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Abstract

Objective: Describe the RAD51 (DNA repair) response to radiation-induced DNA damage in
patient-derived vestibular schwannoma (VS) cells and investigate the utility of RAD51 inhibitor
(RI-1) in enhancing radiation toxicity.

Study Design: Basic science, translational
Setting: Tertiary academic facility

Methods: VS tumors (n=10) were cultured on 96-well plates and 16-well slides, exposed to
radiation (0, 6, 12, or 18 Gy), and treated with RI-1 (RAD5L1 inhibitor; 0, 5, or 10 pM).
Immunofluorescence was performed at 6 hours for y-H2AX (DNA damage marker), RAD51
(DNA repair protein), and p21 (cell cycle arrest protein). Viability assays were performed at 96
hours, and capillary western blotting (WB) was utilized to determine RAD51 expression in naive
VS tumors (n=5).
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Results: VS tumors expressed RAD51. In cultured VS cells, radiation initiated dose-dependent
increases in y-H2AX and p21 expression. VS cells upregulated RAD51 to repair DNA damage
following radiation. Addition of RI-1 reduced RAD51 expression in a dose-dependent manner and
was associated with increased -y-H2AX levels and decreased viability in a majority of cultured VS
tumors.

Conclusion: VS may evade radiation injury by entering cell cycle arrest and upregulating
RADS51-dependent repair of radiation-induced double-stranded breaks in DNA. Although there
was variability in responses amongst individual primary VS cells, RAD51 inhibition with

RI-1 reduce RAD51-dependent DNA repair to enhance radiation toxicity in VS cells. Further
investigations are warranted to understand the mechanisms of radiation resistance in VS and
determine whether RI-1 is an effective radiosensitizer in patients with VS.

Keywords

vestibular schwannoma; VS; radiation; resistance; H2AX; p21; RAD51; cell cycle arrest; RAD51
inhibitor

Introduction:

Vestibular schwannomas (VS) are benign tumors of Schwann cells in the cochleovestibular
nerve and are the most common tumors of the cerebellopontine angle (CPA). V'S account for
8-10% of all intracranial tumors with a prevalence of 1 in every 2000 adults!—3. Because of
their position at the CPA and internal auditory canal, VS can result in vertigo or imbalance,
hearing loss, and tinnitus. Larger tumors can grow into the brainstem and cerebellum,
resulting in serious complications such as hydrocephalus, brain herniation, and death®>.
Management options, which vary based on symptoms and tumor size, include observation,
stereotactic radiosurgery (SRS), and surgery®.7.

Approximately 25% of VS are treated with SRS as the initial treatment choice®. SRS

is a radiation therapy that allows for specific targeting of radiation doses to a defined
anatomical area®. This is important in the treatment of /S, as key structures like the cochlea
and brainstem are within close proximity to the target area. Notably, the progression-free
survival (PFS) rate after SRS is approximately 84-94%10-15. However, a subset of VS do
not respond to SRS and continue to grow!3.14. The exact mechanisms behind this radiation
resistance are poorly understood12:16,

lonizing radiation (IR) creates DNA damage, which exists as both single and double-
stranded breaks (DSBs). DSBs activate the ataxia-telangiectasia mutated (ATM) protein,
which phosphorylates serine-139 on the minor histone H2A variant and forms y-H2AX17,
v-H2AX is therefore a marker of DNA DSBs18. Several DNA repair enzymes attempt to
repair DNA damage through various methods. RAD51 is a DNA repair enzyme that serves
as the main protein involved in a repair mechanism called homologous recombination (HR).
RI-1 is a small molecule inhibitor of RAD51 that has been studied as a radiosensitizer in
glioma stem cells!®:20, RI-1 irreversibly inhibits HR by covalently binding to RAD51, thus
interfering with interactions between individual RAD51 subunits and between RAD51 and
its cofactor, adenosine triphosphate (ATP)19,
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In a previous /n vitro investigation, we demonstrated that some VS display radiation
resistance through upregulation of p21, allowing for a robust cell cycle arrest response

to repair DNA damage. We found that a radiation dose of 18 Gray (Gy) resulted in the
formation of y-H2AX and upregulation of RAD51, reflecting the presence of DNA DSBs
and DNA repair enzyme activity, respectively?L. We therefore sought to investigate whether
exposure of irradiated VS cells to the RAD51 inhibitor RI-1 could block RAD51-associated
DNA damage repair and thereby increase the sensitivity of VS to IR. We performed cell
viability assays and immunofluorescent staining for y-H2AX, RAD51, and p21 in irradiated
VS cells to explore the effects of RI-1 on DNA damage, DNA repair, and cell cycle arrest at
various radiation dosages.

