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Abstract

Objective—To characterize the audiometric natural progression in patient-ears with small 

volume (<1000mm3), treatment-naïve cochleovestibular schwannomas (CVSs) in 

Neurofibromatosis Type 2 (NF2).

Study Design—Prospective, longitudinal cohort study.

Setting—Quaternary medical research institute.

Patients—111 ears in 71 NF2 patients with small, treatment-naïve CVSs observed from July 

2006 to July 2016.

Intervention—Serial audiometric testing, including pure tone audiometry, speech audiometry, 

and magnetic resonance imaging (MRI).

Outcome measures—four-frequency pure tone average (4f-PTA) of 0.5, 1, 2, & 4 K Hz and 

word recognition score (WRS) were recorded. Their changes were compared with MRI changes in 
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CVS volume over time. Times to significant hearing loss (10 dB loss in 4f-PTA) and WRS based 

on 95% critical difference were measured.

Results—Linear regression analysis showed a significant correlation with baseline hearing level 

(4f-PTA) and internal auditory canal (IAC) tumor volume to annual hearing decrease rate (AHDR) 

(p=0.003, p=0.0004). Hearing level at baseline and tumor volume correlate with AHDR while 

tumor volume growth rate does not. Two-way analysis of variance found significant differences in 

AHDR, risk of significant hearing loss and risk of critical difference in WRS based on baseline 

hearing level (abnormal or normal) and IAC tumor volume (greater or less than 200 mm3)

Conclusion—Subjects with normal baseline hearing and small IAC tumor component had a low 

AHDR and low risk of significant hearing loss and may warrant conservative management while 

the presence of baseline hearing loss and large IAC volume resulted in higher ADHR and greater 

risk for further hearing loss and may benefit from early treatment interventions.

INTRODUCTION

Neurofibromatosis type 2 (NF2) is a hereditary multiple neoplasia syndrome characterized 

by bilateral cochleovestibular schwannomas (CVSs). The disease predisposes patients to 

developing multiple central and peripheral nervous system tumors and is inherited in an 

autosomal dominant pattern.1 Hearing loss is a major morbidity of NF2 patients, however, 

the timing and pattern of hearing loss as well as their relation to tumor growth seem highly 

variable, multifactorial, and difficult to predict. Within two years of diagnosis, the majority 

of persons with NF2 experience no significant change in hearing.2 In contrast, others may 

have rapid hearing loss seemingly unrelated to tumor size or growth rate. Even within a 

single individual, the tumor growth rate and rate of hearing loss can often vary between ears.
3

The ideal time to offer intervention has not been well established for CVSs in NF2, 

especially for small tumors.4 Because it is unclear which patients and which ears will 

develop significant hearing loss or tumor growth over time, conservative management is 

commonly offered. This consists of watchful waiting with regular exams, audiometric 

testing, and imaging. Alternatively, others propose early intervention with total tumor 

removal and hearing preservation in hopes of preventing future hearing loss due to tumor 

growth.5 However, hearing preservation rates range between 42% and 63% while recurrence 

can be as high as 58% after surgery for small tumors.5,6 These outcomes must be weighed 

against the possibility that the tumors may go years without meaningful growth or hearing 

loss, especially in the case of small tumors.

Other studies have looked at CVSs of all sizes in NF2. The purpose of the current study was 

to characterize audiometric properties of small volume (<1000 mm3), treatment-naïve 

tumors and their changes over time. We have previously correlated audiovestibular 

characteristics of small volume, treatment-naïve tumors in NF2 with MRI findings in a 

cross-sectional manner.7 In the current study, we look at pure tone thresholds and word 

recognition scores (WRS) and correlate audiometric changes in these measures with tumor 

volume on magnetic resonance imaging (MRI) in a longitudinal manner. We compare 

characteristics of ears with progressive hearing loss through the duration of follow-up to 
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those with stable hearing. We also specifically test the associations of baseline hearing level 

and baseline intracanalicular tumor volume with the development of hearing loss. We 

hypothesized that internal auditory canal (IAC) tumor volume > 200 mm3 would be 

associated with the development of hearing loss based on a study which indicated median 

internal auditory canal (IAC) volume of adults ranged between 191 and 202 mm3 on 

computerized tomography (CT) scan.8 Understanding the relationship of these audiometric 

and imaging characteristics with hearing loss may be useful in predicting which patients are 

at risk of developing significant hearing loss over time and therefore help guide the decision 

to offer future intervention.

