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Abstract
Background.  Neural stem cells in the subventricular zone (SVZ) and subgranular zone (SGZ) are hypothesized to 
support growth of glioma. Therefore, irradiation of the SVZ and SGZ might reduce tumor growth and might im-
prove overall survival (OS). However, it may also inhibit the repair capacity of brain tissue. The aim of this retro-
spective cohort study is to assess the impact of SVZ and SGZ radiotherapy doses on OS of patients with high-grade 
(HGG) or low-grade (LGG) glioma.
Methods. We included 273 glioma patients who received radiotherapy. We created an SVZ atlas, shared openly 
with this work, while SGZ labels were taken from the CoBrA atlas. Next, SVZ and SGZ regions were automatically 
delineated on T1 MR images. Dose and OS correlations were investigated with Cox regression and Kaplan-Meier 
analysis.
Results.  Cox regression analyses showed significant hazard ratios for SVZ dose (univariate: 1.029/Gy, P < .001; 
multivariate: 1.103/Gy, P = .002) and SGZ dose (univariate: 1.023/Gy, P < .001; multivariate: 1.055/Gy, P < .001) in 
HGG patients. Kaplan-Meier analysis showed significant correlations between OS and high-/low-dose groups for 
HGG patients (SVZ: respectively 10.7 months (>30.33 Gy) vs 14.0 months (<30.33 Gy) median OS, P = .011; SGZ: re-
spectively 10.7 months (>29.11 Gy) vs 15.5 months (<29.11 Gy) median OS, P < .001). No correlations between dose 
and OS were found for LGG patients.
Conclusion.  Irradiation doses on neurogenic areas correlate negatively with OS in patients with HGG. Whether 
sparing of the SVZ and SGZ during radiotherapy improves OS, should be subject of prospective studies.

Key Points

•	 Neural stem cells in the SVZ and SGZ are hypothesized to support growth of glioma.

•	 Higher radiation doses on the SVZ and SGZ correlate with lower OS in HGG patients.

•	 Avoidance of neurogenic niches should be considered to improve OS of HGG patients.

Glioma is the most common primary brain tumor, and it con-
sists of glial cells which normally support the functioning of 
nerve cells.1,2 Survival rates in glioma patients depend on sev-
eral clinical factors, such as tumor progression and WHO grade. 

Patients with low-grade glioma (LGG; WHO grade I and II) have 
a median survival of 5.6 to 11.6 years, while patients with high-
grade glioma (HGG; WHO grade III and IV) have a median sur-
vival of 14  months to 3.5  years and almost always develop 

Irradiation of the subventricular zone and subgranular 
zone in high- and low-grade glioma patients: an atlas-
based analysis on overall survival

  

HeadA=HeadB=HeadA=HeadB/HeadA
HeadB=HeadC=HeadB=HeadC/HeadB
HeadC=HeadD=HeadC=HeadD/HeadC
Abstract_Last=Text=Abstract_Last=Text_First
Abstract_Last=Text_First=Abstract_Last1=Text_First1
Figure=Figure_Above_Space=Figure=FigCapt
XText_1=XText_1=XText_1=XText_12
CopyrightLine=CopyrightLine=CopyrightLine=CopyrightLine_Without_Rule

applyparastyle "fig//caption/p[1]" parastyle "FigCapt"
applyparastyle "fig" parastyle "Figure"

https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0002-3691-642X
https://orcid.org/0000-0003-0316-3895
https://orcid.org/0000-0002-4095-930X
https://orcid.org/0000-0001-6557-2235
https://orcid.org/0000-0001-9673-0793
mailto:j.j.c.verhoeff-10@umcutrecht.nl?subject=


 2 Bruil et al. Irradiation of subventricular and subgranular zones in glioma patients

recurrences.3 Current clinical management consists of a 
combination of different concurrent and consecutive treat-
ments: tumor resection, radiotherapy (RT), and chemo-
therapy (CT), to reduce tumor size and inhibit progression.2,4 
To increase survival rate and quality of life of patients with 
glioma, it is essential to further improve current treatment 
modalities and investigate the effects of modulating radia-
tion dose to presumed tumor supporting brain regions.