Tumor Harvesting

Ten patients with VS were consented for tumor banking through a University of

Miami Institutional Review Board-approved protocol (#20150637). Tumors were surgically
resected at Jackson Memorial Hospital/University of Miami and stored in chilled Dulbecco’s
Modified Eagle Medium (DMEM; Gibco). Tumors were then enzymatically dissociated and
cultured in T75 flasks pre-coated with 25 pg/mL of laminin (ThermoFisher Scientific) and
0.01% poly-L-ornithine (PLO; Sigma-Aldrich) as previously described?!.

Retrospective Chart Review

Retrospective chart review was performed for the ten VS patients. The following
information was obtained: (1) age, (2) gender, (3) tumor volume (cm3), (4) extent of tumor
resection, and (5) hearing status (Table 1). Magnetic resonance imaging (MRI) with axial
T1 sequences with contrast were processed using MIM software (MIM Software, Inc.) to
measure tumor volume. Patient hearing status was classified using the American Academy
of Otolaryngology Head and Neck Surgery (AAO-HNS) Hearing Classification Scale?2.

Radiation Delivery

Primary human VS cells were irradiated at room temperature with a radiation dose of
0, 6, 12, or 18 Gy delivered by an RS 2000 biological cabinet X-Irradiator (Rad Source
Technologies). Radiation was delivered at 1.85 Gy/min at 160 kV and 25.0 mA.

Cell Viability Assays

Primary human VS cells were plated at 10,000 cells per well on 96-well plates precoated
with laminin (25 pg/mL) and 0.01% PLO (n=6 per condition). VS cells were cultured in
Schwann cell media (Sciencell) at 37 degrees Celsius with 5% CO2. After 24 hours /n

vitro, cells were treated with 0, 5, or 10 uM of RI-1 (Sigma Aldrich) in maintenance media
(DMEM, 10% fetal bovine serum, and 1% penicillin-streptomycin). After another 24 hours
in vitro, cells were irradiated with 0, 6, 12, or 18 Gy. Cell viability assays (CellTiter-Glo,
Promega) were performed at 96 hours after radiation exposure, following the manufacturer’s
established protocol. Viability was measured with a Glomax luminometer (Promega). Mean
fold change (MFC) in cell viability was calculated relative to the 0 Gy condition for each
condition.
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Immunofluorescence (IF)

Primary human VS cells were cultured in Schwann cell media at 10,000 cells per well on
16-well culture slides precoated with laminin (25 pg/mL) and 0.01% PLO at 5% CO, and 37
degrees Celsius. After 24 hours /n vitro, cells were treated with 0 pM, 5 pM, or 10 uM of
RI-1 in maintenance media. After another 24 hours in vitro, cells were exposed to 0, 6, 12,
or 18 Gy of IR. Six hours after irradiation, cells were fixed with 4% paraformaldehyde,
permeabilized and blocked with 5% donkey serum (Sigma) and 1% Triton X-100 in
phosphate buffered saline (PBS) for 2 hours at room temperature. Incubation with primary
antibodies was performed overnight at 4 degrees Celsius. The primary antibodies were anti-
H2AX (1:200) (GT231, Invitrogen), anti-RAD51 (1:1,000) (ab63801, Abcam), and anti-p21
(1:100) (MA5-14949, ThermoFisher Scientific). Slides were then washed with PBS and
incubated with fluorophore-conjugated secondary antibodies (donkey anti-rabbit-Alexa 594,
ThermoFisher Scientific, 1:200; donkey anti-mouse-Alexa 488, ThermoFisher Scientific,
1:200). Slides were washed with PBS, stained with 300 nM 4’,6-diamidino-2-phenylindole
(DAPI; ab104139, Abcam) for 10 minutes at room temperature, and cover-slipped with anti-
fade mounting medium (Sigma). Images were obtained with a Leica SP5 inverted confocal
microscope and a 40X oil immersion lens. For y-H2AX and RAD51 expression, nuclear
foci were counted per cell (n=6 cells per condition). For p21 expression, the percentage of
cells expressing p21 staining was measured (n=6 per condition).

