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Vestibular schwannoma (VS) is a non-malignant intracranial neoplasm arising from the
vestibular branch of the 8th cranial nerve; sensorineural hearing loss (SNHL) is the most
common associated symptom. Understanding whether VS imaging characteristics at the
time of VS diagnosis can be associated with severity of VS-induced SNHL can impact
patient counseling and define promising areas for future research. Patients diagnosed
with VS at Massachusetts Eye and Ear (MEE) from 1994 through 2018 were analyzed if
magnetic resonance imaging at VS presentation and sequential audiometry were
available. Results were compared with original studies available in PubMed, written in
English, on VS imaging characteristics and their impact on hearing in patients. A total of
477 patients with unilateral VS from the MEE database demonstrated no significant
correlation between any features of tumor imaging at the time of VS diagnosis, such as VS
size, impaction or location, and any hearing loss metric. Twenty-three published studies
on the impact of VS imaging characteristics on patient hearing met inclusion criteria, with
six solely involving NF2 patients and three including both sporadic and NF2-related VS
patients. Fifteen studies reported a significant relationship between SNHL and at least one
VS imaging characteristic; however, these trends were universally limited to NF2 patients
or involved small patient populations, and were not reproduced in larger studies. Taken
together, SNHL in sporadic VS patients is not readily associated solely with any tumor
imaging characteristics. This finding motivates future studies to define how VS
microenvironment and secreted molecules influence VS-induced SNHL.
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INTRODUCTION

Vestibular schwannoma (VS) is the most common solitary,
intracranial schwannoma, typically arising from Schwann cells
of the vestibular branch of cranial nerve VIII. VS is also the most
common cerebellopontine angle (CPA) tumor with a clinical
incidence of about 1 per 100,000 persons (1, 2). Currently,
observation via serial magnetic resonance imaging (MRI),
surgical resection, and stereotactic radiation stand as the three
management options for patients with VS (3–5). While
asymmetric SNHL is the most common presenting symptom
of patients with a VS (6, 7), the mechanisms of this SNHL remain
incompletely understood.

VS-associated hearing loss was previously attributed solely to
compression-induced compromise of the cochlear nerve or
vascular supply to the cochlea; recent work calls attention to
possible additional mechanisms, including VS-secreted ototoxic
molecules, neuroinflammation, fibrosis, and edema within the
tumor microenvironment (8). Improved MRI techniques have
allowed for diagnosis of small VSs, highlighting the paradox of
severe hearing loss occurring in some patients with an otherwise
small VS, and normal hearing or only mild hearing loss in some
patients with much larger tumors. Small VSs arguably pose the
most complex determination of management, given their
associated symptoms and size not warranting immediate
intervention as clearly as for larger, compressive tumors.
Utilizing high-resolution MRI protocols, protein deposition in
the cochlea and labyrinthine hypo-intensity have been
investigated as contributing factors to VS-associated hearing
loss (9, 10). Further studies steer their focus towards the
physical location of tumors, such as the superior vestibular
nerve (SVN), and overall tumor size (11–14). The majority of
such studies remain limited by small sample size, despite the
availability and inclusion of strong audiometric and imaging
data. Studies with larger populations struggle with inconsistent
or incomplete MRI data (11, 15).

To provide deeper insight into mechanisms underlying VS-
induced SNHL, we analyze the largest population of VS patients
at a single institution with complete MRI and audiometric data at
the time of VS diagnosis. In parallel, we present a comprehensive
literature review of current, published papers related to tumor
characteristics and hearing loss to better characterize trends
identified across relevant studies. This combined analysis seeks
to evaluate the degree to which any tumor imaging features can
be associated with severity of hearing loss at the time of VS
diagnosis, and to what extent these findings can be reliably
applied across the diverse VS patient population.
MATERIALS AND METHODS

Database Analysis
The charts of Mass Eye and Ear patients diagnosed with unilateral
VS from January 1994 to October 2018 were previously identified
and individually reviewed (16). Institutional Review Board (IRB)
Frontiers in Oncology | www.frontiersin.org 2
approval was obtained from the Mass General Brigham Human
Studies Committee at Massachusetts Eye and Ear and
Massachusetts General Hospital (IRB 16-103H). Audiometric
data were analyzed from patient audiograms performed within 6
months of initial diagnosis based on contemporaneous MRI.
Patients lacking a word recognition score (WRS) for the
ipsilateral ear were included for analysis of study patient
demographics, but excluded from analysis stratified by tumor
size. Baseline WRSs of “pass” were replaced with a score of 92%.
Word recognition testing was always performed at the sound level
set for maximal performance, as evaluated using speech
intelligibility index calculation. Linear and volumetric
measurements were obtained on post-contrast T1-weighted MRI
sequences within 6 months of initial diagnosis.

Audiometric Data Calculations
For patients analyzed from the Mass Eye and Ear database, three
separate pure-tone averages were calculated. Four-tone (speech-
frequency) pure tone average (PTA) was calculated using
thresholds at 0.5 kHz, 1 kHz, 2 kHz, and 4 kHz. High-
frequency PTA was determined using thresholds at 3 kHz, 4
kHz, and 6 kHz. Low-frequency PTA was determined using
thresholds as 0.5 kHz, 1 kHz, and 2 kHz (17, 18).

Tumor Classification
For patients analyzed from the Mass Eye and Ear database,
tumor size was assessed following the Koos grading system.
Tumors were divided into four classes: Koos 1 (fully
intracanalicular), Koos 2 (intracanalicular and extrameatal, but
no brainstem contact), Koos 3 (touching the brainstem without
compression), or Koos 4 (touching and compressing the
brainstem) (19) (Figure 1). Tumor extent was organized into
two categories, impacted and non-impacted. Impaction was
defined as tumor extent to the fundus of the internal auditory
canal (IAC), confirmed through visualization of solid
enhancement and no cerebrospinal fluid signal at the
cochlear fossette.