Recent studies have shown that the growth of glioma 
might be supported by cells originating from the 
subventricular zone (SVZ), providing the tumor with neural 
stem cells (NSCs), and progenitor cells.5–7 The SVZ, which 
is located along the lateral wall of the ventricles, is one of 
the neurogenic niches in the brain, next to the subgranular 
zone (SGZ) in the dentate gyrus (DG) of the hippocampus 
(HPC).8–10 The main role of these niches is neurogenesis, 
through the generation of multipotent NSCs from the 
embryonic stage throughout adulthood.8–10 The SVZ has 
been shown to play a role in tissue repair and prevention 
of neurodegenerative diseases,11,12 while the SGZ gener-
ates NSCs that are involved in pathways of learning and 
memory.8,13 Lee et  al. have shown that neural tissue of 
HGG patients have NSCs in the SVZ that contain similar 
driver mutations as their matching glioma, which can mi-
grate and result in progression of HGG.5 Others found that 
anatomical contact of the tumor with the SVZ correlates 
with lower survival rates in both HGG and LGG glioma, in-
dependent of other prognostic factors.6,7,14,15 In contrast to 
NSCs from the SVZ, NSCs in the SGZ are thought unlikely 
to support glioma development.16 It has been shown that 
irradiation of the SGZ can result in cognitive decline in pa-
tients with central nervous system malignancies,17 which 
is associated with lower overall survival (OS).18,19 Studies 
that investigated irradiation of the SVZ on the other hand, 
showed that HGG patients who received a high irradi-
ation dose (>40 Gy) on the SVZ have improved OS and 
Progression-free Survival (PFS), compared to patients that 
receive a low irradiation dose on the SVZ.20–24 These find-
ings suggest that for HGG, the SVZ should be targeted with 
high dose during RT to decrease tumor regrowth, while the 
SGZ might need to be spared to prevent cognitive decline. 
Contradictory, irradiating the SVZ and therefore damaging 
its repair capacity for normal brain tissue as well, may lead 
to opposing effects on OS as previous studies show.

The goal of this retrospective cohort study is to deter-
mine whether irradiation of the SVZ and SGZ in patients 
with HGG and LGG will increase survival, by comparing 
OS of these cohorts to irradiation doses applied to the SVZ 
and SGZ. By investigating the effects of radiotherapy to 
SVZ and SGZ in glioma patients, clues for further treatment 
optimization in the neuro-oncology field may be provided.

Materials and Methods

Patient Selection and Data Collection

Patients diagnosed with glioma who received RT be-
tween November 2014 and July 2020 at the Department of 
Radiation Oncology of the UMC Utrecht were retrospec-
tively selected. All patients received intensity-modulated 
RT (IMRT) or volumetric modulated arc therapy (VMAT); 
most of them were treated to 60 Gy in 30 fractions, others 
were recalculated to a total equivalent dose in standard 
2 Gy fractionation (EQD2) using biologically equivalent 
dose principles using the linear quadratic model with 
an α/β ratio of 2 Gy.25 T1-weighted MR images without 
contrast enhancement and CT images with mapped ra-
diation dose were collected for every patient. Gross 
tumor volume (GTV), clinical target volume (CTV), and 
planning target volume (PTV) were defined by a radia-
tion oncologist as part of routine clinical care. Next, we 
collected clinical prognostic data, which includes age, 
sex, Karnofsky Performance Score (KPS), date of last fol-
low-up, date of death, RT start date, survival time, RT 
dose, and RT fractions to calculate the EQD2, total intra-
cranial volume calculated from T1 scans, (extent of) resec-
tion, (type of) CT, and overlap values between SVZ or SGZ 
and GTV, CTV, and PTV. The dataset  also includes WHO 
grade and molecular markers of prognosis: isocitrate de-
hydrogenase (IDH)-mutation status, O6-methylguanine 
methyltransferase (MGMT) methylation status, and 
1p/19q-codeletion status.26–29 Details of data coding are 
available in Supplementary Appendix 1. Inclusion criteria 
for constructing the dataset were: patients diagnosed with 
glioma, receiving cranial RT between November 2014 and 
July 2020, age ≥ 18  years, and accessible planning and 
dosimetry data. Exclusion criteria were: rare cancer type 

Importance of the Study

Survival rates and quality of life of patients 
with glioma are still suboptimal, therefore im-
provement of radiation treatment planning and 
delivery is required. The SVZ and SGZ of the 
adult human brain are a source of brain tissue 
repair but may also be the source of glioma 
growth enhancement. By investigating the ef-
fects of radiotherapy on SVZ and SGZ, we gain 
insight into associations between tumor pro-
gression and survival. We included 273 adult 
patients with high- and low-grade glioma who 

received radiation treatment. We found that ir-
radiation doses on neurogenic areas correlate 
with lower OS in patients with HGG. Avoidance 
of SVZ and SGZ should be considered to im-
prove OS. These study results will contribute to 
optimization of brain tumor radiotherapy, fo-
cused on increasing OS. In order to facilitate 
future research into the role of the SVZ, we also 
provide stereotaxic standard space atlas labels 
for SVZ.

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab193#supplementary-data
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The goal of this retrospective cohort study is to deter-
mine whether irradiation of the SVZ and SGZ in patients 
with HGG and LGG will increase survival, by comparing 
OS of these cohorts to irradiation doses applied to the SVZ 
and SGZ. By investigating the effects of radiotherapy to 
SVZ and SGZ in glioma patients, clues for further treatment 
optimization in the neuro-oncology field may be provided.