Capillary Western Blotting (WB)

Protein samples from naive tumor chunks were available for five of the ten VS studied.
Tumor chunks were processed with radioimmunoprecipitation assay buffer and sonicated
(Misonix). Protein was isolated and bicinchoninic acid protein assays were performed to
obtain protein concentration. Samples were diluted to 400 ng/uL. Automated capillary
western blotting using 1.2 ug protein/well and chemiluminescence was performed according
to manufacturer’s protocol (Jess Simple Western; ProteinSimple). Primary antibodies were
anti-RAD51 (1:50) (ab63801, Abcam) and anti-GAPDH (1:150) (#2118, Cell Signaling).

Statistical Analysis

Cell viability was analyzed using two-way analysis of variance and Tukey-Kramer post-hoc
testing. The number of nuclear foci for y-H2AX and RAD51 were analyzed using 95%
confidence intervals (95%CI). Fisher’s Exact test was utilized to analyze p21 nuclear
expression. Significance was set at p-value less than 0.05. Bonferroni correction was applied
when analyzing viability for individual VS.

Results:

Clinical Characteristics of Patients with Vestibular Schwannoma (VS)

Ten patients with sporadic VS underwent microsurgical resection for VS and were included
in the study (Table 1). Of the 10 patients, four were female and six were male. The mean
age at surgery was 46.5 years old (range: 2872 years old). Mean tumor volume was 8.18
cm3 (range: 0.55-18.34 cm3). Seven of the tumors were right-sided while three of the
tumors were left-sided. Axial T1-weighted magnetic resonance imaging (MRI) studies with
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gadolinium were reviewed for the ten patients (Figure 1). Both VSA73 and VSAT78 were
revision surgeries for tumor progression after initial resection. Gross total resection was
achieved in five of ten patients, near total resection was achieved in three patients, and
subtotal resection was achieved in two patients. Two of ten patients had serviceable hearing
(AAO-HNS Class A or B) and the remaining eight patients had non-serviceable hearing
(AAO-HNS Class C or D).

Cell Viability by Radiation, RI-1, and Individual VS

Primary human VS cells were treated with 0, 5, or 10 uM RI-1, irradiated with 0, 6, 12,

or 18 Gy, and analyzed for cell viability 96 hours after irradiation. At 0, 5, and 10 uM

RI-1, radiation caused dose-dependent decreases in the viability of primary VS cells, when
compared to the 0 Gy condition (p<0.001; Figure 2). At 0 Gy, the addition of RI-1 at 5 or 10
UM RI-1 did not significantly affect cell viability (p=0.9859 and p=0.8385, respectively). At
6 Gy, 10 uM RI-1 caused a significant reduction in viability when compared to 0 uM RI-1
(p<0.0001), but 5 uM RI-1 did not (p=0.1039). However, both 5 and 10 uM RI-1 caused
significant reductions in viability at 12 Gy (p=0.0007 and p<0.0001, respectively) and 18 Gy
(p<0.0001 and p<0.0001, respectively), when compared to the 0 uM RI-1 condition.

When analyzed by individual VS, MFC in viability varied significantly amongst irradiated
tumor cells (Figure 3). In the 0 uM RI-1 condition, two tumors (VSA62 and VSA73) were
resistant to radiation and did not demonstrate viability losses even at the 18 Gy condition;
however, treatment with RI-1 at 5 and 10 uM initiated dose-dependent decreases in viability
with the greatest decrease occurring at 18 Gy and 10 uM RI-1 for both VSA62 (p<0.0001)
and VSA73 (p<0.0001). Among all the VS, the greatest loss in viability was elicited at

18 Gy of radiation and 10 uM RI-1 in VSAT73 (i.e. >60% reduction when compared to

0 Gy). Although RI-1 (5 and 10 uM) enhanced radiation toxicity in most VS, RI-1 was
less effective at reducing viability at 6, 12, and 18 Gy radiation dosages with VSA60 and
VSAG69, suggesting that RAD51 may not be a primary mode of DNA repair in VSA60 and
VSAB9.

