Check for
updates

The Prognostic Value of MRI Subventricular Zone Involvement
and Tumor Genetics in Lower Grade Gliomas

Gloria C. Chiang , David J. Pisapia, Benjamin Liechty, Rajiv Magge, Rohan Ramakrishna, Jonathan Knisely,
Theodore H. Schwartz, Howard A. Fine, and llhami Kovanlikaya

From the Department of Radiology, Division of Neuroradiology, Weill Cornell Medicine, NewYork—Presbyterian Hospital, New York, NY (GCC, IK); Department of Pathology
and Laboratory Medicine, Weill Cornell Medicine, NewYork—Presbyterian Hospital, New York, NY (DJP, BL); Department of Neurology, Weill Cornell Medicine, NewYork—
Presbyterian Hospital, New York, NY (RM, HAF); Department of Neurosurgery, Weill Cornell Medicine, NewYork—Presbyterian Hospital, New York, NY (RR, THS); and
Department of Radiation Oncology, Weill Cornell Medicine, New York—Presbyterian Hospital, New York, NY (JK).

ABSTRACT

BACKGROUND AND PURPOSE: Glioblastomas (GBMs) that involve the subventricular zone (SVZ) have a poor prognosis,
possibly due to recruitment of neural stem cells. The purpose of this study was to evaluate whether SVZ involvement by lower
grade gliomas (LGG), WHO grade II and III, similarly predicts poorer outcomes. We further assessed whether tumor genetics and
cellularity are associated with SVZ involvement and outcomes.

METHODS: Forty-five consecutive LGG patients with preoperative imaging and next generation sequencing were included in this
study. Regional SVZ involvement and whole tumor apparent diffusion coefficient (ADC) values, as a measure of cellularity, were
assessed on magnetic resonance imaging. Progression was determined by RANO criteria. Kaplan-Meier curves and Cox regression
analyses were used to determine the hazard ratios (HR) for progression and survival.

RESULTS: Frontal, parietal, temporal, and overall SVZ involvement and ADC values were not associated with progression
or survival (P > .05). However, occipital SVZ involvement, seen in two patients, was associated with a higher risk of tumor
progression (HR = 6.6, P = .016) and death (HR = 31.5, P = .015), CDKN2A/B mutations (P = .03), and lower ADC histogram
values at the 5th (P = .026) and 10th percentiles (P = .046). Isocitrate dehydrogenase, phosphatase and tensin homolog,
epidermal growth factor receptor, and cyclin-dependent kinase 4 mutations were also prognostic (P < .05).

CONCLUSIONS: Unlike in GBM, overall SVZ involvement was not found to strongly predict poor prognosis in LGGs. However,
occipital SVZ involvement, though uncommon, was prognostic and found to be associated with CDKN2A/B mutations and tumor
hypercellularity. Further investigation into these molecular mechanisms underlying occipital SVZ involvement in larger cohorts is
warranted.
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Introduction
Involvement of the subventricular zone (SVZ) is a poor prog-

Recently, tumor genetics has assumed a major role in glioma
prognostication,'®!! particularly mutations in isocitrate dehy-

nostic indicator in glioblastoma (GBM). GBMs that involve the
SVZ have been shown to demonstrate more rapid progression,
multifocal disease, increased risk of distant tumor recurrence,
and poorer overall survival.'* SVZ involvement may be detri-
mental because the SVZ serves as a source of tumor precur-
sor stem cells that can promote resistance to chemotherapy
and radiotherapy®® and increase invasiveness and migratory
potential.®

A few papers have investigated whether SVZ involvement is
also a poor prognostic indicator in lower grade gliomas (LGG).
Both SVZ involvement and a shorter distance between the tu-
mor margin and the SVZ were found to be associated with
more rapid growth and worse prognosis in grade II and III
astrocytomas.”” Furthermore, involvement of the occipital por-
tion of the SVZ was associated with worse prognosis in grade
III astrocytomas.’

drogenase (IDH1 or IDH2), which are found in more than
70% of LGGs."? Tumor cellularity, assessed with apparent dif-
fusion coefficient (ADC) values, has also been shown to predict
survival.”"> Some papers in GBMs have reported that imaging
phenotypes, such as edema, necrosis, and SVZ involvement,
may reflect biological characteristics of the tumors conferred by
underlying gene mutations.””!° These papers suggest that alter-
ations in specific genetic pathways may affect how GBM:s in-
filtrate and spread throughout the brain. However, how tumor
genetics and cellularity relate to SVZ involvement in LGGs is
unclear.