Materials and Methods

Patient Selection and Data Collection

Patients diagnosed with glioma who received RT be-
tween November 2014 and July 2020 at the Department of 
Radiation Oncology of the UMC Utrecht were retrospec-
tively selected. All patients received intensity-modulated 
RT (IMRT) or volumetric modulated arc therapy (VMAT); 
most of them were treated to 60 Gy in 30 fractions, others 
were recalculated to a total equivalent dose in standard 
2 Gy fractionation (EQD2) using biologically equivalent 
dose principles using the linear quadratic model with 
an α/β ratio of 2 Gy.25 T1-weighted MR images without 
contrast enhancement and CT images with mapped ra-
diation dose were collected for every patient. Gross 
tumor volume (GTV), clinical target volume (CTV), and 
planning target volume (PTV) were defined by a radia-
tion oncologist as part of routine clinical care. Next, we 
collected clinical prognostic data, which includes age, 
sex, Karnofsky Performance Score (KPS), date of last fol-
low-up, date of death, RT start date, survival time, RT 
dose, and RT fractions to calculate the EQD2, total intra-
cranial volume calculated from T1 scans, (extent of) resec-
tion, (type of) CT, and overlap values between SVZ or SGZ 
and GTV, CTV, and PTV. The dataset  also includes WHO 
grade and molecular markers of prognosis: isocitrate de-
hydrogenase (IDH)-mutation status, O6-methylguanine 
methyltransferase (MGMT) methylation status, and 
1p/19q-codeletion status.26–29 Details of data coding are 
available in Supplementary Appendix 1. Inclusion criteria 
for constructing the dataset were: patients diagnosed with 
glioma, receiving cranial RT between November 2014 and 
July 2020, age ≥ 18  years, and accessible planning and 
dosimetry data. Exclusion criteria were: rare cancer type 

or disease, re-irradiation, and whole-brain radiotherapy. 
Patients with WHO grade I/II and WHO grade III/IV glioma 
were investigated separately as LGG and HGG cohorts, re-
spectively. All participants in the study provided informed 
consent to collect clinical, pathological, and imaging in-
formation to be used for future retrospective studies and 
all procedures were approved by our institutional review 
board (#18/274).

Image Acquisition

MR images were acquired on a 3T Philips Ingenia scanner 
(Philips Healthcare, Best, The Netherlands) as part of 
routine clinical care. T1-weighted MR images were ac-
quired with a 3D turbo-spin echo (TSE) sequence without 
contrast enhancement, with the following parameters: 
TR = 8.1 ms, TE = 3.7 ms, flip angle = 8°, 213 continuous 
axial slices without gap, matrix: 207 × 289, voxel resolution 
1 × 0.96 × 0.96mm. The planning CT scans were acquired 
on a Brilliance Big bore scanner (Philips Medical Systems, 
Best, The Netherlands), with a tube potential of 120 kVp, 
using a matrix size of 512 × 512 and 0.65 × 0.65 × 3.0 mm 
voxel size.

Image Processing and Segmentation

All imaging data was processed with FSL,30 Statistical 
Parametric Mapping (SPM),31 Computational Anatomy 
Toolbox (CAT12)32, and Virtual Brain Grafting (VBG).33 
Image processing was done according to our previously 
published criteria.34 More detailed methods can be found 
in Supplementary Appendix 2. The SGZ masks were ac-
quired via nonlinear registration of the Hippocampus 
and Subfields CoBrA atlas by Winterburn et  al.35 using 
the CAT12 toolbox.32 Previously conducted studies ac-
quired SVZ labels via manual delineation with varying 
definitions. In order to facilitate the production and repro-
ducibility of similar research, we developed an SVZ atlas, 
defined in the symmetric 0.5 × 0.5 × 0.5 mm3 MNI-ICBM 
152 space (Montreal Neurological Institute-International 
Consortium for Brain Mapping template created from 152 
healthy brain).36–38  The atlas is substantiated by the neuro-
anatomic development of the SVZ and divided in 4 sub-
regions by the supervision of a neuro-pathologist. Figure 
1 shows a visual overview of the SVZ and its subregions, 
along with the HPC and its subregions, as well as the 
fornix. Details on the defining process of the SVZ atlas are 
available in Supplementary Appendix 3.

Statistical Analyses

Data analysis was performed using IBM SPSS (for 
Windows, version 26.0.0.1). As mentioned before, the pri-
mary outcome of this study was OS, defined as months 
after the first RT session until date of death or last fol-
low-up. Patients that were alive at time of their last fol-
low-up, are censored at the follow-up date.

The relationship between the mean dose on neuro-
genic subregions and OS was examined using the Cox 
Proportional Hazards model39 and the Kaplan-Meier 

estimator.40 Cox Proportional Hazard models were per-
formed with the log partial likelihood ratio test, to cal-
culate the hazard ratios. They were executed both with 
and without correcting for the following prognostic fac-
tors: age, sex, KPS, total intracranial volume, mutations, 
surgery-extent, CT, SVZ/GTV contact, and HPC/GTV con-
tact. For the Kaplan-Meier analysis, patients were dichot-
omized in two groups based on the median of the mean 
dose for each neurogenic structure. This resulted in a high-
dose group (patients that received greater than the me-
dian dose) and a low-dose group (patients that received 
lower than the median dose). Kaplan-Meier survival curves 
were compared with the log-rank test. Significance was set 
at P < .05 and the confidence interval (CI) was set at 95%. 
Moreover, Kaplan-Meier survival analysis was performed 
for GTV contact with the SVZ or HPC, using the same 
methods as Berendsen et al., Liu et al., Hallaert et al., and 
Chiang et al.6,7,14,15