Immunofluorescence

Immunofluorescent staining for y-H2AX and RAD51 was performed on primary human VS
cells. At 0, 5, and 10 uM RI-1, radiation induced dose-dependent increases in the number of
v-H2AX and RADS51 nuclear foci per cell (Figure 4A and 4B, respectively). At 6, 12, and
18 Gy, RI-1 at 10 uM induced the highest numbers of y-H2AX and RADS51 nuclear foci per
cell, when compared to 0 and 5 uM RI-1 conditions. Confocal images (40X) of y-H2AX
and RAD51 from a representative VS with and without 10uM RI-1 are provided in Figure 5.

Immunofluorescent staining was also performed for the cell cycle arrest protein p21.
Regardless of the RI-1 dosage (0, 5, and 10 uM), the percentage of cells expressing

nuclear p21 increased progressively with higher radiation dosages (p<0.0001 at 6, 12,

and 18 Gy), when compared to the 0 Gy condition (Figure 6). Notably, there were no
significant differences between p21 nuclear expression between the RI-1 dosage groups at 0
Gy (p=0.9102), 6 Gy (p=0.8946), 12 Gy (p=1.000), and 18 Gy (p=0.9356). Representative
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confocal images demonstrate p21 expression from one VS (VSA56) at 0 uM RI-1 (Figure
7).

RAD51 Protein Expression

To investigate RAD51 expression in VS from individual tumors, we performed automated
capillary WB on protein extracted from surgically resected VS tumor chunks. Adequate
protein was available from five of the ten VS tumors. Capillary WB for RAD51 protein
revealed variable expression of RAD51 between individual tumors (Figure 8). Variability

in baseline levels of RAD51 in VS may explain the heterogeneity in response of VS to
radiation and treatment with RI-1. In particular, VSA60 and VSA69 tumors had less RAD51
expression overall (Figure 8) and did not have profound shifts in viability when RAD51
inhibitor RI-1 was used in conjunction with radiation (Figure 3).

Discussion:

The exact mechanisms of radiation resistance of VS in patients are largely unknown but

are likely related to several factors. These factors may include: (1) insufficient radiation
dosages to initiate cell death, (2) efficient DNA repair systems, (3) tumor hypoxia preventing
generation of radiation-induced reactive oxygen species, (4) altered expression of tumor
suppressor and proto-oncogenes, (5) aberrant expression of cell cycle checkpoint proteins,
(6) cumulative effects of the loss of function of the NF2-merlin tumor suppressor on cell
proliferation, and (7) prolonged cell cycle arrest for DNA repairl2:16.23-26_|n our previous
study, we showed that radioresistant V'S cells mount a strong p21 response after radiation
exposure (18 Gy), which can direct cells into cell cycle arrest and allow time for RAD51-
associated repair of DNA damage?!.

In this study, we tested 0, 6, 12, and 18 Gy of radiation on primary VS cells from 10

tumors and found that radiation initiated dose-dependent increases in DNA DSBs, cell cycle
arrest protein p21, and RAD51-associated DNA repair. We also demonstrated that radiation
led to dose-dependent decreases in viability overall and in a majority of tumors, with the
exception of VSA62 and VSAT73. Pre-treatment with RI-1 enhanced radiation-induced losses
in viability by blocking RAD51 activation and increasing DNA injury. More importantly,
RI-1 caused reductions in viability of VSA62 and VSAT73 cells, which were originally
resistant to radiation injury at 6, 12, and 18 Gy of radiation.