MATERIALS AND METHODS

Patients

Audiometric and imaging data were obtained from patients prospectively enrolled in the 

National Institutes of Health (NIH) NF2 natural history study (08-N-0044, clinicaltrials.gov 

identifier NCT00598351) approved by the Combined Neuroscience Institutional Review 

Board. Signed informed consent, and when applicable, assent was obtained for all 

participants. The diagnosis of NF2 was made by clinical and/or genetic criteria.9 Individuals 

with at least one treatment-naïve CVS less than 1000 mm3 (intracanalicular and posterior 

fossa components combined) on initial MRI were included in this study. Patients with only a 

single visit were excluded due to the inability to measure longitudinal outcomes. Patient data 

with middle ear disease or nondetectable hearing were excluded from analysis. In the 

scenario where a patient underwent surgery, only data prior to surgery were included. Any 

post-treatment measurements were excluded from analysis.

Audiometric testing

Baseline and serial pure tone audiometric testing was performed on all patients including air 

conduction thresholds from 250 to 8000 Hz and bone conduction thresholds from 250 to 

4000 Hz. Patients were followed with serial audiograms at an approximately annual interval. 

Hearing was analyzed using a 4-frequency air-conduction threshold pure tone average (4f-

PTA) of 0.5, 1, 2, and 4 kHz. A 4f-PTA ≤ 20 dB hearing level (HL) was considered normal 

hearing. Abnormal hearing or hearing loss at enrollment was defined as 4f-PTA >20 dB HL. 

Change in hearing was calculated as the difference between the 4f-PTA of the most recent 

audiogram and the baseline. Annual hearing decrease rate (AHDR) was determined by 

accounting for the time interval between audiograms and was expressed in decibels per year 

(dB/year). A significant loss of hearing was defined as a decrease in the 4f-PTA ≥10 dB. The 

time interval in which an ear experienced a 10 dB or greater decrease in hearing from 

baseline was also gathered from the serial audiograms. Word recognition ability was also 

tested at baseline and serially at the time of pure tone testing.

Imaging

Patients underwent MRI with and without gadolinium contrast at approximately annual 

intervals that corresponded with the date of the audiogram. Inner ear MRI was performed 

with <1-mm in-plane resolution using a 3T MR-scanner (Philips, Andover, MA). The 

volume of the tumors was determined using post-contrast T1-weighted images and the 
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following formula: volume = (maximum anteroposterior dimension × maximum 

mediolateral dimension × maximum craniocaudal dimension)/2.10,11 The internal auditory 

canal (IAC) and posterior fossa (PF) components, if present, were summed for total CVS 

volume. Change in tumor volume was calculated as the difference between the more recent 

and baseline MRI. The time interval between scans was used to determine a rate of tumor 

growth expressed as cubic millimeters per year (mm3/year). This was performed for IAC, 

PF, and total volumes.

Statistical Analysis

Statistical analysis was performed using XLSTAT Version 2017.2 (Addinsoft, New York, 

NY). A p-value ≤0.05 was considered significant in all statistical tests. One-way analysis of 

variance (ANOVA) was used to compare characteristics of ears that experienced progressive 

hearing loss during the time of follow-up to those which did not (stable hearing). Multiple 

linear regression analysis was used to evaluate the relation of baseline hearing level and IAC 

tumor volume to AHDR. Subsequently, ears were divided into four groups for analysis: 1) 

those with baseline hearing ≤20 dB HL 4f-PTA and IAC tumor volume ≤200 mm3 (normal 

hearing, small IAC tumor), 2) normal hearing and IAC tumor volume >200 mm3 but ≤1000 

mm3 (normal hearing, large IAC tumor), 3) abnormal baseline hearing >20 dB HL and small 

IAC tumor (abnormal hearing, small IAC tumor), and 4) abnormal hearing, large IAC tumor. 

Differences in AHDR for these groups were analyzed with a two-way factorial ANOVA. 

