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Objective: This study reviewed our experience in treating patients with vestibular schwannoma (VS) who had
acute sensorineural hearing loss (ASHL) early after radiosurgery.

Patients and methods: Seventy VS patients underwent cyberknife radiosurgery. Of them, 6 patients had ASHL
early (< 6 m) after radiosurgery (Group A), accounting for 8.6% prevalence. The remaining 64 patients without
ASHL were assigned to Group B. Another 10 VS patients with tiny tumor and serviceable hearing adopted
observation policy (Group C). All patients underwent a test battery for inner ear function, and tumor size was
measured via MR imaging.

Results: The mean hearing level of Group A was 39 * 16dB before radiosurgery, which deteriorated to
67 * 14dB at the onset of ASHL after radiosurgery. Three months after treatment for ASHL, hearing im-
provement was noted in only one patient (17%). Mean tumor volumes of Group A before and after ASHL were
1.54 = 1.48cc and 1.33 = 1.04cc, respectively, showing non-significant difference. Receiver operating
characteristic curve analysis revealed that the optimal cutoff value for tumor size was 1.45 cm for predicting
absence of ASHL, with a sensitivity of 96% and a specificity of 67%. In contrast, Group C with mean tumor size of
0.64 = 0.15cm adopted observation policy, and none of them had ASHL two years after diagnosis.
Conclusion: Prevalence of ASHL in VS patients early after radiosurgery is 8.6%, likely due to radiation injury to
the cochlear nerve. Thus, when tumor size is < 1.45cm, serviceable hearing is the criteria for determining
whether observation policy (with serviceable hearing) or radiosurgery (lack of serviceable hearing) is given. For
those tumor sizes ranged 1.45-3.0 cm, radiosurgery is indicated regardless of hearing level.

1. Introduction of radiation injury to adjacent critical structures. Hence, VS patients

increasingly prefer radiosurgery to microsurgical resection, mainly

Vestibular schwannoma (VS), previously called acoustic neuroma,
usually originates in the distal neurilemmal portion of the vestibular
nerve at or close to the neurilemmal-glial junction [1]. Clinically, MR
imaging has become the gold standard for diagnosing VS in those who
had unilateral hearing loss and/or tinnitus. However, treatment of VS
such as observation policy, microsurgical resection or stereotactic
radiosurgery has not yet reached consensus [2,3]. Microsurgical re-
section was the mainstream for the treatment of VS in the last century,
but is sometimes complicated by hearing loss, facial paresis, cerebral
spinal fluid leakage, etc. An alternative treatment modality for VS is the
cyberknife radiosurgery, which is a robotic frameless irradiation system
that uses real-time image guidance to deliver radiation to a target.
Further, the cyberknife treatment course is fractionated to decrease risk

because the former offers high tumor control rate (74-100%), lower
morbidity and better functional preservation [4-7].

On the other hand, advancement in MR imaging i.e. thin-section
high-resolution fluid-sensitive, gadolinium-enhanced pulse sequences,
and reformatted maximum intensity projection images, has identified
increasing numbers of schwannoma including tiny (< 1.0cm) in-
tracanalicular or intracochlear tumor [8]. Patients with incidentally
identified tiny VS who undergo radiosurgery may experience acute
sensorineural hearing loss (ASHL), probably due to radiation injury to
the cochlear nerve and/or its surrounding tissues. It is well accepted
that sensorineural hearing loss continues in VS patients beyond 5 years
after radiosurgery [9], however, ASHL occurring early after radio-
surgery remains less investigated. Thus, this study reviewed our
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experience in VS patients who had ASHL early after radiosurgery.

2. Methods
2.1. Patients

From 2007 to 2017, a total of 104 patients with VS confirmed by MR
imaging were experienced at the neurotological clinic of University
Hospital. After excluding 10 patients receiving microsurgical resection,
10 patients adopting observation policy and 14 patients with middle/
inner ear anomaly/infection, ototoxicity, previous ear surgery, head
injury, or neurofibromatosis type 2 (NF2), finally 70 patients under-
went cyberknife radiosurgery. Of these 70 patients, 6 patients experi-
enced ASHL early (< 6 m) after radiosurgery were assigned to Group A,
accounting for 8.6% prevalence. Definition of ASHL is modified from
the criteria proposed by the National Institute on Deafness and other
Communication Disorders [10], namely a rapid decline (less than three
days) of mean sensorineural hearing loss > 30dB in at least three
contiguous frequencies early (< 6 m) following radiosurgery.