In two VS (VSAB0 and VSABY), pre-treatment with RI-1 did not significantly enhance
radiation toxicity. We showed that individual tumors have variable expression levels of
RADS51. VSA60 and VSAG69 may have responded poorly to RI-1 because they express

less RADS51 at baseline. RI-1 also did not affect p21 expression in irradiated VS cells.
These results were expected, as p21 acts upstream of RAD51 in the DNA damage response
pathway, while RI-1 acts as an irreversible inhibitor at the level of RAD51 protein?7:28,

Our results indicate that RAD51 inhibitor RI-1 can radiosensitize a majority of VS by
limiting the RAD51-associated DNA repair response. The beneficial effects of RI-1 were
observed at 6, 12, and 18 Gy of radiation. Because the number of y-H2AX and RAD51
nuclear foci were highest at 18 Gy, the greatest reductions in viability occurred in the 18
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Gy and 10 uM RI-1 condition. It is important to note that the viability of cells is equivalent
between 18 Gy (0 uM RI-1), 12 Gy (5 uM RI-1), and 6 Gy (10 uM RI-1) conditions,
suggesting that RI-1 could reduce the amount of radiation necessary to achieve equivalent
effects of tumor control. Reducing radiation has several potential benefits, including limiting
cochlear toxicity, decreasing facial palsy rates, and reducing the risk of radiation necrosis of
the brainstem.

When treating VS with SRS, the goal is to maximize tumor control while minimizing
toxicity to essential anatomical structures like the facial nerve, the trigeminal nerve, and

the cochlea. Although retrospective investigations have shown that single fraction radiation
with GammakKnife SRS (marginal tumor dose of ~11-13 Gy) are associated with tumor
control rates of 84-94% in VS12-15 facial nerve palsy occurs in approximately ~1% of
patients and progression to unserviceable hearing occurs in roughly 75% at 10 years10:29-33,
Thus, introduction of radiosensitizers, such as RI-1, may improve tumor control rates and/or
permit lower dosages of radiation with equivalent tumor control and less toxicity to adjacent
neurovascular structures.

Several studies have linked radiation resistance in cancer to the presence of tumor stem
cells34-37, King et al. showed that two patient-derived glioblastoma stem cell (GSC) lines
expressed high levels of RAD51 and rely on RAD51-dependent DNA repair after radiation
injuryl®. They also showed that RAD51 inhibitors RI-1 and B02 blocked RAD51 foci
formation, reduced repair of DNA DSBs, and improved sensitivity to radiation. In another
study, Balbous et al. analyzed the expression of RAD51 following IR in 10 patient-derived
GSC lines. They found radiation resistance in GSC lines was associated with higher RAD51
expression after radiation, and RI-1 can help overcome radiation resistance in these cells by
reducing DNA repair and inducing apoptosis of cells?%. Our findings associated with RI-1
are consistent with the aforementioned studies. In our investigation, we demonstrated that
VS express RAD51 proteins, and RI-1 can improve radiation sensitivity of patient-derived
VS cells, particularly in those expressing higher levels of RAD51.

RI-1 was also tested in an animal model of gliomas. In this study, King et al. implanted
U87-MG cells into the flank of BALB/c nude mice. They administered RI-1 (100 L of

20 pM) or vehicle via intratumoral injection in three cycles over 5 days. Three hours after
each injection, 5 Gy of radiation was delivered to the flank, for a total of 15 Gy. Concurrent
treatment with radiation and RI-1 resulted in lower tumor growth rates than vehicle-only,
RI-1 only, and radiation-only conditions'®. In another study involving cervical cancer cells,
Chen et al. showed that RI-1 sensitized cancer cells to concurrent chemoradiation with
cisplatin and suppressed cell proliferation. RI-1 also suppressed the growth of cervical
cancer xenografts38. Our study demonstrated that RI-1 at 5 and 10 uM concentrations can
reduce viability of irradiated VS cells. Future directions could involve the application of
these findings to xenograft models of VS39.

One advantage of our study is the use of ten different patient-derived VS cells. Although
we evaluated the effects of radiation and RI-1 on viability, DNA damage, and DNA
repair mechanisms, we only evaluated one DNA repair mechanism (i.e. RAD51), single
fraction radiation, and early time points after irradiation. In addition, our /in vitro study

Otolaryngol Head Neck Surg. Author manuscript; available in PMC 2023 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thielhelm et al.

Page 8

design does not reflect the tumor microenvironment of VS, where tumor vasculature and
hypoxia play an important role in radiation response. In addition, the proliferation rates

can vary among the different sub-populations of VS cells within a single tumor, and
radiation may be less effective in some sub-populations than others. /n vivo models have

the benefit of evaluating functional outcomes related to toxicity of normal tissues (e.g.
hearing loss) from combination radiation and RAD51 inhibition. Future studies should focus
on additional DNA repair mechanisms, different radiation protocols, other radiosensitizers,
and effectiveness in animal models.