Tukey HSD (Honestly Significantly Different) post hoc analysis was performed to determine 

the differences between groups within 95% confidence intervals. A chi-square test of 

association was used for analysis of association between categorical variables. A Kaplan-

Meier analysis with log-rank testing was used to determine risk and time to significant 

hearing loss in these four groups.

Word recognition scores (WRS) were treated as a binomial variable as described by 

Thornton and Raffin to account for test-retest variability.12 Interval changes in WRS score 

were determined to be significant if they fell out of the 95% critical difference level from 

baseline score. A one-way ANOVA was used to compare characteristics between ears which 

had a critical difference from baseline WRS score. Survival analysis for risk and time to 

critical difference in WRS was also performed in the four previously defined groups.

RESULTS

Patients and baseline characteristics

One hundred thirty-three ears in 88 patients met initial inclusion criteria. After application of 

exclusion criteria, 111 ears in 71 patients were included for analysis. Mean age at enrollment 

was 30.9 years (SD 19.2, range 8-68). Mean number of audiograms was 5.0 (SD 2.1) over an 

average of 3.9 years (SD 1.22). Forty-three female and 28 male patients were enrolled, 

including 55 left ears and 56 right ears. Overall AHDR for all ears was 2.56 dB/year (SD 
4.4). Baseline 4f-PTA and WRS (Figure 1a) and change in 4f-PTA and WRS at the end of 

follow-up (Figure 1b) are presented in standard scattergrams. A summary of patient and 

tumor characteristics are presented in Table 1.
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Factors associated with 10 dB or greater hearing decline from baseline

The 111 ears were initially divided into two categorical groups comprised of those ears with 

stable hearing (<10 dB net decrease in 4f-PTA, n=75) and those ears with progressive 

hearing loss (≥10 dB net decrease in 4f-PTA, n=36) through the course of the study. One-

way ANOVA tests were performed to compare differences in mean characteristics (Table 2) 

between these two groups. Overall mean net decrease in 4f-PTA was 27.4 dB (SD 19.9) in 

the group with progressive hearing loss as compared to 1.5 dB (SD 4.2) in the stable hearing 

group (p<0.0001). Mean duration of follow-up was similar in the two groups (4.0 years, SD 
1.0 vs 3.9 years, SD 1.3, p=0.554). There was no difference in distribution of age (30.6 years 

SD 19.7 vs 31.4 years SD 18.5, p=0.84), sex (χ2(1)=1.503, p=0.22), or tumor laterality 

(χ2(1)=0.769, p=0.381) between the two groups.

In the progressive hearing loss group, mean hearing level at baseline was 32.6 dB HL (SD 
21.2) compared to 19.5 dB HL (SD 21.8) in the group with stable hearing (p=0.003). Mean 

IAC tumor volume at baseline was significantly larger (p=0.0004) in the group that 

experienced hearing loss progression (233.2 mm3; SD 161.0) compared to the stable hearing 

group (132.4 mm3; SD 124.2) Mean baseline total CVS volume was significantly larger 

(p=0.04) in the progressive hearing loss group (325.3 mm3; SD 249.8) compared to the 

stable hearing group (221.7 mm3; SD 240.6). There were no significant differences in the PF 

volume measurements between the two groups.

Effects of baseline hearing level and IAC tumor volume on hearing decrease rate

Multiple linear regression analysis was performed to evaluate the relationship between 

baseline hearing level and IAC tumor volume on AHDR (Table 3). Both worse baseline 

hearing and larger IAC tumor volume were associated with a faster AHDR (p=0.044 and 

0.001 respectively). There was no significant interaction between baseline 4f-PTA and IAC 

tumor volume (p=0.196) indicating that main effects of both factors on rate of hearing loss 

are independent of each other.

Two-way factorial ANOVAs were performed to compare AHDR in four groups previously 

described groups. Age, PF and total CVS volume metrics were also evaluated to assess for 

collinearity (Table 4). The normal hearing, small IAC tumor group was the largest in the 

study (n=52 ears). In this group, AHDR was 0.7 dB/year (SD 2.6 dB/year), which was at a 

significantly lower rate of change than that observed for all other groups (p=0.001-0.02). 