Calculated Tumor Volume
For patients analyzed from the Mass Eye and Ear database, three-
dimensional tumor volume was calculated as

Tumor volume =
1
6
� p � d1� d2� d3

where d1 and d2 are mediolateral and anteroposterior axial
dimensions, respectively, and d3 is the largest craniocaudal
dimension in a coronal plane (21, 22). Volumetric tumor
analyses, although time-consuming, allows for more accurate
and precise measurements (22–24). Calculated tumor volume
allows for the closest approximation to using a semi-automated
algorithm in determining tumor volume and saves the time it
takes to manually segment an MR sequence (22). A widely
accepted equation for calculating volume of VSs remains
undetermined due to their asymmetry and lack of uniform
edges (22, 24, 25).
March 2022 | Volume 12 | Article 836504
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Maximum Linear Dimension
For patients analyzed from the Mass Eye and Ear database,
maximum linear dimension (MLD) measurements were
collected in the anteroposterior, mediolateral, and craniocaudal
planes for each lesion. The MLD for each lesion was used for
analysis. MLD is the current standard used in determining tumor
size given the ease of measuring, but accuracy is comprised as the
other two linear measurements are not reported. This has the
potential to lead to under- and overestimations with reduced
sensitivity in determining tumor growth when compared to
volumetric measurements (22, 24, 26–28).

Cross-Sectional Area
For patients analyzed from the Mass Eye and Ear database, cross-
sectional area was determined following the Macdonald criteria
equation

Tumor area = d1 �  d2
Frontiers in Oncology | www.frontiersin.org 3
where d1 is the MLD in the mediolateral plane and d2 is the
maximum dimension perpendicular to d1 (29). Given the use of
two linear dimensions, the cross-sectional area of tumors is more
in-line with calculated tumor volume and is often the chosen
method of tumor size reporting.
Literature Review
Peer-reviewed papers available on PubMed, published prior to
September 2021 and written in English on the topics of VS, MRI,
tumor size, growth, and/or location, and hearing loss were
identified as schematized in Figure 2. An article had to involve
a study of VS-associated hearing loss through MRI analyses. The
initial search identified a total of 157 papers; 23 of these met our
study criteria because they focused on VSs prior to an
intervention and discussed at least one of tumor size, location,
growth rate, or MRI characteristics of the inner ear in relation to
VS-associated SNHL.
FIGURE 1 | Illustrations and T1-weighted post-gadolinium MRI scans demonstrating the Koos Grading System for vestibular schwannoma (20). Grade I, small
intracanalicular tumor; Grade II, small intracanalicular tumor with protrusion into the cerebellopontine angle; Grade III, tumor occupying the cerebellopontine cistern,
touching but not compressing the brainstem; Grade IV, large tumor with brainstem compression. The illustrations were modified from SMART (Servier Medical Art),
licensed under a Creative Common Attribution 3.0 Generic License (http://smart.servier.com).
March 2022 | Volume 12 | Article 836504
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Statistical Analysis
GraphPad Prism version 8.0 for Windows (GraphPad Software,
San Diego, CA, USA) was used for data analyses. One-way
analyses of variance (ANOVAs) were used to compare groups.
The coefficients of determination (R2) were calculated for
correlation analysis. A p-value of <0.05 was determined to
be significant.
RESULTS

Characteristics of Study Patients From
Mass Eye and Ear Database
The demographics, tumor classification, and audiometric data of
patients included in the study are shown in Table 1. The average
age was 55.5 years, with 269 female (56.4%) and 208 male
(43.6%) patients. Koos classifications 1–4 comprised 188
(39.4%), 144 (30.2%), 24 (5.0%), and 121 (25.4%) patients,
respectively. Calculated mean PTAs in the ears ipsilateral to
VS at the time of initial diagnosis were 34 dB, 47 dB, and 31 dB at
speech-range, high, and low frequencies, respectively. Average
ipsilateral WRS at the time of initial diagnosis was 77%.
Differences in hearing levels (evaluated by PTA and WRS)
between impacted and non-impacted tumor subgroups were
Frontiers in Oncology | www.frontiersin.org 4
not statistically significant (p > 0.05), as summarized in box
plots (Figure 3).

Patients without complete or available MRI to allow for
impaction analysis at the time of diagnosis were excluded from
the base set, yielding 477 included patients. Tumor size analysis
by tumor volume calculation yielded 472 patients as coronal cuts
on MRI were unavailable for five patients. Baseline WRS for the
ipsilateral ear was not available for 16 of the 477 patients.
Baseline WRSs of “pass” replaced with scores between 92%
FIGURE 2 | Selection of articles through comprehensive literature review.
TABLE 1 | Patient demographic data.

Sex, n (%)
Male 208 (43.6%)
Female 269 (56.4%)

Average age, year (95% CI) 55.5 (54.4, 56.6)
Male 56.2 (54.5, 57.8)
Female 54.9 (53.4, 56.5)

Mean tumor volume, cm3 (SD), n 1.84 (4.04), 472
Patients in Koos class 1, n 0.09 (0.27), 186
Patients in Koos class 2, n 0.54 (0.69), 142
Patients in Koos class 3, n 1.42 (0.95), 24
Patients in Koos class 4, n 6.09 (6.24), 120

Initial speech-frequency pure-tone average, dB (SD) 34 (19)
Initial high-frequency pure-tone average, dB (SD) 47 (25)
Initial low-frequency pure-tone average, dB (SD) 31 (20)
Initial word recognition score, % (SD) 77 (28)
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and 96% resulted in directionally similar findings (R2 ≤ 0.06
regardless of method used to handle “pass” results).

Figure 4 shows that no significant correlation exists between
tumor size and hearing, regardless of the specific metric used for
tumor size (measured as MLD, tumor cross-sectional area, or tumor
volume) or for hearing (high-, speech-, or low-frequency PTA, or
WRS). No correlations of significance were found regardless of
whether or not tumors were impacted (R² ≤ 0.03 in all cases).
Furthermore, multiple comparison ANOVAs did not demonstrate
significance between groups stratified by Koos classification. Data in
Figure 3 are replotted focusing onMLD (Supplementary Figure 1),
tumor cross-sectional area (Supplementary Figure 2), or tumor
volume (Supplementary Figure 3) with different colors indicating
different Koos groups.

Key Findings From Literature Review
Twenty-three studies reporting on tumor imaging characteristics
(MRI signal, size, location, impaction, or growth) and hearing
were found, with fifteen demonstrating at least one significant,
direct correlation between at least one tumor imaging
characteristic and hearing ability (Figure 2). Table 2 shows that
the most common MRI sequence used for analysis was post-
gadolinium T1-weighted sequence, with fourteen studies
including only patients with sporadic VS, six studies with only
Neurofibromatosis type 2 (NF2) patients, and three including both
patient groups. Study sample sizes ranged from 7 to 534 patients,
with a total population of 2435 VS patients. Eight studies involved
investigation of the internal auditory canal extent of tumors or
fundal cap size, with only two of these studies referencing
obstruction (tumor impaction) of the cochlear aperture.