Conclusion:

Funding:

Radiation induced dose-dependent reductions in cell viability in a majority of patient-
derived VS. Small molecule inhibitor RI-1 can block RAD51 activation, increase DNA
damage, and initiate further losses in viability, especially in radiation-resistant VS cells.
The findings of this study support further investigation into the mechanisms of radiation
resistance in VS to identify new therapeutic targets and determine the effectiveness of other
novel radiosensitizers to overcome radiation resistance in VS.

This study was in part funded in part by the Sylvester Comprehensive Cancer Center NIH/NCI K-supplement Grant
(CTD), NIH/NIDCD K08DC017508 (CTD), and the NIH/NIDCD R01DC017264-01 (CFV/XZL).
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VSAG6 VSAT73 VSAT78

Figure 1. Magnetic Resonance Imaging (MRI) of Vestibular Schwannoma.
Axial T1-weighted MRI images with gadolinium for the ten vestibular schwannoma patients

included in the study. Arrows point to vestibular schwannoma.
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Line = Mean Fold Change at 96 hours.
Error bar = Standard Error Mean.
**p<0.001

Figure 2. Viability of Vestibular Schwannoma Cells by Radiation and RI-1 Dose.
Radiation initiated dose-dependent losses in viability, when compared to 0 Gy. RI-1

treatment enhanced radiation-induced losses in viability.
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Figure 3. Viability by Tumor, Radiation, and RI1-1 Dose.
Although RI-1 (5 and 10 pM) enhanced radiation toxicity in most tumors, RI-1 was less

effective at reducing viability with VSA60 and VSA69.
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Figure 4. Expression of y-H2AX and RAD51 by Radiation and RI-1 Dose.
[A-B] Radiation caused dose-dependent increases in -y-H2AX and RADS51 nuclear foci/cell.

RI-1 reduced RAD51 and increased y-H2AX.
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Figure 5. Immunofluorescent Staining for y-H2AX and RAD51 for VSAG0.
[A] Confocal images showing formation of y-H2AX and RAD51 nuclear foci after radiation

exposure. [B] RI-1 reduced RAD51 and increased y-H2AX.
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Figure 6. Nuclear p21 Expression by Radiation and RI-1 Dose.
Radiation significantly increased the percentages of cells expressing nuclear p21 in a dose-

dependent manner. No statistical difference was seen between RI-1 groups.
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Representative Confocal Images (40X lens) 6 hours after irradiation.
DAPI represents nuclear staining.

Figure 7. Nuclear p21 expression for VSA56 at 0OuM RI-1
Radiation increased p21 nuclear expression in a dose-dependent manner, suggesting that

higher radiation doses may initiate more cell cycle arrest.
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Figure 8. Capillary Western Blotting for RAD51 Expression in Vestibular Schwannoma.
RADS51 protein was expressed in variable amounts in five tumor chunks. GAPDH was used

as a housekeeping protein.
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Table 1.

Clinical and Surgical Information for Ten Patients with Vestibular Schwannoma

Page 19

Patient | Sex | Age (Years) T”m((’crn\]é")'“me Extent of Tumor SRT (dB) | WRs (o6 | AAQHNS Hearing
VSAS6 | M 56 8.92 Near Total NR CNT D
vsass | M 30 453 Gross Total 95 0 D
vsas9 | M 72 123 Gross Total 20 92 A
vsAG0 | F 61 0.55 Gross Total 50 24 D
vsae2 | M 39 6.20 Gross Total 9 72 c
VsAg6 | F 72 5.96 Gross Total NR CNT D
VsA69 | M 31 15.25 Near Total 55 76 D
vsazo | M 47 9.87 Subtotal 25 83 A
vsazs | F 28 10.97 Near Total 45 8 D
vsazs | F 29 18.34 Subtotal NR CNT D
Average 46.5 8.18

Acronyms: AAO-HNSF, American Academy of Otolaryngology — Head and Neck Surgery; CNT, could not test; F, female; M, male; NR, no
response; SRT, speech recognition threshold; WRS, word recognition score
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