippocampal-sparing RT plans aiming for
maximal memory preservation.32:33 As a result, evidence supporting the contribution of SGZ
in GBM formation and recurrence may increase the need for a more comprehensive
evaluation of neurocognitive function protection over compromised target coverage.
However, in the few studies that incorporated the SGZ into survival and recurrence analysis,
split findings were reported. For instance, among 102 patients with GBM, Chen et al defined
neurogenic region (NR) involvement as the direct contact of the contrast-enhancing tumor
edge with either SVZ and SGZ and revealed a qualitative propensity of GBM to recur
toward NRs.34 In contrast, Mistry et al compared survival between groups with or without
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contact with each NR. Among 207 patients with GBM, they found that the adverse
prognostic effect is specific to SVZ contact, but the SGZ contact group was small in their
data set (10% of the entire cohort).3°

To improve the quantification of the geometric correlation and better elucidate the role of
SGZ in GBM outcome and recurrence, we developed an inverse distance-based proximity
estimation on structural MRI in the current study to quantify the extent of SCN involvement
in GBM. Using the cumulative inverse distances for both SVZ and SGZ, the contributions of
both neurogenic niches are combined into a single proximity map, where the influence of
SCN on the tumor, gauged by the location of the tumor on the map, can be effectively
characterized. Among 237 patients with GBM from the public Cancer Imaging Archive data
set, the inverse distance-derived metrics outperformed traditional edge or center distance-
based measurements in preoperative OS prediction and survival risk stratification. PS based
on the SVZ alone (PS;_syzand PS.x—s17) reached moderate significance in the
aforementioned prognostic testing, but a collective proximity estimation combining the SVZ
and SGZ estimation (PSy,_scyand PSpax—sc) evidently improved the prognostic power.
Moreover, the tendency of GBM to recur closer to SCN was confirmed by 3 centroid-/
average-based measurements, specifically as significantly higher PS,,_s\.zand PSy,_scp, as
well as significantly shorter CV. The systematic shift between primary and recurrent tumors
further implicates the role of SCNs in GBM progression. For RT, our results provide more
robust evidence for personalized RT to offset the potential toxicity associated with the high-
risk volumes.

Our study is not without remaining questions. First, the manually defined SCN on the
common MNI space and the use of generic-lesion-purposed registration. The MNI template
created on healthy adults may not fully represent the anatomy of pathologic GBM brains
with, for instance, enlarged ventricles and degenerated white matter. The difference may
introduce errors in brain registration and manual identification of SCN, especially those
contacting the lateral ventricles. In addition, the lesion-based advanced neuroimaging tool
registration, although being the current state-of-the-art method for pathologic brain
alignment, may not fully account for specific morphologic characteristics (relatively large
deformations around the ventricles and cavities) for GBM brains. A separate investigation
beyond the scope of the current study, such as a brain template specific to the GBM
population and an algorithm adaptive to pathologic GBM brains,38 would be needed to focus
on the accuracy of brain alignment and SCN delineation.

Second, our analyses were only controlled for age. The prognostic power of PS-derived
metrics, especially those obtained on all SCN zones, are consistent with and without age
adjustment. Nevertheless, other confounding factors, such as the O6-methylguanine-DNA
methyltransferase promoter methylation status, preoperative Karnofsky performance status
score, treatment regimens, and resection status, may exist and require further analysis. Third,
although 3 metrics concomitantly identified a closer distribution of recurrence to SCN,
including SGZ, into the analyses, they did not improve the power of group differentiation.
Whether this is specific to our limited number of patients in the recurrence data set or due to
a more complex mechanism of recurrence (ie, collective contribution of primary tumor
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infiltration and SCN) is unclear. A substantially larger data set may be needed to shed light
on these questions.