Of the papers demonstrating a direct relationship between
tumor characteristics and hearing loss, four drew conclusions
based solely on tumor size, while the remaining investigated
multiple tumor characteristics, such as size, growth, aperture
encroachment and involvement, and MRI signal intensity. From
Frontiers in Oncology | www.frontiersin.org 5
papers demonstrating at least one significant relationship, patient
sample size ranged from 21 to 534 patients, with an average of 131
patients. Three studies included NF2 patients, nine included
patients with sporadic, unilateral tumors, and three included
both sporadic VS and NF2-associated tumors (Table 2).

Tumor Size vs. Hearing Loss at
Initial Presentation
Two studies demonstrated a weak trend towards loss of higher
frequency thresholds with increasing tumor size; however, no
significant correlation was seen across all frequencies in patients
with sporadic tumors (35, 42). When hearing was assessed using
electrocochleography, there was no direct impact of tumor size on
the detective thresholds of compound action potential or cochlear
microphonics (33). A group of studies using combined PTAs and
speech discrimination score (SDS) to represent hearing drew no
significant relationship between tumor size and hearing loss in the
tumor-ipsilateral ear for patients with sporadic tumors (12, 14, 30,
40, 45). Higher PTAs and lower WRSs in patients with larger
tumors were demonstrated separately in NF2 cohorts, however
(32, 43). Contributions by Lalwani et al. confer audiologic profile
predictability to the severity of NF2 disease, with milder NF2 cases
showcasing predictable audiologic profiles vs. patients with
clinically severe NF2, while Plotkin et al. suggest a stratification
approach to determine a patient’s risk for subsequent hearing
decline based purely on tumor volume—again, strictly for patients
with NF2 disease (32, 43).

Tumor Impaction and Localization as
Predictors of Hearing Loss
Evaluation of impaction and localization across studies did not
consistently show significant correlation with hearing loss (30).
Localization becomes a debated factor with different patient groups
demonstrating conflicting results. Studies showing a significant
correlation of localization and hearing found both increased annual
A B

FIGURE 3 | Composite box plots demonstrating patient audiometric data for non-impacted and impacted tumors calculated as (A) high-frequency pure tone
average (PTA), speech-frequency (4-tone) PTA, low-frequency PTA, and (B) word recognition score (WRS). Within each box, horizontal lines denote median values;
boxes extend from the 25th to the 75th percentile of each group’s distribution of values; vertical extending lines denote adjacent values (i.e., the most extreme values
within 1.5 interquartile range of the 25th and 75th percentile of each group).
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FIGURE 4 | Composite scatter plots showing the relationship in impacted and non-impacted groups between maximum linear dimension and PTA (N = 477)
calculated as (A) high-frequency PTA, (B) speech-frequency PTA, and (C) low-frequency PTA; (D) maximum linear dimension and WRS (N = 461); cross-
sectional area and PTA (N = 477) calculated as (E) high-frequency PTA, (F) speech-frequency PTA, and (G) low-frequency PTA; (H) cross-sectional area and
WRS (N = 461); tumor volume and PTA (N = 472) calculated as (I) high-frequency PTA, (J) speech-frequency PTA, and (K) low-frequency PTA; and (L) tumor
volume and WRS (N = 461). PTAs calculated in all three frequency ranges are not significantly associated with tumor size within both the impacted and non-
impacted groups (p > 0.05). WRS is not significantly associated with tumor size within both the impacted and non-impacted groups (p > 0.05). PTA, pure tone
average; WRS, word recognition score.
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TABLE 2 | Summary of historical analyses of hearing loss vs. imaging characteristics in patients with vestibular schwannoma.

Outcome

Not significant

• No significant difference of HL
between different sized tumors.

• No significant correlation of
tumor origin and subjective HL.

etween MLD
L severity.

• No significant correlations
between MLD and SNHL
severity in high/mid-frequencies
or SDSs, and lateral extent of
the tumor within the IAC and
SDSs.

in the “larger

ger tumor size
.

• PTAs for individual frequencies
were not correlated with tumor
size.

• No significant correlation
between the detective threshold
of compound action potential or
cochlear microphonics
(ECochG) and tumor size.

with HL
sed WRS).
y function class
en quicker rate
ith tumor

–

• Higher-frequency thresholds
were more impacted than lower
frequencies, but no significant
correlation between tumor size
and initial HL.

• No significant correlation
between tumor growth and HL.

• No significant relationship
between tumor size and hearing
level.

etween
or growth rate
ate.

• HL diagnosis at time of
presentation is irrespective of
patient demographics, tumor
sublocalization, and tumor-
induced expansion of the IAC.

elation with –

• No significant association
between VS size hearing for
either side.
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Reference Size Technique N Imaging Sequence Impaction Tumor Characteristics

Significan

Berrettini et al. (30) • MLD 42 MRI+ T1 IAC extent • Sporadic, unilateral
• Evaluation at initial

presentation

–

Nadol et al. (31) • MLD
• IAC extent

75 MRI+ T1 IAC extent • Sporadic, unilateral
• Preoperative evaluation

• Significant correlation
and low-frequency SN

Lalwani et al. (32) • Tumor volume
• Linear dimensions

40 MRI – • NF2
• Evaluation at initial

presentation

• PTA significantly wors
tumor” groups.

• Worsening SRT with
(TV dimension, volum

Tanaka et al. (33) • MLD 34 MRI – • Sporadic, unilateral
• Diagnostic intervention

–

Massick et al. (34) • MLD
• Tumor volume

21 MRI+ T1 – • Sporadic, unilateral
• NF2
• Sequential follow-up

• Increasing TV correla
(increased PTA, decr

• Decline of initial audit
corresponds with an
of audiometric decline
growth.

Tschudi et al. (35) • MLD 74 MRI – • Sporadic, unilateral
• Evaluation at initial

presentation
• Sequential follow-up

–

Wang et al. (36) • MLD 7 MRI – • NF2
• Diagnostic intervention

–

Caye-Thomasen
et al. (15)

• Tumor volume
• Localization

156 MRI- T2 IAC extent • Sporadic, unilateral
• Intracanalicular
• Evaluation at initial

presentation
• Sequential follow-up

• Significant correlation
absolute volumetric tu
and PTA deterioration

Day et al. (37) • MLD 44 MRI T1
MRI T2
MRI Proton density

IAC extent • Sporadic, unilateral
• Diagnostic intervention

• Significant trend of co
tumor size and HL.