Four were males and two were females, with mean age of
51 + 14years. Right and left ears were affected equally. The re-
maining 64 patients without ASHL were assigned to Group B, com-
prising 23 men and 41 women, with mean age of 54 + 14 years. Right
and left ears were affected in 31 and 33 patients, respectively. There
was no significant difference in terms of age, sex and laterality between
the Groups A and B (p > 0.05, unpaired t or Fisher's exact-test,
Table 1).

Another 10 VS patients (3 men and 7 women; mean age,
47 * 19years) who had tiny tumor with mean tumor size of
0.64 + 0.15 (mean *+ SD) cm and serviceable hearing adopted ob-
servation policy. These patients were assigned to Group C for com-
parison.

Prior to radiosurgery, otoscopy and examination of the eye move-
ments including gaze nystagmus test, positional test and positioning
test were performed first. Then, all patients underwent an inner ear test
battery including audiometry, caloric test, ocular and cervical vestib-
ular-evoked myogenic potential (0VEMP and cVEMP) tests. MR imaging
was performed by Magneton plus 1.51 (Siemens, Erlangen, Germany)
on superconducting 1.5 Tesla MR system with a slice thickness of 4 mm.
Tumor size was measured as the maximum diameter, and tumor volume
was calculated by comparison of ABC/2 formula with planimetry
method based on the literature [11].

This study was approved by the institutional review board, and each
subject signed the informed consent to participate.

2.2. Audiometry

Pure tone average (PTA) indicated averaged hearing threshold at
four frequencies of 500, 1000, 2000 and 3000 Hz, while mean hearing
level (MHL) was defined as mean hearing threshold at the same fre-
quency from all affected ears.

Pretreatment and post-treatment hearing results were classified into
Class A-D according to the guidelines of the AAO-HNS Committee on
Hearing and Equilibrium and Grade I-V according to the Gardner-
Robertson classification [12]. The speech discrimination score (SDS)

Table 1
Clinical information of 70 patients with vestibular schwannoma.
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was reported at presentation levels up to the 40-dB sensation level or
maximum comfortable loudness, whichever was less. Serviceable
hearing was defined if hearing remained at a PTA of < 50dB and an
SDS of > 50%.

2.3. Vestibular test battery

Bithermal caloric test was conducted. The norm of slow phase ve-
locity (SPV) of caloric nystagmus at our laboratory is 31 + 12°/s.
Canal paresis is defined when mean SPV of caloric nystagmus in the
lesion ear is < 7 °/s, or as a > 25% difference between maximum SPV
measurements for each ear, when compared with the sum of SPVs from
each ear. If caloric response was not elicited, the subject underwent ice
water (4 °C, 10 ml) caloric test to further confirm the caloric areflexia.

The oVEMP and cVEMP tests were performed to investigate the
tumor origin. The detailed procedure was described elsewhere [13,14].
For the oVEMP test, briefly, the operator held a vibrator by hand and
delivered a repeatable tap on the forehead, with the initial peak driving
voltage about 144 dB force level. For the cVEMP test, the operator
delivered a repeatable tap on the occiput via the same vibrator. The
subject elevated his/her head to keep a background muscle activity at
50-200 V.

2.4. Cyberknife treatment

After positioning each patient on the Cyberknife (Accuray, Inc.,
Sunnyvale, CA, USA) table, a custom Aquaplast mask was fabricated.
While the patient was immobilized in the mask, a thin-slice (1.25 mm)
high-resolution computed tomographic (CT) scan was obtained after
intravenous administration of 125 ml Omnipaque contrast (iohexol,
350 mg I/ml). Acquired images were transferred via a network to the
cyberknife treatment planning workstation. A thin-section contrast MRI
scan was combined with CT scan for treatment planning using com-
mercially available fusion software provided with the cyberknife.
Nonisocentric, inverse planning helped achieve a maximally conformal
radiosurgical dose while minimizing the brainstem dose. Total treat-
ment dosage was divided into three equal doses delivered during con-
secutive daily stages separated by approximately 24 h [7].