The purpose of this study was therefore, in a cohort of LGGs,
(1) to investigate whether SVZ involvement is associated with
specific tumor mutations, (2) to investigate the relationship be-
tween SVZ involvement and tumor cellularity, measured by
whole tumor ADC values, and (3) to investigate the roles of
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SVZ involvement, tumor genetics, and tumor cellularity in pre-
dicting progression and overall survival.

Methods
Patient Population and Clinical Information

This health insurance portability and accountability act-
compliant, retrospective study was approved by our institu-
tional review board. We included 45 consecutive adult patients
with pathologically confirmed LGGs (17 World Health Orga-
nization [WHO)] grade II and 28 WHO grade III), who were
resected between February 2006 and June 2018 and under-
went both preoperative imaging and an assay to assess for tu-
mor genetic mutations. Formalin-fixed paraffin embedded tu-
mor samples were submitted for next-generation sequencing
to FoundationOne™ (Foundation Medicine Inc., Cambridge,
MA),?° which tests for mutations in 324 genes. In addition,
1p19q codeletion status was assessed in 44 of the 45 subjects for
the diagnosis of oligodendroglioma; the one patient for whom
codeletion status was not available had an IDH-wild-type tumor
and therefore was unlikely to be 1p19q-codeleted.

Magnetic Resonance Imaging Acquisition and Analysis

All patients underwent magnetic resonance imaging (MRI) of
the brain on 1.5 or 3 Tesla clinical scanners (Skyra, Biograph
mMR, Siemens Healthcare; Discovery 750w, Signa HDxt, GE
Healthcare, Milwaukee, WI), which included axial T1-weighted
(repetition time [TR]/echo time [TE] = 550-700 ms/7-10 ms;
3-5 mm slice thickness) or 3D T1 SPACE (TR/TE = 600-
700 ms/11-19 ms; 120° flip; 1 mm slice thickness), axial T2
(TR/TE = 3,200-4,000 ms/93-98 ms; 5 mm slice thickness), and
axial T2 fluid-attenuated inversion recovery (FLAIR) or 3D T2
FLAIR (TR/TE = 6,300-8,500 ms/394-446 ms; 120° flip; 1 mm
slice thickness) sequences. Axial diffusion-weighted sequences
were also obtained (TR/TE 6,280-9,000 ms/78-103 ms; 90° or
180° flip; 5 mm slice thickness) with ADC maps available for
41 of the 45 patients.

The volume of each tumor was calculated using FDA-
approved software (Olea Medical 3.0; La Ciotat, France) by
selecting a seed voxel at the center of the tumor on the T2
FLAIR magnetic resonance (MR) images and expanding the
volume-of-interest (VOI) in three dimensions, across all slices,
to include surrounding voxels of similar signal intensities. Man-
ual editing was then performed to include or exclude voxels as
necessary. The VOI was then copied onto the overlaid and spa-
tially aligned ADC map to obtain histogram values across the
entire T2-hyperintense tumor volume. The 5t percentile, 10*
percentile, 25t percentile, median, and mean AD C values were
included in the analyses and normalized by normal-appearing
contralateral white matter

SVZ involvement and distance from the ependymal mar-
gin of the lateral ventricles, in millimeters, were determined by
two neuroradiologists, each with over 12 years of experience
evaluating MRI scans (GC and IK), who were blinded to other
clinical information during this assessment. The SVZ was con-
sidered involved if the tumor contacted the ependymal margin.

Statistical Analysis

Statistical analysis was performed utilizing STATA 13 (Stata-
Corp, College Station, TX). Progression-free survival was de-
fined as the duration of time from initial surgery to MRI evi-
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Fig 1. Subventricular zone (SVZ) involvement as assessed on fluid-
attenuated inversion recovery MR images. Examples of frontal (A),
parietal (B), temporal (C), and occipital (D) SVZ involvement (out-
lined in yellow).

dence of tumor progression by RANO criteria or last recorded
date of follow-up without progression. Overall survival was de-
fined as the duration of time from initial surgery to death or last
recorded date of follow-up.

The Fisher’s exact test was used to determine whether any
of the tumor mutations were associated with SVZ involvement.
Post hoc, we also used the Fisher’s exact test to assess whether
any of the tumor mutations were specifically associated with oc-
cipital SVZ involvement. A logistic regression model was used
to determine whether tumor ADC values were associated with
SVZ involvement, with a dichotomous variable representing
SVZ involvement as the outcome variable and whole tumor
mean ADC value as the predictor.