Fisher et al. (38) • MLD 52 MRI+ T1
MRI T2

– • NF2
• Sequential follow-up

–
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TABLE 2 | Continued

Outcome

Significant Not significant

• No significant relation between
change in tumor size and
hearing deterioration.

bility correlated significantly
mor size, volume and
ameter, the degree of
l tumor growth, and the
etween tumor end and

–

lost at a quicker rate in
wing tumors than slow-
mors.

• Initial tumor size at diagnosis
did not significantly affect the
time to serviceable HL.

ne hypo-intensity (T2) and
aints at presentation
of faster hearing decline.

• TV and change in TV does not
correlate significantly with HL.

• Association between HL and
tumor size (TV) is not strong
enough.

• HL appears to possibly develop
from cochlear aperture
obstruction and intralabyrinthine
protein accumulation.

• No correlation found between
tumor size and hearing levels at
each frequency.

ntralabyrinthine protein
with larger tumors.
association between
bstruction and 4-tone PTA
changes.

• Tumor volume was not
significantly correlated with
4-tone PTA.

difference in time to hearing
th medium/large tumors
horter median time to
cline compared with small

–

wth associated with faster
intracanalicular tumors.

• PTA or SDS in the ipsilateral ear
did not differ between classes of
intensity of the cochlear fluid
signal.
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Gerganov et al. (39) • MLD
• Tumor volume

99 MRI- T1
MRI- T2
MRI+ T1
MRI+ T2

• IAC extent
• Tumor-fundus

distance

• Sporadic, unilateral
• Preoperative evaluation

• Hearing a
with the t
coronal d
intrameat
distance
fundus.

Sughrue et al. (40) • Localization 59 MRI – • Sporadic, unilateral
• NF2, unilateral
• Evaluation at initial

presentation
• Sequential follow-up

• Hearing is
faster-gro
growing t

Van de Langenberg
et al. (12)

• Tumor volume 63 MRI+ T1
MRI- T2

– • Sporadic
• Evaluation at initial

presentation
• Sequential follow-up

• Labyrinth
HL comp
predictive

Asthagiri et al. (41) • Tumor volume 56 MRI- T1
MRI- FLAIR
MRI+ T1
Co-registered T2-
VISTA
MRI+ delayed FLAIR

Cochlear aperture
obstruction

• NF2
• Diagnostic intervention

–

Tutar et al. (42) • MLD (extrameatal) 76 MRI – • Sporadic, unilateral
• Preoperative evaluation

–

Holliday et al. (9) • Tumor volume 32 MRI+ T1
MRI- T2 TSE VISTA
MRI- FLAIR

Cochlear aperture
obstruction

• NF2
• Diagnostic intervention

• Elevated
correlated

• Significan
aperture
and ABR

Plotkin et al. (43) • Tumor volume 120 MRI+ T1 – • NF2
• Sequential follow-up

• Significan
decline w
having a
hearing d
tumors.

Van Linge et al. (44) • Tokyo consensus
• Localization

155 MRI+ T1
MRI- T2 FIESTA
MRI- T2 CISS

– • Sporadic, unilateral
• Sequential follow-up

• Tumor gr
AHDR for
u
i
a
b

u

i
l

i

t
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t
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TABLE 2 | Continued

ristics Outcome

Significant Not significant

ral
-up

• Hearing is lost at a significantly faster
rate in growing tumors.

• Rate of SDS decrease is not
significantly associated with
tumor growth.

• No significant difference
between HL progression in
patients with intrameatal versus
extrameatal tumors.

ral

luation

– • Caloric tests and VEMPs are
potential clinical factors for
measuring tumor size, sensitive
but remain unspecific.

• No correlation between
increasing tumor size and HL
and peripheral vestibular
function.

ral
ial

• Intracanalicular tumors associated with
increased DRs than extracanalicular
tumors.

• No strong correlation between
tumor size and WRS/PTA.

• No significant correlation with
PTA and T2-weighted signal
intensity.

ral

ial

-up

• Patients with abnormal baseline
hearing of the ipsilateral ear,
demonstrated significantly higher
likelihood of reaching moderate SNHL
in the contralateral ear.

• Patients with normal baseline
hearing bilaterally demonstrated
no significant difference in HL
progression in VS-contralateral
vs. control ears.

• Subgroup analysis by baseline
tumor size did not show any
specific trends for HL
progression.

ral
ial

• An indirect, significant relationship
exists between initial WRS and
cochlear FLAIR ratio.

• Significant correlation was seen
between decreasing WRSs and
increasing fundal cap size.

• No statistically significant
correlation between initial PTA
and cochlear FLAIR ratio.

• No statistically significant
correlation between initial WRS
and PTA, and fundal cap.
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Kirchmann et al. (13) • MLD
• Localization

156 MRI – • Sporadic, unilate
• Sequential follow

West et al. (45) • MLD (extrameatal) 124 MRI – • Sporadic, unilate
• Extrameatal
• Preoperative eva

Byun et al. (14) • MLD
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hearing decline rate (AHDR) and increased cochlear dead regions
(DRs) in intracanalicular tumors when compared to those mainly
within the CPA, which potentially supports the mechanistic theory
of increased mechanical compression of the nerve within the IAC
of intracanalicular tumors (14, 44). In one study, the distance
between the lateral-most portion of tumor and the fundus had a
direct correlation with worse hearing (39). An even greater number
of studies, however, show no significant difference in patients’
hearing between fundus, central, or porus-centered tumors
(13, 15). Furthermore, no correlation is found between lateral
extent within the IAC and hearing ability, precluding a strict
sublocalization criteria as a determining factor for tumor
intervention (11, 15, 31).

Direct tumor impaction at the cochlear fossette was reported
in two studies, but the study populations comprised only NF2
patients (9, 41). Impaction investigated as the simple association
of tumor size and hearing loss has not been robust enough to
explain fully the timing of hearing loss onset and progression in
NF2 patients (41). Separately, cochlear aperture obstruction is
believed to play a role as worsening 4-tone PTAs and auditory
brainstem evoked responses were significantly associated with
such impacted tumors, relying again upon the argument of
pressure applied to the cochlear nerve by tumor-displaced
cerebrospinal fluid towards the IAC apex (9). Such a
mechanism for increased pressure is not supported when
evaluating expansion of the IAC and patients’ hearing in
sporadic, unilateral tumors, however (15).