2.5. Statistical methods

The gender and laterality between the two groups were compared
by Fisher's exact or chi-square test. The mean age, tumor size and ra-
diation dosage between the two groups were compared by unpaired t-
test. Tumor volumes before and after ASHL were compared by paired t-
test. Linear regression analysis was performed between the PTA and
tumor size and examined by Pearson correlation coefficients.

Receiver operating characteristic (ROC) curve, plots of sensitivity
against 1-specificity, was compared for the dependent variables (i.e.
tumor size) and independent variables (i.e. acute hearing loss). The
optimal tradeoff between sensitivity and specificity, the so called
“cutoff value”, is the point of maximum curvature in the curve at which
the slope changes from > 0.5 to < 0.5. Furthermore, the ROC curve
enables direct evaluation of the value of predictors (area); that is, the
greater the area under the curve (AUC), the better the predictor.

Groups N Sex (M/F) Age (Y) Laterality (R/ L) Tumor size (cm) PTA (dB) (pre-RS) PTA (dB) (2Y post-RS) 2Y PTA (dB) deterioration
A 6 4/2 51 + 14 3/3 1.43 = 0.51 39 + 16 62 + 19 23 + 12

B 64 23/41 54 + 14 31/33 1.74 = 0.92 58 + 32 63 + 31 4«5

p value (NS) (NS) (NS) (NS) (NS) (NS) 0.005

Data are expressed as mean * SD; RS: radiosurgery; PTA: pure tone average from 4 frequencies (500, 1000, 2000 and 3000 Hz).
p value: Fisher's exact or unpaired t-test; (NS): non-significant difference, p > 0.05.
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Table 2
Six vestibular schwannoma patients with acute sensorineural hearing loss after cyberknife treatment.
Case No. Age (Y) Sex Side Size (cm) dose (Gy) interval (M) PTA (I) (dB) PTA (1) (dB), type of audiogram PTA (1I1) (dB) Outcome
1 32 M R 1.3 18 2 31 54, saucer 46 Unchanged
2 69 F L 1.3 18 4 38 76, down-sloping 76 Unchanged
3 59 M R 1.5 18 3 64 86, flat 84 Unchanged
4 51 M L 1.4 12 <1 28 53, saucer 40 Improved
5 56 M L 2.5 18 5 56 65, down sloping 64 Unchanged
6 38 F R 0.6 18 1 18 60, flat 60 Unchanged
PTA: pure tone average; I: before radiosurgery; II: acute hearing loss before treatment; III: three months after treatment.
A significant difference indicates the p value < 0.05. F 69
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Prior to radiosurgery, audiometry of Group A identified 2 cases in
Class A, 2 cases in Class B, and 2 cases in Class C. Likewise, 2, 2 and 2
cases were noted in Gardner-Robertson Grade I, II and III, respectively.
Types of audiogram comprised saucer type in 2 patients, down-sloping
type in 2 and flat type in 2. The MHL of Group A was 39 + 16dB,
which significantly deteriorated to 67 + 14 dB at the onset of ASHL
(p < 0.01, paired t-test). Three months after treatment, one patient
had hearing improved to Class B (Grade II) while hearing of the other 5
patients remained unchanged. The MHL of Group A was 62 + 19dB at
2 years after radiosurgery (Table 1). In contrast, the MHLs of Group B
before and two years after radiosurgery were 58 * 32 and
63 = 31dB, respectively. Compared to those of the Group A, both
MHLs did not differ significantly (p > 0.05). However, Group A
(23 +£ 12dB) showed more hearing deterioration within 2 years than
Group B (4 = 5dB, p = 0.005, Table 1).

Fig. 1 shows a 51 year-old male with VS measuring 1.4 cm (case no.
4). He underwent cyberknife radiosurgery on September 5, 2013, with
total dosage of 12Gy. However, ASHL occurred 20 days after radio-
surgery, with deterioration of PTA from 16 dB to 51 dB. After treatment
using plasma expander (40% dextran, 1.0 L for 3 days) followed by oral
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Fig. 1. Male, 51 year-old, vestibular schwannoma, left (case no.4). Acute
hearing loss occurs 20 days after radiosurgery on 2013-9-5, with pure tone
average from 16dB (2013-8-23) to 51 dB (2013-9-25). Three months after
treatment (2013-12-25), his hearing improves slightly (shaded area).
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Fig. 2. Female, 69 year-old, vestibular schwannoma, left (case no.2). Five
months after cyberknife radiosurgery, acute hearing loss on the left ear is noted
(arrows), with pure tone average of 76 dB. Her hearing remains unchanged
3 months later.

antioxidants (N-acetyl-L-cysteine 600 mg, twice daily) for 3 months,
slight hearing improvement with a PTA of 38 dB was noted.