Cox regression models were used to determine whether SVZ
involvement, individual tumor mutations, and tumor ADC val-
ues were independently associated with progression or survival.
Regional involvement of the SVZ was determined by anatom-
ical landmarks and reported as frontal, parietal, temporal, and
occipital regions (Fig 1), because occipital SVZ involvement
was noted to be prognostic in a prior paper.” Distance from the
SVZ in millimeters was also considered in the Cox regression
models. Hazard ratios (HR) were assessed to determine risk of
progression and death. P-values of less than .05 were considered
significant.

Age, Karnofsky performance status (KPS), and gross total
resection have been reported to be prognostic?! and were con-
sidered in the Cox regression models. Sex, tumor grade, pre-
operative tumor volume, the use of radiation therapy, and the
use of chemotherapy were also included in the Cox regression
models as potential predictors.

Finally, post hoc, we performed subgroup analyses to de-
termine whether occipital SVZ involvement and significant



Table 1. Demographics and Clinical Characteristics of the Cohort (N'= 45 patients)

Age (years)

48 + 14 (range 21-77)

Karnofsky Performance Scale”

100 7
90 18
80 14
70 4
60 1
WHO" histological grade II: grade I11 17: 28
Astrocytoma: oligodendroglioma’ 35: 10
Female: male 20: 25
Preoperative tumor volume (cubic centimeters) 36 + 48
Distance from ependymal margin (millimeters) 0+8
Involvement of the subventricular zone (yes: no) 32: 13
Gross total: partial resection 10: 35
Received radiotherapy and chemotherapy during follow-up (yes: no) 41: 4
Data presented are medians = standard deviation, or number of patients.
2The Karnofsky Performance Scale was available for 44 of 45 patients.
YWHO = World Health Organization.
¢Oligodendroglioma as defined by a 1p19q codeletion.
Table 2. Distribution of Lower Grade Gliomas with Key Genetic Alterations, in Relation to Subventricular Zone Involvement
IDH2 PTEN CDKN2A/B CDK4 EGFR 1p19q
mutation  mutation  mutation  mutation alteration codeletion
IDH1 mutation (N = 24) (N=2) (N=6) (N=38) (N=4) (N=10) (N=10)
WHO tumor grade II:I11 13:11 1:1 0:6 1:7 0:4 2:8 7:3
Frontal subventricular zone involvement 8 [>.99] 1[>.99] 0 [.16] 3 [>.99] 2 [.59] 5 [.26] 3 [>.99]
Parietal subventricular zone involvement 6 [.23] 0 [.55] 2 [>.99] 5 [.10] 1[>.99] 5[.26], 2 [.45]
Temporal subventricular zone involvement 10 [.56] 0 [.49] 51.08] 6[12] 2[>.99] 8[.029] 2 [.072]
Occipital subventricular zone involvement 0 [.21] 0 [>.99] 1[.25] 2 [.028] 0[>99] 0[>.99] 0[>.99]
No subventricular zone involvement 8 [.53] 1[.50] 1[.66] 1[.41] 1[>.99] 9 [.24] 5[.13]

Numbers shown in table represent the numbers of tumors with regional subventricular zone involvement and a genetic alteration. P-values for the association between
subventricular zone involvement and the genetic alteration by Fisher’s exact test are shown in brackets.

*P< .05

IDH = isocitrate dehydrogenase; PTEN = phosphatase and tensin homolog; CDKN2A/B = cyclin-dependent kinase inhibitor 2A/B; CDK4 = cyclin-dependent kinase
4; EGFR = epidermal growth factor receptor; 1p19q = short arm of chromosome 1 and long arm of chromosome 19; WHO = World Health Organization.

tumor mutations remained prognostic among patients with
similar treatment regimens, including those who underwent
partial rather than gross total initial resection and those who
received chemotherapy and radiation during follow-up.

Results
Baseline Characteristics of the Cohort

Clinical and demographic characteristics of the study cohort are
outlined in Table 1. The median patient age was 48 + 14 (range:
21-77 years). Twenty (44%) patients were female and 25 (56%)
were male. Ten (22%) had undergone gross total initial resec-
tion. Twenty-four (53%) patients progressed during the follow-
up period (median = 2.3 + 3.2 years; range: .3-12.6 years). For
these 24 patients, the median time-to-progression was 1 year
(standard deviation = 2.4; range: .2-8.1 years). There were five
deaths (11%) during the time of follow-up. For these 5 patients,
the median time-to-death was 1.7 years (standard deviation =
1.3; range: 1.1-4.3 years).