Conclusions

We introduced a novel inverse distance-based metric to comprehensively characterize the
anatomic proximity of GBM tumors to SCN zones. The PS derived from all SCN zones
outperformed those derived from SVZ alone, as well as traditional edge or center distance-
based measurements in OS prediction and risk stratification. Our results implicate the
potential role of SGZ in recurrence aside from SVZ. Moreover, both traditional and inverse
distance-based metrics concomitantly detect a central-shift pattern of recurrence, further
implying the role of SCN in GBM recurrence.
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SvVZ

Fig. 1.
Two brainstem cell zones, showing the (A) subventricular zone, and (B) subgranular zone, as

well as a (C) 3-dimensional rendering of segmented bilateral subventricular and subgranular
zones, and (D) axial, (E) sagittal, and (F) coronal views of the proximity map with
intensities illustrating the degree of proximity to all stem cell niches. All images are
visualized in ITK-SNAP (www.itksnap.org).
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Fig. 2.

Kaplan-Meier plots of overall survival for groups of patients stratified by 6 stem cell niche-
associated metrics, using (A) evenly dividing method (M1, and (B) K-means clustering
(M2). Censored observations are marked by black circles.3” (A color version of this figure is
available at https://doi.org/10.1016/j.ijrobp.2021.02.020.)
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Sagittal Coronal

Sagittal Coronal

Fig. 3.

O\?erlaid primary and recurrent tumor locations from all subjects, showing (A) axial,
sagittal, and coronal views for primary (upper row) and recurrent (bottom row) tumors, and
(B) 3-dimensional rendering of primary (red) and recurrent (green) tumors. Primary and
recurrent tumors show significant differences in proximity to stem cell niches (medial and
center located), using 3 centroid/mean proximity score-based metrics. (A color version of
this figure is available at https://doi.org/10.1016/j.ijrobp.2021.02.020.)
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Results of Cox proportional hazards regression between overall survival and 6 stem cell region-associated
predictors (CV, EV, PS;—_svzPSmax-svzPSm-schs PSmax-sci), as Well as age

Mean Standard deviation Hazardratio 95% confidenceinterval P-value
Age,y 60.35 12.84 1.03 1.02-1.05 5.5034e-10*
CV, mm 19.40 15.11 0.99 0.99-1.00 7870
0.99 0.98-1.00 .3239
EV, mm 5.39 7.92 0.98 0.96-1.00 .0601
0.98 0.96-0.99 03997
PSm svz 0.26 0.11 2.58 0.86-7.74 .0890
5.02 1.64-15.35 0046
PSmax svz  0.71 0.30 1.76 1.12-2.76 01377
177 1.13-2.77 o167
PSm_sen 0.26 0.11 5.17 1.66-16.07 0045
10.28 3.18-33.22 9.78676-05*
PSmax scn  0.75 0.30 2.06 1.30-3.27 0019*
2.05 1.29-3.24 0021 %

Abbreviations: CV = tumor center to the ventricle; EV = tumor edge to the ventricle; PS;—S\/Z= mean proximity score of the subventricular
zone, PSmax—S\/Z= maximum proximity score of the maximum subventricular zone; PS;—SCN/ = mean proximity score of the stem cell niche;

PSmax—SC/N = maximum proximity score of the stem cell niche.

Results of univariate Cox regression are shown in light gray colored rows, and the ones adjusted for age are shown in dark gray.

P-values <.01.

fP—vaIues <.05.
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Table 3

Group comparison results between primary and recurrent tumors using 6 stem cell niche-derived metrics

Primary Recurrence

Mean SD Mean SD P-value

CV, mm 21.00 11.71 1864 1085 (0243%
EV, mm 675 7.93 675 7.79 9974
PSm svz 023 0.3 026 012 225"
PSmaxsvz 065 033 066 032  .8308
PSm scn 022 0.12 024 011 03217

PSmaxscn 068 032 066 032 5175

Abbreviations: CV = tumor center to the ventricle; EV = tumor edge to the ventricle; PS;—S\/Z= mean proximity score of the subventricular
zone; PSmax—S\V/z= maximum proximity score of the maximum subventricular zone; PSm—SC/N/= mean proximity score of the stem cell niche;
PSmax—SCN = maximum proximity score of the stem cell niche; SD = standard deviation.

*
P-values <.05.
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