Results

Participants

From all 338 patients that received RT between November 
2014 and July 2020, a subset of 273 patients met the in-
clusion criteria and was selected for analysis. Thirty-two 
patients were excluded due to re-irradiation and 33 pa-
tients were excluded because one or more items were 
inaccessible or incomplete: planning, delineation and/or 
dosimetry data. The remaining 273 patients were split up 
into HGG (n = 226) and LGG patients (n = 47). As expected, 
the LGG patient group did not include WHO grade I path-
ologies, therefore the cohort only contained WHO grade II 
glioma patients. The patient inclusion flowchart is shown in 
Figure 2. Baseline patient and treatment characteristics are 
shown in Table 1. In our cohort, the median OS from onset 
of radiotherapy of HGG patients was 12.1 months and me-
dian OS of LGG patients was 35.2 months. Median age of 
the HGG and LGG patients were 63 and 48 year, respec-
tively. Prior to RT, all included patients underwent any form 
of surgery (biopsy, debulking, resection), and most of them 
received a partial resection.

Survival Analysis

An overview of Cox regression analyses is shown in 
Table 2, for each patient cohort separately. For HGG pa-
tients, univariate analysis resulted in a hazard ratio (HR) 
of 1.029 per Gy for the mean SVZ dose (P < .001, [95% 
CI 1.013–1.046]) and 1.023 per Gy for the mean SGZ dose 
(P < .001, [95% CI 1.013–1.033]). Multivariate analysis of 
HGG patient data corrected for age, sex, KPS, total intra-
cranial volume, mutations, CT, surgery-extent, and SVZ/
HPC contact resulted in a HR of 1.103 (P =  .002, [95% CI 
1.037–1.173]) and 1.055 (P < .001, [95% CI 1.027–1.083]) 
for the SVZ and SGZ, respectively. Dose on HPC, the oc-
cipital horn (OH) of SVZ and temporal horn (TH) of SVZ 
all showed significant results with an HR > 1, while the 
frontal horn (FH) and SVZ body do not show significant 
results (Table 2).

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab193#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab193#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab193#supplementary-data
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Univariate analysis for LGG patients resulted in a non-
significant HR of 1.028 per Gy for mean SVZ dose (P = .506, 
[95% CI 0.948–1.114]) and 1.034 per Gy for mean SGZ dose 
(P  =  .273, [95% CI 0.974–1.098]). Multivariate analysis of 
LGG patient data could not be corrected for mutations, as 
patients with known mutations were still alive at time of 
data collection. Therefore, we corrected for age, sex, KPS, 

total intracranial volume, CT, surgery-extent, and SVZ/HPC 
contact. This resulted in an HR of 1.113 (P = .189, [95% CI 
0.949–1.305]) and 1.038 (P = .413, [95% CI 0.950–1.134]) for 
mean SVZ and SGZ doses, respectively. Both univariate 
and multivariate Cox regression analysis did not result 
in significant outcomes for any neurogenic regions in the 
LGG patient cohort (Table 2).
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Figure 1.  The subventricular zone (SVZ) structure (1) and hippocampus (HPC) structure (2) including the subgranular zone (SGZ) within the den-
tate gyrus (DG) on T1-weighted symmetrical 0.5 mm isotropic resolution template MRI images (ICBM 2009b nonlinear symmetric). A. Coronal view. 
B. Axial view. C. Sagittal view right. D. Sagittal view left. E. 3D-model of the structures, shown from the left sagittal view.
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B. Axial view. C. Sagittal view right. D. Sagittal view left. E. 3D-model of the structures, shown from the left sagittal view.

  

For Kaplan-Meier analysis, the median of the mean ir-
radiation dose on each neurogenic subregion of the en-
tire glioma patient cohort (HGG + LGG patients) was used 
as cutoff value for low- and high-dose group divisions 
(Table 3). For the SVZ, this was 30.33 Gy and for the SGZ 
29.11 Gy.

HGG patients whose SVZ received high mean SVZ dose 
showed a significant difference of 3.3 months shorter median 
OS, compared to patients who received low mean SVZ dose 
(10.7 months [95% CI 8.6–12.8] vs 14.0 months [95% CI 11.6–
16.3] median OS, P = .011). In case of the SGZ, HGG patients 
who received high mean SGZ dose showed a significant de-
crease of 4.8  months in median OS, compared to patients 
who received low mean SGZ dose (10.7 months [95% CI 8.8–
12.7] vs 15.5 months [95% CI 12.5–18.5] median OS, P < .001).

Because the LGG cohort did not reach the proportion of 
0.5 survival, median survival estimates could not be cal-
culated and therefore only mean survival estimates are 
given. The corresponding Kaplan-Meier estimates and 
curves of SVZ and SGZ doses of both cohorts are shown in 
Table 3 and Figure 3.