Tumor Imaging Characteristics vs. Hearing
Loss Progression
Beyond hearing at initial presentation, hearing loss progression
has also been a common topic of study for clinical prognostication
of anticipated hearing loss over time. The earliest study looking at
the effect of tumor growth over time does show decreased WRSs
and increased PTAs in both NF2 and sporadic VS patients (34). A
similar result is reported in later literature, with the correlation
only holding for patients with intracanalicular tumors, thus
providing a modicum of support to the theory of nerve
compression as the sole cause for worsening hearing loss (44). A
lack of proportionality, however, was witnessed between growing
tumors and hearing function, which undermines generalizability
of results across patients (40). Multiple studies illuminate the
possibility of interplay between multiple tumor characteristics and
disease factors, but with no single discrete imaging feature
explaining a dominant fraction of total variance. Anatomical
compression of the cochlear nerve is reliably demonstrated to
have no significant correlation with hearing progression across
multiple studies (12, 15, 35).
DISCUSSION

This study, to our knowledge, represents the most comprehensive
assessment of the relationship between hearing function and
tumor MRI characteristics to date in patients presenting with
VS, based not only on our own institution-specific patient
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population but also on compiled meta-analysis. Our database for
sporadic VS patients augments the literature by providing the
largest patient population to date (representing 22% of all patients
analyzed in this study) in which reinterpretation of the primary
data was feasible (16). Analyzing by an exhaustive range of tumor
size factors including maximal linear dimension, cross-sectional
area, total volume, impaction, and Koos classification all yielded
no correlation with hearing loss at the time of VS diagnosis. These
findings are in agreement with broader findings across published
literature, and ultimately reject mechanical pressure of the
vestibulocochlear nerve as the only factor determining hearing
ability (12, 15, 31, 35, 38).

Tumor size stands as the most prominent independent factor
studied across related literature looking at baseline hearing, or
when performing diagnostic analyses at a given time point. A
broad range of papers have consistently shown no significant
correlation between tumor size and hearing loss at time of
sporadic VS diagnosis, introducing other possible factors for
influencing hearing at time of initial presentation (12, 14, 30, 33,
35, 40, 42, 45). In the only study to demonstrate any correlation
between tumor size and risk of hearing loss progression in
sporadic tumors, results may not be generalizable given the
small patient population (N = 21); furthermore, the most
significant correlations found between tumor size and hearing
loss progression were only present in patients with AAO-HNS
Class D hearing at baseline, defined as WRS less than 50%,
severely restricting clinical utility of this finding (34).
Heterogeneity in hearing loss progression, regardless of the
rate at which the tumor does or does not grow, also
complicates the ability to assign a generalizable relationship
between tumor growth and hearing changes (40).

Some studies have found an occasional, constrained
correlation between other VS imaging characteristics and
hearing at the time of initial presentation. Following the
premise of IAC pressure and nerve compression, patients with
larger tumors demonstrated greater hearing deterioration than
those with smaller tumors (34, 37). In parallel to compression
neuropathy, acute ischemic events, and overall restriction of
adjacent vascular structures are offered as explanations for
hearing loss in patients with larger tumors and are supported
by significant correlative data (31, 34, 37). Decreased hearing
ability is also attributed to larger tumors due to possible nerve
fiber stretching and further vascular compromise of the cochlea
(31, 39). Both biochemical and biophysical interference with
cochlear function are described in sporadic VS patients, and this
extends to NF2 patient cohorts (32, 43). Similar to sporadic VS
studies, those focusing on NF2 populations also highlighted the
lack of a clear size threshold for symptom severity, and the need
for more complex clinical studies to tackle discordant results
between tumor size and hearing in NF2 patients (9, 36, 38, 41).

Indirect, secondary factors are then pushed to the forefront, such
as consideration of intratumoral inflammation, hemorrhage,
fibrosis, ischemic necrosis, and alterations in the biochemical
composition of the inner ear, to account for sporadic VS-related
hearing deterioration (12, 15, 35, 38). Even within a single NF2
patient cohort, a simple genotype–phenotype relationship is not
March 2022 | Volume 12 | Article 836504
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representative of the disease and patient presentations, thus
increasing suspicion for vascularity as an important culprit (38,
40). Hearing loss progression in patients with a slow-growing or
non-growing tumor supports investigation into the vascular
impacts within the IAC and inner ear, because it has been
suggested that a highly vascularized tumor may “steal” blood
from the nearby cochlea (12, 35). In parallel, quantitative data
show increased expression of vascular endothelial growth factor, as
well as overall strengthening of the interaction that a growing tumor
will have on surrounding vascularity and inflammation (38, 46–49).

Interestingly, increased intralabyrinthine protein deposition has
previously been observed and correlated with tumors encroaching
the cochlear fossette (9, 12, 41). Signal significance was observed in a
portion of these studies, both during baseline analysis and
throughout observation (9, 12). Although changes in
intralabyrinthine fluid signal are suggestive of increased protein in
the CSF and perilymph due to tumor presence, the link to either
hearing loss or hearing loss progression has not met criterion for
significance (11, 14, 41). Protein deposition, specifically in the scala
media, has recently provided a correlative impact on hearing loss in
VS as well (8, 9). The mechanism of such deposition, seen on fluid-
attenuated inversion recoveryMRI sequences, remains an active area
of study (9, 41). Parallel studies showcase the abundance of tumor-
secreted factors, such as matrix metalloproteinase-14 (MMP-14),
capable of causing SNHL through spiral ganglion neuron fiber and
synapse damage (8). Additional molecular biomarkers identified
throughout the inflammatory microenvironment of VS that may
contribute toward tumor-induced hearing loss include tumor
necrosis factor alpha (TNFa), IL-6, CXCR4, and nuclear factor
kappa-B (NFkB) activation (50–53).

Intralabyrinthine MRI signal, although suggestive of tumor-
induced inflammation and consequent hearing loss progression,
has also fallen short of significance (44). Studies investigating the
role of T2-weighted hypo-intensity on MRI, protein deposition,
and secreted factors in VS patients offer an avenue for additional
research to understand biochemical alterations occurring within
the IAC and inner ear when a tumor is present, and as possible
factors contributing to hearing loss (54).