Fig. 2 illustrates a 69 years old female with VS measuring 1.3 cm
(case no. 2). Audiometry before radiosurgery showed a PTA of 48 dB on
the affected ear. She then underwent cyberknife radiosurgery with total
dosage of 18Gy. Five months later, ASHL was noted on the left ear with
the PTA having deteriorated to 76 dB. Although immediate treatment
was given, her hearing remained unchanged 3 months later.

3.3. Vestibular test battery

The caloric test in Group A showed normal response in one affected
ear and abnormal responses in 5 affected ears (83%) comprising canal
paresis in 2 and caloric areflexia in 3. The oVEMP test revealed absent
and normal responses in 5 (83%) and 1 affected ears, respectively. In
contrast, all 6 affected ears (100%) showed absent cVEMP responses. In
sum, five VS patients had both superior and inferior vestibular nerves
affected. Only one VS patient (case no. 6) showed normal oVEMPs but
absent cVEMP, indicating an inferior vestibular nerve origin (Table 3).

Table 3
Vestibular test battery in 6 vestibular schwannoma patients with acute sen-
sorineural hearing loss after cyberknife treatment.

Case No. Side Caloric oVEMP cVEMP Involvement
1 R - - - SVN + IVN
2 L - - - SVN + IVN
3 R Canal paresis - - SVN + IVN
4 L - - - SVN + IVN
5 L Canal paresis - - SVN + IVN
6 R + + - IVN

—: absent; SVN: superior vestibular nerve; IVN: inferior vestibular nerve.
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Fig. 3. The scatter plots reveal no relationship between the tumor size and pure tone average (PTA) regardless of Group A or B. (r: Pearson correlation coefficient).

3.4. MR imaging assessment

The tumor size of Group A ranged from 0.6 to 2.5 cm, with a mean
tumor size of 1.43 + 0.51 cm. Although less than that of Group B
(1.74 = 0.92cm), the two groups did not differ significantly
(p > 0.05, Table 1), probably because the power of Group A is small.
Additionally, mean tumor volumes of Group A before and after ASHL
were 1.54 + 1.48cc and 1.33 * 1.04 cc, respectively, showing non-
significant difference (p > 0.05, paired t-test). Overall, the image-de-
fined tumor control rate (no growth or regression) for Groups A and B
was 95% at two years after radiosurgery.

As regards to Group C who adopted observation policy due to tiny
tumor (0.64 * 0.15cm), none of them had ASHL two years after di-
agnosis.

3.4.1. Predicting presence/absence of ASHL from tumor size

Using linear regression analysis, relationship between Groups A and
B from the viewpoint of tumor size and PTA was analyzed. However, no
relationship was identified between the tumor size and PTA regardless
of Group A or B (Fig. 3). Subsequently, tumor size served as a depen-
dent variable, while ASHL served as an independent variable to de-
termine the cutoff value for tumor size relating to ASHL. According to
the ROC curve analysis, the optimal cutoff tumor size was 1.45 cm for
predicting the absence of ASHL (Fig. 4), with a sensitivity of 96%, a
specificity of 67%, and an AUC of 0.773 (95% confidence interval:
0.512-1.034, p < 0.05).