For ipsilateral and contralateral SVZ and SGZ doses, LGG 
patients did not show any significant OS correlations. HGG 
patients whose ipsilateral SGZ received high mean ipsilat-
eral SGZ dose (>45.03 Gy), showed a significant difference 
of 4.8 months shorter OS, compared to patients who re-
ceived low mean ipsilateral SGZ dose (10.7 months [95% 
CI 8.1–12.5] vs 15.5 months [95% CI 12.5–18.5] median OS, 
P = .002). HGG patients whose contralateral SGZ received 

high mean contralateral SGZ dose (>12.54 Gy), showed 
a significant decrease of 5.2 months in OS, compared to 
patients who received low median contralateral SGZ dose 
(10.6 months [95% CI 9.0–12.3] vs 15.8 months [95% CI 13.1–
18.6] median OS, P = .001). HGG patients whose ipsilateral 
SVZ received high mean ipsilateral SVZ dose (>39.41 Gy), 
showed a significant decrease of 2.3 months in OS, com-
pared to patients who received a low mean ipsilateral SVZ 
dose (11.5 months [95% CI 9.7–13.4] vs 13.8 months [95% CI 
11.6–16.0] median OS, P = .035).

HGG patients who had SVZ involvement in the GTV area 
had a median estimate of 4.3 months less survival com-
pared to patients who do not have contact of the GTV with 
the SVZ (11.4  months [95% CI 9.7–13.1] vs 15.7  months 
[95% CI 13.5–17.9] median OS, P < .008). Analyses of SVZ 
involvement in LGG patients did not result in significant 
outcomes. We also did not find correlations between HPC 
contact with GTV and OS, for both HGG and LGG patients.

More details and Kaplan-Meier curves of SVZ/HPC—
tumor involvement, ipsilateral, and contralateral dose 
analysis and analysis of other neurogenic subregion doses 
are available in Supplementary Appendix 4.

Discussion

In this retrospective cohort study, we have tested whether 
contact between GTV and neurogenic niches and/or 
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Figure 2.  Flowchart of patient selection and overview of in- and exclusion criteria. A. In- and exclusion criteria for patient selection. B. Flowchart 
of glioma patient selection, divided in high-grade glioma (HGG) and low-grade glioma (LGG) patient cohorts. RT radiotherapy.

  

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab193#supplementary-data
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Table 1.  Baseline Patient and Treatment Characteristics of High-Grade Glioma (HGG) Patients and Low-Grade Glioma (LGG) Patients

Characteristics HGG LGG

Patient count (%) 226 (100) 47 (100)

Median age in years (IQR) 63 (55–70) 48 (37–59)

Sex   

  Female (%) 79 (35) 16 (34)

  Male (%) 147 (65) 31 (66)

Median KPS (IQR) 80 (70–80) 90 (80–90)

Total intracranial volume in cm3 (IQR) 1540 (1424–1632) 1478 (1413–1666)

Prescribed dose (cGy) (IQR) 6000 (5040–6000) 5040 (5040–5040)

Number of fractions (IQR) 30 (28–30) 28 (28–28)

Median GTV (mm3) (IQR) 31 004 (17 455–54285) 53 111 (25 472–77 350)

Median CTV (mm3) (IQR) 21 9911 (159 297–300157) 166 666 (105 269–215 572)

Median PTV (mm3) (IQR) 269 568 (202 445–364835) 210 578 (141 448–266 651)

Extent of surgery   

  Biopsy (%) 53 (23.5) 10 (21.3)

  Partial resection (%) 117 (51.8) 31 (66)

  Complete resection (%) 56 (24.8) 6 (12.8)

Chemotherapy   

  No (%) 42 (18.6) 6 (12.8)

  Yes (%) 184 (81.4) 41 (87.2)

Type of chemotherapy   

  Temozolomide (%) 178 (96.7) 29 (70.7)

  Lomustine (%) 1 (0.5) 0 (0.0)

  PCV (%) 5 (2.7) 12 (29.3)

GTV-SVZ contact   

  No (%) 50 (22.1) 12 (25.5)

  Yes (%) 176 (77.9) 35 (74.5)

  Median overlap in mm3 (%) 243 (2.4) 266 (2.9)

GTV-SGZ contact   

  No (%) 139 (61.5) 22 (46.8)

  Yes (%) 87 (38.5) 25 (53.2)

  Median overlap in mm3 (%) 116 (5.5) 104 (5.2)

CTV—SVZ contact median overlap in mm3 (%) 2667 (24.3) 1635 (18.3)

CTV—SGZ contact median overlap in mm3 (%) 393 (23.1) 65 (3.9)

PTV—SVZ contact median overlap in mm3 (%) 3120 (27.4) 2152 (22.9)

PTV—SGZ contact median overlap in mm3 (%) 569 (31.7) 354 (18.3)

MGMT methylation   

  No (%) 95 (42) 3 (6.4)

  Yes (%) 47 (20.8) 1 (2.1)

  Unknown (%) 84 (37.2) 43 (91.5)

IDH mutation   

  No (%) 208 (92) 10 (21.3)

  Yes (%) 14 (6.2) 33 (70.2)