The systematic literature review has several limitations. The
geographical distribution of article sources is restricted primarily
to studies in North America and Western Europe, risking
introduction of ethnicity bias. The majority of reviewed papers
studied small populations. Moreover, impacted tumors are
infrequently encountered in clinic, rendering this study
subgroup much smaller compared to the more common non-
impacted tumors. Other confounding factors, such as age and
retrocochlear function, which are known contributors to hearing
loss, were not analyzed in this study. Incomplete records or
unavailability of imaging and audiometric data limit all
retrospective studies. Additionally, some patients who
frequented Massachusetts Eye and Ear for VS-related follow up
had their initial MRI performed at an outside facility, possibly
affecting measurement accuracy depending on the MRI protocols
utilized across various facilities. An additional limitation is that
tumor volume was calculated by multiplying three linear
dimensions, not by an algorithm that requires tracing of tumor
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scans. Overall, caution should be taken in applying conclusions
based on NF2 populations more broadly to the greater population
of sporadic unilateral VS patients—in NF2 patients, the
correlation between tumor size and growth with hearing loss is
more easily demonstrated; however, in general, these tumors are
typically more rapidly growing than sporadic VS, and more
histologically aggressive, with NF2-associated tumors more
frequently directly involving the cochlear nerve (55, 56).

The need to better characterize factors contributing to the
complexity of hearing loss in patients with VS continues to be
highlighted by the presented results, since readily measured
imaging variables such as tumor size, location, and growth rate
do not individually account for the observed tumor-associated
SNHL at the time of presentation (15, 31, 54). More advanced
imaging or other diagnostic studies, regarding evidence of
protein deposition via fluid-attenuated inversion recovery MRI
sequences, combined with measuring the cochlear inflammatory
microenvironment via markers such as TNFa, IL-6, CXCR4,
MMP-14, and NFkB activation, may yet provide insight into
which tumors are at higher or lower risk of affecting hearing.
Quantification of circulating molecular biomarkers may also
inform perspective on surgical candidacy between several
patients with otherwise equivalent baseline hearing and other
tumor imaging characteristics. Further identification of VS
circulating biomarkers would be critical for future clinical
trials, not only holding the potential for detecting earlier tumor
growth and risk of SNHL, but also serving as therapeutic targets.
DATA AVAILABILITY STATEMENT

The datasets presented in this article are not readily available
because the data analyzed in this study are subject to the following
licenses/restrictions: Datasets can be made available upon request
to interested parties. The primary dataset includes service dates for
certain procedures that are considered protected under HIPAA
guidelines, and as such cannot be shared publicly. Requests to
access the datasets should be directed to kstankovic@stanford.edu.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Mass General Brigham Institutional Review Boards
(IRB). Written informed consent for participation was not
required for this study in accordance with the national
legislation and the institutional requirements.
AUTHOR CONTRIBUTIONS

KS conceived the project, analyzed data, and supervised all
aspects of the research, including critical editing of the
manuscript. SE performed initial patient chart reviews and
created the VS patient database. AB performed MRI analyses
for tumor impaction and completed literature review. AB, SE,
March 2022 | Volume 12 | Article 836504

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Brown et al. Vestibular Schwannoma Hearing Loss Imaging
and SV analyzed the data. AB and SE wrote the manuscript. All
authors critically edited the manuscript. All authors contributed
to the article and approved the submitted version.
FUNDING

This work was supported by NIDCD grant R01 DC015824,
Larry Bowman, and the Remondi Foundation (KS). KS
Frontiers in Oncology | www.frontiersin.org 12
gratefully acknowledges support from the Bertarelli
Foundation Professorship.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2022.
836504/full#supplementary-material
REFERENCES
1. Mahaley MS Jr, Mettlin C, Natarajan N, Laws ER Jr., Peace BB. Analysis of

Patterns of Care of Brain Tumor Patients in the United States: A Study of the
Brain Tumor Section of the AANS and the CNS and the Commission on
Cancer of the ACS. Clin Neurosurg (1990) 36:347–52.

2. Roosli C, Linthicum FH Jr, Cureoglu S, Merchant SN. Dysfunction of the Cochlea
Contributing to Hearing Loss in Acoustic Neuromas: An Underappreciated
Entity. Otol Neurotol (2012) 33(3):473–80. doi: 10.1097/MAO.0b013e318248ee02

3. Zanoletti E, Cazzador D, Faccioli C, Gallo S, Denaro L, D'Avella D, et al.
Multi-Option Therapy vs Observation for Small Acoustic Neuroma: Hearing-
Focused Management. Acta Otorhinolaryngol Ital (2018) 38(4):384–92. doi:
10.14639/0392-100X-1756

4. Zanoletti E, Mazzoni A, d'Avella D. Hearing Preservation in Small Acoustic
Neuroma: Observation or Active Therapy? Literature Review and Institutional
Experience. Acta Neurochir (Wien) (2019) 161(1):79–83. doi: 10.1007/s00701-
018-3739-x

5. Zhang Z, Nguyen Y, De Seta D, Russo FY, Rey A, Kalamarides M, et al. Surgical
Treatment of Sporadic Vestibular Schwannoma in a Series of 1006 Patients. Acta
Otorhinolaryngol Ital (2016) 36(5):408–14. doi: 10.14639/0392-100X-1176

6. Matthies C, Samii M. Management of 1000 Vestibular Schwannomas
(Acoustic Neuromas): Clinical Presentation. Neurosurgery (1997) 40(1):1–9;
discussion 9-10. doi: 10.1097/00006123-199701000-00001

7. Hardy DG, Macfarlane R, Baguley D, Moffat DA. Surgery for Acoustic
Neurinoma. An Analysis of 100 Translabyrinthine Operations. J Neurosurg
(1989) 71(6):799–804. doi: 10.3171/jns.1989.71.6.0799

8. Ren Y, Chari DA, Vasilijic S, Welling DB, Stankovic KM. New Developments
in Neurofibromatosis Type 2 and Vestibular Schwannoma. Neurooncol Adv
(2021) 3(1):vdaa153. doi: 10.1093/noajnl/vdaa153

9. Holliday MA, Kim HJ, Zalewski CK, Wafa T, Dewan R, King KA, et al.
Audiovestibular Characteristics of Small Cochleovestibular Schwannomas in
Neurofibromatosis Type 2. Otolaryngol Head Neck Surg (2014) 151(1):117–
24. doi: 10.1177/0194599814529081