Relationship Between SVZ Involvement and Tumor Genetics
and Cellularity

The median number of tumor mutations per patient was 3 +
1 (range: 1-6 mutations). The most common mutations were

IDH]I, found in 24 (53%) of patients (13 grade II and 11 grade
ITI), and TP53, found in 22 (49%) of patients (eight grade IT and
14 grade III). A 1p19q codeletion was present in 10 of the 44
patients (24%) for which this could be assessed. None of the tu-
mor mutations were associated with overall SVZ involvement
(P> .05) (Table 2). However, occipital SVZ involvement was
associated with having a cyclin-dependent kinase inhibitor
2A/B (CDKN2A/B) mutation (P = .03). In addition, occipital
SVZ involvement was associated with lower ADC histogram
values at the 5% (P = .026) and 10" percentile (P = .046)
(Table 3).

Prognostic Utility of SVZ Involvement in LG Gs

The SVZ was involved in 32 (71%) patients: the frontal region
in 15 (33%), the parietal region in 15 (33%), the temporal region
in 21 (47%), and the occipital region in 2 (4%) patients; more
than one SVZ region was involved in 15 patients. The median
distance from the ependymal margin was 0 £ 7.7 mm (range:
0-31 mm).

Occipital SVZ involvement was associated with a higher risk
of progression (HR = 6.6; P=.016) (Fig 2), whereas frontal (P=
.95), parietal (P= .43), and temporal SVZ (P= .57) involvement
were not (Table 4). Occipital SVZ was also associated with a
higher risk of death (HR = 31, P=.015) (Fig 3) (Table 5). In post
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Table 3. Associations Between Subventricular Zone (SVZ) Involvement and Apparent Diffusion Coefficient (ADC) Values

Overall SVZ involved Frontal SVZ involved

Parietal SVZ involved

Temporal SVZ involved Occipital SVZ involved

ADC, 5™ percentile —.06 04 —.07 —.02 —.38,
[.50] .60] [.37] .77] [026]
ADC, 10th percentile —.01 .05 —.09 .002 =37,
.88] [.52] [.27] 98] [046]
ADC, 25t percentile .03 .05 —.13 .05 —.42
1.77] .66] [21] [63] [075]
ADC, median .05 .02 —.16 .09 —.54
[.72] [.88] [23] [.47] .067]
ADC, mean .01 —.11 —.12 20 —.46
193] [.41] .38] [12] [14]
Regression coefficients [P-values] shown in table.
*P< .05
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Fig 2. Kaplan-Meier curves for progression-free survival, stratified by occipital subventricular zone involvement (hazard ratio = 6.6, P = .016)
(A), IDH1 mutation (hazard ratio = .25, P = .001) (B), PTEN mutation (hazard ratio = 6.6, P = .001) (C), and EGFR mutation (hazard ratio =

3.1, P=.01) (D).

hoc analyses, occipital SVZ involvement remained a significant
predictor of progression and death in a subgroup that received
both chemotherapy and radiation during follow-up (P = .018
and .023) and in a subgroup that underwent partial rather than
gross total resection (P= .047 and .026).

However, the distance from the SVZ was not associated with
progression or survival (P> .05).

Prognostic Utility of Tumor Genetics in LGGs

Harboring an IDH1 mutation was associated with a lower risk
of tumor progression (HR = .25; P=.001) (Fig 2). Harboring
either an IDH1 or IDH2 mutation was associated with an even
lower risk of tumor progression (HR = .12; P < .001) (Table 4).
Mutations in the phosphatase and tensin homolog (PTEN) gene
and molecular alterations in the epidermal growth factor recep-
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tor (EGFR) gene were associated with an increased risk of tu-
mor progression (HR = 6.6 [P=.001] and HR = 3.1 [P= .01],
respectively). 1p19q codeletion status was not associated with
tumor progression (HR = .43; P = .11). In a multivariate re-
gression model, IDH1 (HR = .34; P= .04) and PTEN (HR =
3.4; P= .04) mutations were more strongly associated with tu-
mor progression than EGFR alterations (HR = 1.3; P=.59).