  Unknown (%) 4 (1.8) 4 (8.5)

1p/19q codeletion   

  No (%) 105 (46.5) 18 (38.3)

  Yes (%) 9 (4) 13 (27.7)

  Unknown (%) 112 (49.6) 16 (34)

IQR: Interquartile range; GTV: Gross tumor volume; CTV: Clinical target volume; PTV: Planning target volume; PCV: Procarbazine Lomustine 
Vincristine; SVZ: Subventricular zone; SGZ: Subgranular zone; MGMT: O6-methylguanine methyltransferase; IDH: Isocitrate dehydrogenase.
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Table 1.  Baseline Patient and Treatment Characteristics of High-Grade Glioma (HGG) Patients and Low-Grade Glioma (LGG) Patients

Characteristics HGG LGG

Patient count (%) 226 (100) 47 (100)

Median age in years (IQR) 63 (55–70) 48 (37–59)

Sex   

  Female (%) 79 (35) 16 (34)

  Male (%) 147 (65) 31 (66)

Median KPS (IQR) 80 (70–80) 90 (80–90)

Total intracranial volume in cm3 (IQR) 1540 (1424–1632) 1478 (1413–1666)

Prescribed dose (cGy) (IQR) 6000 (5040–6000) 5040 (5040–5040)

Number of fractions (IQR) 30 (28–30) 28 (28–28)

Median GTV (mm3) (IQR) 31 004 (17 455–54285) 53 111 (25 472–77 350)

Median CTV (mm3) (IQR) 21 9911 (159 297–300157) 166 666 (105 269–215 572)

Median PTV (mm3) (IQR) 269 568 (202 445–364835) 210 578 (141 448–266 651)

Extent of surgery   

  Biopsy (%) 53 (23.5) 10 (21.3)

  Partial resection (%) 117 (51.8) 31 (66)

  Complete resection (%) 56 (24.8) 6 (12.8)

Chemotherapy   

  No (%) 42 (18.6) 6 (12.8)

  Yes (%) 184 (81.4) 41 (87.2)

Type of chemotherapy   

  Temozolomide (%) 178 (96.7) 29 (70.7)

  Lomustine (%) 1 (0.5) 0 (0.0)

  PCV (%) 5 (2.7) 12 (29.3)

GTV-SVZ contact   

  No (%) 50 (22.1) 12 (25.5)

  Yes (%) 176 (77.9) 35 (74.5)

  Median overlap in mm3 (%) 243 (2.4) 266 (2.9)

GTV-SGZ contact   

  No (%) 139 (61.5) 22 (46.8)

  Yes (%) 87 (38.5) 25 (53.2)

  Median overlap in mm3 (%) 116 (5.5) 104 (5.2)

CTV—SVZ contact median overlap in mm3 (%) 2667 (24.3) 1635 (18.3)

CTV—SGZ contact median overlap in mm3 (%) 393 (23.1) 65 (3.9)

PTV—SVZ contact median overlap in mm3 (%) 3120 (27.4) 2152 (22.9)

PTV—SGZ contact median overlap in mm3 (%) 569 (31.7) 354 (18.3)

MGMT methylation   

  No (%) 95 (42) 3 (6.4)

  Yes (%) 47 (20.8) 1 (2.1)

  Unknown (%) 84 (37.2) 43 (91.5)

IDH mutation   

  No (%) 208 (92) 10 (21.3)

  Yes (%) 14 (6.2) 33 (70.2)

  Unknown (%) 4 (1.8) 4 (8.5)

1p/19q codeletion   

  No (%) 105 (46.5) 18 (38.3)

  Yes (%) 9 (4) 13 (27.7)

  Unknown (%) 112 (49.6) 16 (34)

IQR: Interquartile range; GTV: Gross tumor volume; CTV: Clinical target volume; PTV: Planning target volume; PCV: Procarbazine Lomustine 
Vincristine; SVZ: Subventricular zone; SGZ: Subgranular zone; MGMT: O6-methylguanine methyltransferase; IDH: Isocitrate dehydrogenase.
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irradiation dose to neurogenic niches in the adult human 
brain are associated with higher OS of patients with HGG 
and LGG. Neurogenic stem cell areas play a role in the main-
tenance of healthy brain tissue and repair, but may also en-
hance tumor growth. The hypothesis is based on previous 
preclinical and clinical research which showed that the SVZ 
might support the growth of LGG and HGG by providing 
the tumor with NSCs.5–7,14,41 However, it remains controver-
sial, as there is a limited number of previous studies that in 
contrast report that irradiation of the SVZ decreases OS for 
patients with HGG.42–45 A preclinical study by Achanta et al. 
reported a decrease of the proliferating cell marker Ki67 in 
a mouse model when the SVZ was irradiated,46 indicating a 
deteriorated repair capacity. Studies from Achari et al. and 
Elicin et al. showed dismal effects on OS after high irradi-
ation doses on NSC niches of patients with glioblastoma 
(n = 61 and n = 60 respectively),42,45 as did Muracciole et al. 

and Hallaert et al. reported for IDH-wild-type HGG patients 
(n = 50 and n = 137 respectively).43,44 Our study describes 
this negative correlation between SVZ irradiation and OS 
in HGG patients as well, involving a large number of pa-
tients (n = 226). HGG patients whose SVZ received high 
mean SVZ dose (>30.33 Gy), showed a significantly de-
crease of 3.3 months in median OS, compared to patients 
who received low mean SVZ dose (<30.33 Gy). Besides, 
multivariate Cox regression analysis showed HR’s of 1.103 
and 1.055 per Gy increasing irradiation doses on the SVZ 
and SGZ, respectively.