10. Mehta GU, Lekovic GP, Maxwell AK, Brackmann DE, Slattery WH. Effect of
Vestibular Schwannoma Size and Nerve of Origin on Posterior External
Auditory Canal Sensation: A Prospective Observational Study. Otol Neurotol
(2020) 41(9):e1145–8. doi: 10.1097/MAO.0000000000002738

11. Selleck AM, Rodriguez JD, Brown KD. Predicting Hearing Outcomes in
Conservatively Managed Vestibular Schwannoma Patients Utilizing Magnetic
Resonance Imaging. Otol Neurotol (2021) 42(2):306–11. doi: 10.1097/
MAO.0000000000002923

12. van de Langenberg R, de Bondt BJ, Nelemans PJ, Dohmen AJ, Baumert BG,
Stokroos RJ. Predictors of Volumetric Growth and Auditory Deterioration in
Vestibular Schwannomas Followed in a Wait and Scan Policy. Otol Neurotol
(2011) 32(2):338–44. doi: 10.1097/MAO.0b013e3182040d9f

13. Kirchmann M, Karnov K, Hansen S, Dethloff T, Stangerup SE, Caye-
Thomasen P. Ten-Year Follow-Up on Tumor Growth and Hearing in
Patients Observed With an Intracanalicular Vestibular Schwannoma.
Neurosurgery (2017) 80(1):49–56. doi: 10.1227/NEU.0000000000001414

14. Byun H, Cho YS, Hong SH, Moon IJ. Cochlear Dead Regions in Sporadic
Unilateral Vestibular Schwannomas Using the Threshold-Equalizing Noise
Test. Audiol Neurootol (2019) 24(6):271–8. doi: 10.1159/000503164

15. Caye-Thomasen P, Dethloff T, Hansen S, Stangerup SE, Thomsen J. Hearing
in Patients With Intracanalicular Vestibular Schwannomas. Audiol Neurootol
(2007) 12(1):1–12. doi: 10.1159/000096152
16. Early S, Rinnooy Kan CE, Eggink M, Frijns JHM, Stankovic KM. Progression
of Contralateral Hearing Loss in Patients With Sporadic Vestibular
Schwannoma. Front Neurol (2020) 11:796. doi: 10.3389/fneur.2020.00796

17. Huh DA, Choi YH, Ji MS, Moon KW, Yoon SJ, Sohn JR. Comparison of Pure-
Tone Average Methods for Estimation of Hearing Loss Caused by
Environmental Exposure to Lead and Cadmium: Does the Pure-Tone
Average Method Which Uses Low-Frequency Ranges Underestimate the
Actual Hearing Loss Caused by Environmental Lead and Cadmium
Exposure? Audiol Neurootol (2018) 23(5):259–69. doi: 10.1159/000494049

18. Agrawal Y, Platz EA, Niparko JK. Prevalence of Hearing Loss and Differences
by Demographic Characteristics Among US Adults: Data From the National
Health and Nutrition Examination Survey, 1999-2004. Arch Intern Med
(2008) 168(14):1522–30. doi: 10.1001/archinte.168.14.1522

19. Erickson NJ, Schmalz PGR, Agee BS, Fort M, Walters BC, McGrew BM, et al.
Koos Classification of Vestibular Schwannomas: A Reliability Study.
Neurosurgery (2019) 85(3):409–14. doi: 10.1093/neuros/nyy409

20. Koos WT, Day JD, Matula C, Levy DI. Neurotopographic Considerations in
the Microsurgical Treatment of Small Acoustic Neurinomas. J Neurosurg
(1998) 88(3):506–12. doi: 10.3171/jns.1998.88.3.0506

21. Charabi S, Thomsen J, Mantoni M, Charabi B, Jørgensen B, Børgesen SE, et al.
Acoustic Neuroma (Vestibular Schwannoma): Growth and Surgical and
Nonsurgical Consequences of the Wait-and-See Policy. Otolaryngol Head
Neck Surg (1995) 113(1):5–14. doi: 10.1016/S0194-5998(95)70138-9

22. Selleck AM, Rodriguez JD, Brown KD. Vestibular Schwannoma
Measurements-Is Volumetric Analysis Clinically Necessary? Otol Neurotol
(2021) 42(6):906–11. doi: 10.1097/MAO.0000000000003055

23. Varughese JK, Wentzel-Larsen T, Vassbotn F, Moen G, Lund-Johansen M.
Analysis of Vestibular Schwannoma Size in Multiple Dimensions: A
Comparative Cohort Study of Different Measurement Techniques. Clin
Otolaryngol (2010) 35(2):97–103. doi: 10.1111/j.1749-4486.2010.02099.x

24. Walz PC, Bush ML, Robinett Z, Kirsch CF, Welling DB. Three-Dimensional
Segmented Volumetric Analysis of Sporadic Vestibular Schwannomas:
Comparison of Segmented and Linear Measurements. Otolaryngol Head
Neck Surg (2012) 147(4):737–43. doi: 10.1177/0194599812447766

25. Harris GJ, Plotkin SR, Maccollin M, Bhat S, Urban T, Lev MH, et al. Three-
Dimensional Volumetrics for Tracking Vestibular Schwannoma Growth in
Neurofibromatosis Type II. Neurosurgery (2008) 62(6):1314–9; discussion
1319-20. doi: 10.1227/01.neu.0000333303.79931.83

26. MacKeith S, Das T, Graves M, Patterson A, Donnelly N, Mannion R, et al. A
Comparison of Semi-Automated Volumetric vs Linear Measurement of Small
Vestibular Schwannomas. Eur Arch Otorhinolaryngol (2018) 275(4):867–74.
doi: 10.1007/s00405-018-4865-z

27. van de Langenberg R, de Bondt BJ, Nelemans PJ, Baumert BG, Stokroos RJ.
Follow-Up Assessment of Vestibular Schwannomas: Volume Quantification
Versus Two-Dimensional Measurements. Neuroradiology (2009) 51(8):517–
24. doi: 10.1007/s00234-009-0529-4

28. Tolisano AM, Wick CC, Hunter JB. Comparing Linear and Volumetric
Vestibular Schwannoma Measurements Between T1 and T2 Magnetic
Resonance Imaging Sequences. Otol Neurotol (2019) 40(5S Suppl 1):S67–71.
doi: 10.1097/MAO.0000000000002208

29. Macdonald DR, Cascino TL, Schold SC Jr, Cairncross JG. Response Criteria
for Phase II Studies of Supratentorial Malignant Glioma. J Clin Oncol (1990) 8
(7):1277–80. doi: 10.1200/JCO.1990.8.7.1277