In assessing overall survival, mutations in PTEN (HR =
33.2; P=.005), the cyclin-dependent kinase 4 (CDK4) (HR =
11.2; P = .017), and CDKN2A/B (HR = 13.0; P = .006)
were associated with a higher risk of death (Fig 3) (Ta-
ble 5). Both 1pl9q-codeleted and IDH-mutated tumors had
the lowest risk of death with a hazard ratio approaching
0, because none of these patients died during the time of
follow-up.



Table 4. Risk of Tumor Progression Associated with Subventricular Zone Involvement, Tumor Genetics, and Apparent Diffusion Coefficient (ADC)

Values
Hazard ratio [95% confidence interval] P-value

Tumor volume 1.00 [.99-1.01] .59
Any subventricular zone involvement 1.30 [.52-3.29] .58
Frontal subventricular zone involvement .97 [.41-2.28] 95
Parietal subventricular zone involvement 1.40 [.61-3.21] 43
Temporal subventricular zone involvement 1.26 [.56-2.83] Y
Occipital subventricular zone involvement 6.56 [1.31-30.52] 016,
IDH1 mutation .25 [.10-.58] 001,
PTEN mutation 6.56 [2.11-20.47] 001
EGFR alteration 3.13 [1.29-7.57] .01
ADC, 5™ percentile .69 [.12-3.93] .68
ADC, 10% percentile 44 .08-2.58] .36
ADC, 25 percentile 29 [.06-1.43] 13
ADC, median .31 [.09-1.10] .07
ADC, mean 44 [.18-1.07] .07
*P< .05

Table 5. Risk of Death Associated with subventricular Zone Involvement, Tumor Genetics, and apparent Diffusion Coefficient (ADC) Values

Hazard ratio [95% confidence interval] P-value

Tumor volume .97 [.93-1.02] 21
Any subventricular zone involvement .77 [.13-4.61] 77
Frontal subventricular zone involvement 48 [.05-4.34] 52
Parietal subventricular zone involvement .70 [.08-6.35] .76
Temporal subventricular zone involvement .82 [.14-4.95] .83
Occipital subventricular zone involvement 31.50 [1.97-503.59] 015"
PTEN mutation 33.21 [2.87-384.55] 005"
CDKN2A/B mutation 13.03 [2.06-82.54] 006"
CDK4 mutation 11.20 [1.54-81.37] 017"
ADC, 5™ percentile .08 [.003-2.67] .16
ADC, 10" percentile .025 [.0004-1.70] .087
ADC, 25 percentile .0097 [.00007-1.36] 066
ADC, median 022 [.0004-1.14] 058
ADC, mean 45 [.087-2.34] .34
*P< .05

In post hoc subgroup analyses including patients who sim-
ilarly underwent partial rather than gross total resection and
those who received chemotherapy and radiation postopera-
tively, these associations remained significant (P < .05).

Prognostic Utility of Tumor Cellularity and Other Clinical
Variables

Tumor ADC values showed a nonsignificant trend toward de-
creased risk of progression and death (Table 3).

Having a KPS of over 80 was associated with lower risk of
tumor progression (HR = .39; P=.025). Age (P= .09 and .10),
grade (P= .23 and .14), initial gross total resection (P= .42 and
> .99), sex (P= .49 and .85), preoperative tumor volume (P =
.59 and .21), treatment by radiation before progression (P= .06
and .28), and treatment by chemotherapy before progression
(P= .33 and .51) were not associated with progression or sur-
vival. All five patients who died during follow-up received ra-
diation and chemotherapy following initial resection.

Discussion

SVZ involvement has been shown to predict poor outcomes
in GBMs,'® and some studies have reported that irradiating
the ipsilateral SVZ may improve progression-free and overall

survival.???* This study sought to determine whether SVZ in-
volvement likewise conferred poor prognosis in LGGs, as well
as how SVZ involvement was related to tumor genetics and cel-
lularity.