There was no significant difference in AHDR among the other groups (3.6-5.0 dB/year, 

p=0.7-0.95).

Tumors with the most growth over time were those with IAC tumor components >200 mm3 

at time of enrollment. In the group with large IAC tumor components and abnormal hearing 

(n=19), mean total tumor volume was 459.1 mm3 (SD 200.5) and the mean growth rate was 

176.6 mm3/year (SD 362.4) in total tumor volume. In the group with large IAC tumor 

components and normal baseline hearing (n=17), mean total volume was 531.5 mm3 (SD 
224.2) and mean growth rate was 458.9 mm3/year (SD 550.5). These growth rates were 

significantly faster than groups with small baseline IAC tumor components (55.0 and 82.3 

mm3/year, p<0.0001).
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The slowest overall tumor growth rate was observed in the abnormal hearing, small IAC 

tumor group (n=23), with a rate of 55 mm3/year (SD 74.4 mm3/year). It should be noted that 

this group’s mean age of 47.6 years (SD 17.4 years) was statistically higher than that of the 

other groups (21.6-32.3 years; p<0.0001-0.005). There was no significant difference in age 

among the other three groups (p=0.22-0.88). Notably, there was no statistically significant 

difference in growth rate of the IAC tumor component among all groups (p=0.725-1.0).

Kaplan-Meier analysis was performed to look at time to hearing outcomes among the four 

groups based on baseline hearing level and IAC tumor volume. The event studied was 

significant hearing loss progression defined as ≥10 dB change in 4f-PTA (Figure 2a). Only 

36 of 111 ears (32%) had ≥10 dB hearing loss progression over the period of follow-up. The 

log-rank test demonstrated a significant difference in time to hearing loss progression among 

these groups (p<0.0001). Median time to significant hearing loss progression in ears with 

abnormal baseline hearing and small IAC tumor component was 3.0 years (n=23). Median 

time to significant hearing loss in ears with abnormal baseline hearing and larger tumors was 

3.2 years (n=19). Median time to hearing loss was not reached in ears with baseline normal 

hearing (n=69) regardless of tumor size over the 4.8-year time-period studied. However, the 

percentage of ears developing hearing loss was higher in the group with larger IAC tumor 

component (44%) compared to those with small IAC components (19%) at 4.8 years.

Word recognition scores

A critical difference in WRS was seen in 24 of 107 ears over the observed time. One-way 

ANOVA tests were performed to compare differences in mean characteristics between 

tumor-ears that experienced a critical difference in WRS compared to those that did not. 

Ears that experienced a critical difference in WRS had a baseline hearing level of 34.0 dB 

HL (SD 21.9) compared to 17.4 dB HL (SD 16.8) in ears which did not have a change in 

WRS (p<0.0002). Ears with a critical difference in WRS had a faster AHDR at 5.6 dB/year 

(SD 5.7) compared to 1.6 dB/year (SD 3.4) in those with stable WRSs (p<0.0001). There 

was no statistically significant difference in age, any tumor volume metrics, or baseline 

WRS (data not shown).

A Kaplan-Meier analysis was performed to examine the effects of baseline IAC tumor 

volume and hearing level on survival time to a critical difference in WRS (Figure 2b). A log-

rank test showed a statistically significant difference in survival among the four groups 

(p=0.0002). In ears with abnormal baseline hearing and a small IAC tumor component, 

median WRS survival was 3.7 years (n=22), which was similar to the time until 10 dB 4f-

PTA loss in the same group (3.0 years). Median survival of WRS was not met in the other 

groups. At 4.8 years, in ears with small IAC tumors components and normal baseline 

hearing, only 4% developed a critical difference in WRS, 43% for large IAC tumors with 

abnormal baseline hearing, and 26% in ears with normal baseline hearing but larger IAC 

tumor volume.