On the contrary, the majority of previous studies in this 
field shows higher survival rates of HGG patients following 
irradiation of the SVZ.20–24 The prospective study from 
Malik et  al. involving 45 glioblastoma patients showed 
improved survival when patients receive additional irradi-
ation dose on NSC niches in the ipsilateral hemisphere.47 

  
Table 3.  Overview of the Median Irradiation Dose Received by Each Neurogenic Subregion and Kaplan-Meier Analysis of Subregion Doses on 
Overall Survival (OS), with Median Estimates for the High-Grade Glioma (HGG) Group, and Mean Estimates for the Low-Grade Glioma (LGG) Group

Patient diagnosis Subregion Median dose (Gy) Dose group Median OS estimate (95% CI) P value

High-grade glioma HPC 29.30 High (>29.30) 10.7 (8.6–12.7) <.001

Low (<29.30) 15.7 (12.8–18.7)

SGZ 29.11 High (>29.11) 10.7 (8.8–12.7) <.001

Low (<29.11) 15.5 (12.5–18.5)

SVZ 30.33 High (>30.33) 10.7 (8.6–12.8) .011

Low (<30.33) 14.0 (11.6–16.3)

FH 34.63 High (>34.63) 13.5 (9.9–17.1) .830

Low (<34.63) 12.6 (11.6–13.5)

Body 35.34 High (>35.34) 10.0 (8.2–11.9) .033

Low (<35.34) 17.1 (11.9–16.0)

OH 27.92 High (>27.92) 10.0 (8.5–11.4) <.001

Low (<27.92) 17.1 (14.6–19.7)

TH 26.95 High (>26.95) 10.8 (9.3–12.3) <.001

Low (<26.95) 15.7 (10.9–20.4)

    Mean OS estimate (95% CI)  

Low-grade glioma HPC 29.30 High (>29.30) 54.4 (43.0–64.8) .314

Low (<29.30) 60.3 (54.9–65.6)

SGZ 29.11 High (>29.11) 53.0 (40.8–65.3) .190

Low (<29.11) 60.5 (55.4–65.6)

SVZ 30.33 High (>30.33) 53.8 (41.0–66.5) .395

Low (<30.33) 52.5 (48.6–56.4)

FH 34.63 High (>34.63) 58.8 (51.9–65.7) .766

Low (<34.63) 50.3 (44.3–56.4)

Body 35.34 High (>35.34) 57.6 (46.0–69.2) .988

Low (<35.34) 51.2 (46.8–55.7)

OH 27.92 High (>27.92) 49.7 (36.2–63.1) .329

Low (<27.92) 59.6 (54.4–64.8)

TH 26.95 High (>26.95) 50.2 (38.5–61.8) .316

Low (<26.95) 59.5 (54.2–64.8)

Estimates are given in months. HPC: Hippocampus; SGZ: Subgranular zone; SVZ: Subventricular zone; FH: Frontal horn; OH: Occipital horn; TH: 
Temporal horn; OS: Overall survival; CI: Confidence interval.
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Figure 3.  Overall survival (OS) curves for high- and low-dose groups, stratified by the median of the mean subventricular zone (SVZ) dose (A and 
C) and the median of the mean subgranular zone (SGZ) dose (B and D). A. OS curve of the proportion of high-grade glioma (HGG) patients relative 
to the median SVZ dose (P = .005, log-rank test). B. OS curve of the proportion of HGG patients relative to the median SGZ dose (P < .001, log-
rank test). C. OS curve of the proportion of low-grade glioma (LGG) patients relative to the median SVZ dose (P = .395, log-rank test). D. OS curve 
of the proportion of LGG patients relative to the median SGZ dose (P = .190, log-rank test).
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We have investigated ipsilateral and contralateral doses 
on neurogenic niches as well. Our retrospective outcomes 
show again that additional irradiation dose on both ipsilat-
eral SVZ or SGZ is negatively correlated with OS in HGG 
patients, contradicting the prospective study from Malik 
et al. Interestingly, when considering the outcomes of the 
FH dose in HGG patients, neither univariate or multivariate 
Cox regression and Kaplan-Meier survival outcomes are 
significant. This may indicate that the FH is an area where 
the tumor is located more often than in other SVZ areas, 
which can interfere with the results. However, the inci-
dence of tumor location in the patient population of this 
study is evenly divided between the SVZ subregions, and 
is not more common in the FH. This may suggest that the 
SVZ is not a homogeneous neurogenic region.