30. Berrettini S, Ravecca F, Sellari-Franceschini S, Bruschini P, Casani A,
Padolecchia R. Acoustic Neuroma: Correlations Between Morphology and
March 2022 | Volume 12 | Article 836504

https://www.frontiersin.org/articles/10.3389/fonc.2022.836504/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2022.836504/full#supplementary-material
https://doi.org/10.1097/MAO.0b013e318248ee02
https://doi.org/10.14639/0392-100X-1756
https://doi.org/10.1007/s00701-018-3739-x
https://doi.org/10.1007/s00701-018-3739-x
https://doi.org/10.14639/0392-100X-1176
https://doi.org/10.1097/00006123-199701000-00001
https://doi.org/10.3171/jns.1989.71.6.0799
https://doi.org/10.1093/noajnl/vdaa153
https://doi.org/10.1177/0194599814529081
https://doi.org/10.1097/MAO.0000000000002738
https://doi.org/10.1097/MAO.0000000000002923
https://doi.org/10.1097/MAO.0000000000002923
https://doi.org/10.1097/MAO.0b013e3182040d9f
https://doi.org/10.1227/NEU.0000000000001414
https://doi.org/10.1159/000503164
https://doi.org/10.1159/000096152
https://doi.org/10.3389/fneur.2020.00796
https://doi.org/10.1159/000494049
https://doi.org/10.1001/archinte.168.14.1522
https://doi.org/10.1093/neuros/nyy409
https://doi.org/10.3171/jns.1998.88.3.0506
https://doi.org/10.1016/S0194-5998(95)70138-9
https://doi.org/10.1097/MAO.0000000000003055
https://doi.org/10.1111/j.1749-4486.2010.02099.x
https://doi.org/10.1177/0194599812447766
https://doi.org/10.1227/01.neu.0000333303.79931.83
https://doi.org/10.1007/s00405-018-4865-z
https://doi.org/10.1007/s00234-009-0529-4
https://doi.org/10.1097/MAO.0000000000002208
https://doi.org/10.1200/JCO.1990.8.7.1277
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Brown et al. Vestibular Schwannoma Hearing Loss Imaging
Otoneurological Manifestations. J Neurol Sci (1996) 144(1-2):24–33. doi:
10.1016/S0022-510X(96)00174-8

31. Nadol JB Jr, Diamond PF, Thornton AR. Correlation of Hearing Loss and
Radiologic Dimensions of Vestibular Schwannomas (Acoustic Neuromas).
Am J Otol (1996) 17(2):312–6.

32. Lalwani AK, Abaza MM, Makariou EV, Armstrong M. Audiologic
Presentation of Vestibular Schwannomas in Neurofibromatosis Type 2. Am
J Otol (1998) 19(3):352–7.

33. Tanaka F, Tsukasaki N, Nakao Y, Shigeno K, Kobayashi T.
Electrocochleographic Evaluation of Hearing Loss in Acoustic Neuromas.
Am J Otol (1999) 20(4):479–83.

34. Massick DD, Welling DB, Dodson EE, Scholfield M, Nagaraja HN,
Schmalbrock P, et al. Tumor Growth and Audiometric Change in
Vestibular Schwannomas Managed Conservatively. Laryngoscope (2000)
110(11):1843–9. doi: 10.1097/00005537-200011000-00015

35. Tschudi DC, Linder TE, Fisch U. Conservative Management of Unilateral
Acoustic Neuromas. Am J Otol (2000) 21(5):722–8.

36. Wang CP, Hsu WC, Young YH. Vestibular Evoked Myogenic Potentials in
Neurofibromatosis 2. Ann Otol Rhinol Laryngol (2005) 114(1 Pt 1):69–73. doi:
10.1177/000348940511400113

37. Day AS, Wang CT, Chen CN, Young YH. Correlating the Cochleovestibular
Deficits With Tumor Size of Acoustic Neuroma. Acta Otolaryngol (2008) 128
(7):756–60. doi: 10.1080/00016480701749240

38. Fisher LM, Doherty JK, Lev MH, Slattery WH. Concordance of Bilateral
Vestibular Schwannoma Growth and Hearing Changes in Neurofibromatosis
2: Neurofibromatosis 2 Natural History Consortium. Otol Neurotol (2009) 30
(6):835–41. doi: 10.1097/MAO.0b013e3181b2364c

39. Gerganov V, Nouri M, Stieglitz L, Giordano M, Samii M, Samii A.
Radiological Factors Related to Pre-Operative Hearing Levels in Patients
With Vestibular Schwannomas. J Clin Neurosci (2009) 16(8):1009–12. doi:
10.1016/j.jocn.2008.08.029

40. Sughrue ME, Kane AJ, Kaur R, Barry JJ, Rutkowski MJ, Pitts LH, et al. A
Prospective Study of Hearing Preservation in Untreated Vestibular
Schwannomas. J Neurosurg (2011) 114(2):381–5. doi: 10.3171/2010.4.
JNS091962

41. Asthagiri AR, Vasquez RA, Butman JA, Wu T, Morgan K, Brewer CC, et al.
Mechanisms of Hearing Loss in Neurofibromatosis Type 2. PloS One (2012) 7
(9):e46132. doi: 10.1371/journal.pone.0046132

42. Tutar H, Duzlu M, Göksu N, Ustün S, Bayazit Y. Audiological Correlates of
Tumor Parameters in Acoustic Neuromas. Eur Arch Otorhinolaryngol (2013)
270(2):437–41. doi: 10.1007/s00405-012-1954-2

43. Plotkin SR, Merker VL, Muzikansky A, Barker FG 2nd, Slattery SR 3rd.
Natural History of Vestibular Schwannoma Growth and Hearing Decline in
Newly Diagnosed Neurofibromatosis Type 2 Patients. Otol Neurotol (2014) 35
(1):e50–6. doi: 10.1097/MAO.0000000000000239

44. van Linge A, Borsboom GJ, Wieringa MH, Goedegebure A. Hearing Loss
Progresses Faster in Patients With Growing Intracanalicular Vestibular
Schwannomas. Otol Neurotol (2016) 37(9):1442–8. doi: 10.1097/MAO.
0000000000001190

45. West N, Møller MN, Hansen S, Cayé-Thomasen P. Audiovestibular Loss of
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