The first major finding of our study was that SVZ involve-
ment is common in LGGs, but in contrast to what has been
previously reported in GBMs, it was overall not a stronger pre-
dictor of poor outcomes in our LGG cohort. Similarly, the dis-
tance between the tumor border and the SVZ was not found
to be prognostic, which aligns with a previous paper that found
no difference in the distance to the SVZ between IDH-mutated
and IDH-wild-type LGGs.?> Only occipital SVZ involvement
was prognostic for tumor progression and survival. Seventy per-
cent of the tumors in our cohort demonstrated SVZ involve-
ment, a proportion similar to prior studies that included grade
II” and grade I1I gliomas.” As in these prior papers,’* regional
SVZ involvement varied in prevalence, with occipital SVZ in-
volvement being uncommon, only seen in two patients (4%)
of our cohort. Nevertheless, only occipital SVZ involvement
was associated with tumor progression and survival, consistent
with the results from the prior study of grade III gliomas.” Re-
cent experimental evidence suggests that gliomas may be drawn
to the SVZ through CXCL12/CXCR4 signaling pathways,
where they can recruit aggressive stem cells.” Various growth
factors in the SVZ environment, including epidermal growth
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Fig 3. Kaplan-Meier curves for overall survival, stratified by occipital subventricular zone involvement (hazard ratio = 31, P=.015) (A), PTEN
mutation (hazard ratio = 33, P = .005) (B), CDK4 mutation (hazard ratio = 11, P = .017) (C), CDKN2A/B mutation (hazard ratio = 13, P =
.006) (D), IDH1 mutation (E), and 1p19q codeletion (F). None of the patients who had 1p19g-codeleted and/or IDH1-mutated tumors died

during the time of follow-up, with hazard ratios approaching 0.

factor, brain-derived neurotrophic factor, and vascular en-
dothelial growth factor C, have also been reported to promote
glioma stem cell proliferation.? It is possible that gliomas that
are exposed to the SVZ environment likewise acquire prolif-
erative and aggressive features, leading to a poorer prognosis.
However, the reason for occipital SVZ involvement to be par-
ticularly detrimental remains to be elucidated, as only one study
thus far has investigated cellular differences in the regional or-
ganization of the SVZ.%

Our second major finding was that overall SVZ involve-
ment was neither associated with tumor genetics nor cellular-
ity. This finding mirrors the results of a prior study in GBMs
that reported that SVZ involvement, though associated with
decreased survival in GBMs, did not have a distinct molec-
ular signature.’* This prior study assessed tumor mutations,
DNA methylation, gene expression, and protein expression,
which suggests that SVZ involvement and molecular alterations
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may be independent prognostic factors. Among LGGs, SVZ in-
volvement by oligodendrogliomas was previously reported to
be associated with a mutation in the Capicua transcriptional re-
pressor gene.’! We did not find this association in our cohort,
because two oligodendrogliomas had this mutation; one had
SVZ involvement and the other did not. Post hoc, in our cohort,
we did find an association between having a CDKN2A/B mu-
tation and occipital SVZ involvement. Furthermore, we found
an association between occipital SVZ involvement and ADC
values on the lower spectrum of the histogram. This raises the
possibility that CDKN2A/B mutation may lead to biological
characteristics in tumors that predict a poor prognosis, such as
hypercellularity and occipital SVZ involvement; these molecu-
lar mechanisms warrant further investigation.

Third, we found several genetic alterations that were asso-
ciated with LGG outcomes. This result corroborates recent ro-
bust evidence demonstrating the importance of tumor genetics



in glioma prognostication,'*>3%33 particularly IDH mutations

in predicting improved overall survival.**3*¢ Among LGGs, me-
dian survival has been reported to range from 1.5 years for
IDH-wild-type tumors® to up to 15 years for tumors with an
IDH mutation and 1p/19q codeletion (ie, oligodendrogliomas
by current WHO diagnostic criteria).®” Twenty-six (58%) of the
LGGs in our cohort had an IDH mutation (24 IDH1 and two
IDH2), similar in prevalence to a prior study,!! and these tu-
mors, 10 of which also had a 1p19qg-codeletion, were indeed
associated with the lowest risk of death; all of these patients sur-
vived to the end of this study. We also found that an IDH mu-
tation was associated with a slower rate of progression, com-
patible with prior literature demonstrating that IDH-mutated
gliomas respond better to chemotherapy®® and have a slower
rate of malignant transformation.*

Besides IDH, we found that mutations in PTEN (n = 6;
13% of our cohort), CDK4 (n = 4; 9%), and CDKN2A/B (n
= 8; 18%) were also associated with survival in our cohort.
PTEN is a tumor suppressor gene that normally acts as a neg-
ative regulator of the cell survival kinase pathway PI3K and
is inactivated by a mutation in 20% of GBMs.*" Resulting
overactivation of PI3K pathway drives tumor progression,*
resulting in higher grade malignancy and reduced survival,*!
as well as SVZ precursor cells that were more migratory and
resistant to apoptosis.> Compatible with our results, meta-
analyses of mixed glioma cohorts have shown that PTEN mu-
tations are associated with worse survival,*>** and that LGGs
with a PTEN mutation can be considered “molecularly high
grade.”*