DISCUSSION

The objective of this study was to characterize the audiometric natural history of small 

volume, treatment-naïve CVSs in Neurofibromatosis type 2. The decision to offer surgery, 
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other treatments, or observation in CVSs is complex and multifactorial. Although presenting 

hearing loss, risk of future loss, and tumor growth are contributing factors, there are no well-

defined standards or guidelines. This is especially true in the case of NF2-related CVSs less 

than 1000mm3.3 Many studies have looked at “small” tumors as a subset of NF2 patients 

with tumors of varying sizes. Further, size has been defined variably including the using 

single largest linear dimension (diameter) or by calculated volumes.2,7,10,13 Consensus from 

the literature regarding small tumors is that they are associated with better PTA, SRT and 

ABR,4 hearing preservation can be good (65%) when offered surgery,13 and risk of 

developing significant hearing loss is less than 0.5 after 2 to 6 years.3,11 Within our cohort of 

111 treatment-naïve ears with tumors <1000 mm3, we observed heterogeneity in patient-

tumor characteristics.

In our patients, we found that mean baseline hearing level was worse (32.6 dB) and IAC 

tumor volume was larger (233.2 mm3) in ears which had progressive hearing loss through 

our follow-up period compared to ears with stable hearing (19.5 dB, 132.4 mm3). There was 

a statistically significant difference in mean baseline total tumor volume (325.3 mm3 vs 

221.7 mm3) between these groups, however, this is more likely due to a contributing effect 

of baseline IAC tumor volume because baseline PF tumor volume was not significantly 

different between those with stable versus progressive hearing loss. There was no significant 

difference in age, sex distribution, or laterality indicating that baseline hearing level and IAC 

tumor size may be associated with developing significant hearing loss independent of these 

other factors.

The largest subset in our study (n=52) had normal hearing at baseline (mean 9.7 dB HL) and 

small intracanalicular components (<200 mm3). The annual hearing decrease rate in this 

subset was 0.7 dB/year. In this group, 19% developed a significant decline in hearing while 

only 4% developed a critical difference in WRS. Mean total tumor volume was 112.5 mm3 

in this group and could expect to grow at a mean rate 82.3 mm3/year. Patients in this group 

were young with a mean age of 25 years. This supports the use of watchful waiting in 

patients who are younger with normal hearing and smaller baseline tumors because their risk 

of developing significant change in 4f-PTA or WRS is low over our observation period of 

4.8 years.

The group that experienced the greatest AHDR (5.0 dB/year, SD 5.6) was the abnormal 

hearing, large IAC tumor group (n=19). Mean age at enrollment was 32.3, baseline 4f-PTA 

was 46.4 dB and IAC tumor volume was 330.6 mm3. Median time to significant hearing 

progression was 3.2 years and overall risk of developing significant hearing decline was 0.66 

in 5 years. This may be a group who would benefit from early counseling and discussion of 

interventions to maintain their current hearing status.

We found that patients with abnormal baseline hearing and small IAC tumor volume were 

significantly older (49.8 years) than other groups (21.6-32.3 years). Generally, increasing 

age at presentation correlated with worse baseline hearing (R2=0.249; data not shown). This 

group had a higher risk of developing a significant hearing change despite a smaller tumor 

size (205.4 mm3) and slower total tumor growth rate (55 mm3/year vs 82.3-458.9 mm3/

year), supporting current literature that shows CVS growth rate tends to decrease with 
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increasing age.9,13 The biology of tumors in patients who present at an older age may be 

more benign and slower growing than in younger patients. We believe that hearing loss 

progression in the abnormal baseline hearing/small tumor group may be age-related loss in 

addition to chronic changes from having a longstanding tumor. Alternatively, this may be an 

artifact of selection bias because patients with more aggressive tumor growth in this age 

group may have been more likely to have undergone intervention and been excluded from 

the study.

In our study, we found that tumors experiencing the most growth were those that were 

already larger at baseline independent of hearing level. This agrees with current literature 

which shows that rate of hearing loss is independent of rate of total tumor growth. In the 

group with normal baseline hearing and larger IAC volume tumor (n=17), AHDR was 4.3 

dB/year. The percentages of ears developing a significant hearing change in 4f-PTA or WRS 

were 44% and 26%, respectively. Compared to other groups, they had a larger mean baseline 

total tumor volume (531.5 mm3) and faster mean total tumor growth rate (458.9 mm3/year).