In contrast to the NSCs from the SVZ, previous research 
elucidated that NSCs in the SGZ of the HPC are not likely to 
sustain glioma growth, and that irradiation of the HPC may 
even result in cognitive decline and lower OS.16–19 These 
results are in line with our findings, where we show that 
HGG patients who received a high mean SGZ dose (>29.11 
Gy) show a significant decrease of 4.8 months in median 
OS, compared to patients who received a low median SGZ 
dose (<29.11 Gy).

We investigated the effect of irradiation on the SVZ and 
SGZ in LGG patients as well. Both the univariate and the 
multivariate analysis of LGG patients did not result in a 
significant correlation between irradiation dose on neuro-
genic niches and OS for LGG patients. This may be due to 
the relatively small number of patients in our study that 
were diagnosed with WHO grade II.

Furthermore, we show that SVZ contact to the GTV is 
associated with a 4.3 months lower median OS in HGG 
patients compared to patients that do not have SVZ 
contact with the GTV, which is in line with findings by 
Berendsen et  al.6 and Hallaert et  al.15 However, we are 
aware that this may be misleading, as the SVZ is lo-
cated centrally in the brain and it is suggested that cen-
tral tumor location itself is associated with worse OS.48 
We performed similar analyses for LGG patients as well, 
following methods of Chiang et al.14 and Liu et al.7 but we 
did not find a relation between SVZ contact with GTV and 
survival in this patient group. The outcomes may be due 
to our LGG patient sample size which is less than half of 
the sample size used in the study of Liu et  al.7 Another 
consideration is the atypical division of WHO grades in 
high- and low-grade, as Chiang et al.14 included WHO III 
patients as LGG patients and we included WHO III patients 
in the HGG cohort.

The dismal survival outcomes by high dose irradiation 
of neurogenic niches can be explained by the neurotoxic 
side-effects of irradiation outweighing the positive effects. 
Lower survival might be caused by the damaging of NSCs 
in the SVZ and SGZ, leading to decreased repair capacity 
and results in enhanced neurocognitive impairment, which 
again is associated with lower OS.19

The strength of our study is the high number of HGG 
patients included in our analyses in comparison with pre-
vious studies, which may support the soundness of our re-
sults. Also, the patients that were included received fairly 
homogeneous treatments, with typically surgery followed 
by chemoRT and adjuvant CT. Another consideration is 

the lack of consensus in literature on the delineation of 
the SVZ, due to lack of existing guidelines and/or caused 
by irregular manual delineations.49 Previous research was 
performed with different volumes and shapes for the SVZ, 
causing inconsistency in methodology among studies. In 
this study, we derived delineations of the SVZ from the 
open access SVZ atlas in standard MNI space, which now 
can be used in future research, enabling reproducibility. 
Moreover, for dichotomization in low and high RT dose 
groups, there is no congruence in literature about a cutoff 
value for irradiation dose. In addition to dichotomization in 
low and high RT dose groups for Kaplan-Meier analysis, 
we chose to include irradiation doses as continuous vari-
ables in Cox regression analyses as well, to avoid bias be-
tween specific subcategories.50

Nevertheless, our study shows there is room for im-
provements as well. First, since we could not collect clinical 
follow-up data other than death, PFS could not be exam-
ined. Besides, we did not assess cognitive performance of 
the patients, since neuropsychological evaluation was not 
performed routinely. Another limitation may be the effect 
of tumor location, because a tumor that is located near the 
SVZ or SGZ leads to elevated irradiation doses on the SVZ 
or SGZ as well. As it is suggested that central tumor loca-
tion is associated with worse OS,48 it may interfere with the 
results. Therefore, we are aware that we cannot correct our 
outcomes for tumor location completely, although multi-
variate analysis showed that results are significant when 
the extent of resection (as proxy for accessibility of tumor 
location) is included as a covariate. Furthermore, the lim-
ited number of LGG patients in our study has probably led 
to insignificant results on their survival analysis. Besides, 
as our study includes glioma patients until July 2020, the 
estimation of survival outcomes may be affected, due to 
survival follow-up periods for some patients will be less 
than the median OS. Finally, our study is of retrospective 
nature, which might have resulted in selection bias. To val-
idate our results, prospective investigations are required, 
where irradiation and sparing of the neurogenic niches 
have to be compared.

In conclusion, in this retrospective study we present 
an SVZ atlas, SVZ delineation guidelines, and results 
from a large cohort of patients with HGG, that shows a 
statistically significant decrease in median OS with ad-
ditional increased irradiation dose on the SVZ and SGZ. 
This suggests that, to improve OS, these neurogenic 
niches need to be avoided with radiotherapy in HGG 
patients. Modern radiotherapy planning systems and 
treatment delivery options are available to implement 
this tomorrow in most of the clinics. Nevertheless, pro-
spective and randomized investigations in patients with 
glioma are required first to confirm our findings. The 
SVZ atlas which we defined here, and all the anonymized 
clinical data including all subregion doses, are available 
for further use openly.

Supplementary material

Supplementary data are available at Neuro-Oncology 
Advances online.
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