Cyclin-dependent kinase CDK4 regulates the cell cycle
through phosphorylation of Rb and activation of genes re-
sulting in cell cycle progression from G1 to S phase.’® The
CDK4/6-Rb-E2F axis is dysregulated in about 80% of GBMs.*"
CDKN2A and CDKN2B are cyclin-dependent kinase in-
hibitors, which form complexes with CDK4 or CDKG6 to reg-
ulate cell growth and cell cycle G1 progression.”* CDKN2A/B
deletion has been reported in 40-70% of GBMs,'3* and
CKDN2A deletion is associated with poorer survival in
LGGs,” even among IDH-mutant gliomas.”® As shown in our
cohort, mutations in CDK4 and CDKN2A/B were associated
with worse survival, suggesting that these mutations likewise
make LGGs molecularly high grade.

We found that molecular alterations in EGFR (n = 10, 22%
of our cohort) were associated with more rapid tumor pro-
gression but not overall survival. EGFR is a growth factor re-
ceptor gene, and mutations in EGFR have been reported in
20% of GBMs** and up to 15% of LGGs.*”? Similarly, we de-
tected EGFR alterations in 22% of our cohort. Our finding
that EGFR alterations were associated with more rapid tumor
progression is consistent with prior studies that have reported
poorer prognosis in cohorts that included mixed grade® and
grade I1 gliomas.>* Our findings are also consistent with a prior
study that found no association between EGFR molecular al-
terations and overall survival®®

We found that lower ADC values, commonly used as a non-

invasive measure of tumor cellularity,'*1°

showed a nonsignif-
icant trend toward more rapid tumor progression and death.
This somewhat contradicts prior papers that have shown that
ADC values are prognostic in cohorts with similar duration of
progression-free and overall survival.'"*"> Sample size and tech-

nical scanner differences may play a role.

Finally, besides KPS, clinical variables were not significant
predictors of outcome. The majority of the cohort (n = 41;
91%) received both radiation therapy and chemotherapy during
follow-up after the initial resection, and all five deaths occurred
in patients who received both radiation therapy and chemother-
apy. Because all of these patients were managed per standard-
of-care, we could not detect a significant difference in outcome
related to treatment, unlike in a clinical trial, in which groups
receiving radiation or chemotherapy are balanced to evaluate
treatment response. Furthermore, it is possible that adjuvant ra-
diation and chemotherapy may only benefit younger patients®®
or only be evident during much longer follow-up periods.”
Similarly, we found that gross total resection did not confer
a better prognosis relative to partial resection, as other papers
have reported®®®!; one prior paper also reported that gross to-
tal resection may only be prognosis in IDH-mutated gliomas.®
Age, sex, and tumor grade were also not prognostic in our co-
hort, consistent with prior analyses in LGG cohorts®**-%% and
that tumor genetics are stronger predictors than histological
grade. 10!

The main limitations of our study were the retrospective
single-center design and sample size. In particular, occipital
SVZ involvement was only present in two patients. The co-
hort was also heterogeneous in terms of tumor management
(Table 1), although neither chemotherapy nor radiation therapy
were found to be significantly prognostic in regression models
and subgroup analyses of patients with similar treatment regi-
mens did not change the results. In addition, we did not include
other potentially prognostic imaging modalities in our analysis,
such as MR spectroscopy or MR perfusion, because they are
not routinely included in our preoperative imaging for surgi-
cal guidance. Nevertheless, we provide further evidence sup-
porting the role of tumor genetics in determining prognosis in
LGGs and the potential role of occipital SVZ involvement as an
additional independent risk factor. Our results warrant further
validation in larger multicenter cohorts with longer periods of
follow-up.

In conclusion, we found that mutations in PTEN, CDK4,
CDKN2A/B, and EGFR were strong predictors of LGG out-
comes, in addition to IDH]1. Although these mutations were
not associated with overall SVZ involvement, CDKN2A/B was
associated with occipital SVZ involvement. Occipital SVZ in-
volvement, though uncommon, was prognostic of both tumor
progression and survival. ADC values, as a measure of tumor
cellularity, were neither prognostic nor associated with SVZ in-
volvement.
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