We chose IAC tumor volume greater or less than 200 mm3 as a categorical parameter in 

assessing AHDR for two reasons. 1) Our initial analysis of ears that experienced significant 

hearing loss progression compared to those with stable hearing had a larger IAC tumor 

volume component (233.2 mm3 vs 132 mm3) while no other volume metrics were 

significantly associated with the difference in hearing. 2) A recent study of computed 

tomography (CT) scans of the IAC found that the median IAC volume of adults was 191 

mm3 and 202 mm3 in the right and left ears respectively, including both sexes.8 Additionally, 

a study of sporadic non-NF2 intracanalicular tumors found that AHDR was higher in tumors 

that had a growing IAC component.14

We hypothesized that as tumors approached and exceeded 200 mm3, or the limits of the IAC 

volume, hearing loss would increase due to pressure effects of the tumor and the bony limits 

on the cochlear nerve. Proposed mechanisms for hearing loss include compression of the 

blood supply to the cochlea, disruption of cochlear neuron axonal transport, or direct effects 

on the cochlea itself.7 A significant correlation was seen between baseline IAC tumor 

volume and AHDR, however the association could also be generalized to overall tumor 

volume when accounting for hearing level at baseline and volume as categorical rather than 

continuous variables. Further, the rate of IAC tumor growth was consistent among all groups 

regardless of baseline IAC tumor volume size, hearing level or PF extension (23.1-34.4 

mm3/year, p=0.77). A potential future study may involve looking at the percentage of the 

IAC occupied by tumor with hearing loss or risk of hearing loss. The infiltrative nature of 

the tumor in the IAC and its tendency to remodel bone are other factors that may affect 

hearing and warrant study over time in patients with CVSs.13,15-17

A limitation of our study is the short duration of follow-up. In life-long diseases such as 

NF2, the clinical information from follow-up greater than 4.8 years may be needed to fully 

understand natural history of CVSs. Another limitation was the omission of MRI fluid-

attenuated inversion recovery (FLAIR) sequences which have been used to identify 

intralabrynthine protein and cochlear aperture obstruction in relation to hearing loss.18 This 

data was currently not available for enough MRIs to make statistically powerful longitudinal 
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analyses in our study. Finally, prospective studies of patient outcomes will be needed to 

validate our recommendations. Our study found a correlation between baseline 

characteristics of age, hearing level, tumor size and annual hearing decrease rate. While 

these parameters may have some predictive value in stratifying patients at risk of developing 

changes in hearing, they clearly are not the only factors associated with changes in hearing. 

In the future, the natural history of small volume treatment-naïve tumors with additional test 

outcomes including auditory brainstem response testing and vestibular testing (caloric 

responses, rotatory chair testing, and vestibular evoked myogenic potentials) will be 

examined longitudinally as well.

Young patients with small tumors and normal hearing may be safely observed with regular 

follow-up, audiologic testing, and imaging because the risk of significant hearing loss in 4.8 

years is low. Our patients with abnormal hearing levels at baseline and IAC tumor 

components >200 mm3 had the fastest AHDR (5.0 dB/year) and a median time to significant 

hearing change of 3.2 years. We propose that this progression in hearing loss occurs as the 

tumor fills the IAC. Patients who fall into this category may benefit from hearing 

preservation interventions such as bevacizumab or surgical IAC decompression.19,20 Our 

findings support the current understanding that tumor growth alone is not predictive of 

hearing loss in CVSs related to NF2.21-22 While baseline hearing level and tumor size seem 

to correlate significantly with hearing loss, these must be interpreted within the context of 

the patient’s broader clinical picture.
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FIGURE 1. 
A: Scattergram of baseline pure tone average (PTA) against word recognition score (WRS).
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B: Scattergram of change in pure tone average (PTA against change in word recognition 

score (WRS) at the end of follow-up
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FIGURE 2. 
A: Kaplan-Meier curve of time to 10 dB four-frequency pure tone average (4f-PTA) hearing 

loss stratified by baseline abnormal hearing (greater or less than 20 dB hearing level) and 

baseline internal auditory canal (IAC) tumor component (greater or less than 200 mm3).

B: Kaplan-Meier curve of time to critical difference in word recognition score (WRS) 

stratified by baseline abnormal hearing (greater or less than 20 dB hearing level) and 

baseline internal auditory canal (IAC) tumor component (greater or less than 200 mm3).
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