4. Discussion
4.1. Sudden sensorineural hearing loss before radiosurgery

Generally, cranial nerve VIII predominantly comprises myelinated
fibers with a diameter approximately 1-2 pm, and the vestibular nerve
has significantly larger diameter of myelinated fibers than the cochlear
nerve, helping differentiate between the vestibular and cochlear neu-
rons. Since a schwannoma can arise anywhere in the myelinated seg-
ment of the vestibular nerve lateral to the glial-myelin junction in the
internal auditory canal [15], the VS compression on the cochlear nerve
may be variable. A cross section of the human internal auditory canal
demonstrated that the cochlear representations of the nerve fibers
closer to the superior and inferior vestibular nerves are middle to low
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Fig. 4. According to the ROC curve analysis, the optimal cutoff tumor size is
1.45 cm for predicting the absence of acute sensorineural hearing loss.

frequencies [16]. Therefore, VS compression on the cochlear nerve may
cause saucer type (case nos. 1 and 4) audiogram, because high- and
middle-frequency nerve fibers lie on the outer surface, while low-fre-
quency nerve fibers are located at the central core of the cochlear nerve
[17]. Additionally, Moffat et al. [18] suggested that patients with more
common laterally arising tumors within the internal auditory canal
would be more likely to have sudden onset hearing loss due to tumor
compression on the vasculature prior to radiosurgery. Unlike sudden
hearing loss prior to radiosurgery, ASHL occurring in VS patients early
after radiosurgery remains less investigated.

4.2. Acute sensorineural hearing loss early after radiosurgery

Cyberknife is a maneuverable robotic radiotherapy unit that de-
livers stereotactic, hypofractionated radiation. It utilizes real-time
image-guidance and dedicated computerized 3D treatment planning for
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Tumor size < 1.45 cm
Serviceable hearing (-)

Tumor size < 1.45 cm
Serviceable hearing (+)

1.45 cm < Tumor size < 3.0 cm

Tumor size > 3.0 cm

Serviceable hearing (*) Serviceable hearing (*)

{ 4

Waitand Scan
every6-12m

Stereotactic

Radiosurgery

Microsurgical
Resection

Fig. 5. Treatment protocol in patients with vestibular schwannoma.

precise single-session or staged irradiation without a stereotactic frame
[4]. Nowadays cyberknife has been shown to be effective in the treat-
ment of VS [5]. Lower radiation dosage may preserve audiotory func-
tion, plausibly due to less damage to the cochlea. At our hospital, ra-
diation dosage to the cochlea and cochlear nerve is restricted to a
maximum of 8 and 12 Gy, respectively in VS patients who had ser-
viceable hearing. However, ASHL occasionally occurs in VS patients
early after radiosurgery.

Tago et al. [19] reported a case of ASHL and facial palsy 2 days after
gamma knife surgery for an intracanalicular VS. Likewise, Pollack et al.
[20] described hearing loss and facial palsy 36h after gamma knife
surgery for an intracanalicular VS. Both cases were attributed to acute
edematous change of the tumor after radiosurgery. Despite these
sporadic case reports, prevalence of ASHL in VS patients after radio-
surgery remains unclear. In this study, ASHL in VS patients after
radiosurgery accounts for 8.6% prevalence, probably due to direct ra-
diation injury since it is hard to delineate the site of cochlear nerve
under MR imaging. Other causes comprised deteriorated blood supply
or change in the tumor remnant [21,22].

Thus, risk factors for ASHL in patients undergoing radiosurgery
should be emphasized such as NF2, margin dose, changes in radio-
surgical technique, greater number of isocenters and tumor diameter
[71.

First, radiosurgery for NF2 patients should be cautious. Opposed to
displace the cochlear nerve by VS, NF2 tends to surround the cochlear
nerve, which may traverse the central region of the isocenter and
thereby receive a higher dose of radiation resulting in deafness [23].
Restated, radiosurgery on NF2 carries a risk of profound deafness after
radiosurgery. Our hospital adopts an observation-first policy in NF2
patients.

Second, changes in radiosurgical technique are concerned i.e.
margin dose. Kano et al. [24] reported that a mean radiation dose <
4.2 Gy to the central cochlea had significantly better hearing pre-
servation, while the basal turn of the cochlea was the most susceptible
to radiation injury, which may explain the down-sloping type audio-
gram (case nos. 2 and 5).

Another risk factor is related to tumor size. Since no correlation was
identified between tumor size and PTA (Fig. 3), the ROC curve analysis
is alternatively performed. Accordingly, the optimal cutoff tumor size is
1.45 cm for predicting the absence of ASHL, with a sensitivity of 96%, a
specificity of 67%, and an AUC of 0.773 (Fig. 4). Notably, mean dia-
meter of the internal auditory canal has a range 0.2-0.8 cm, but a tumor
margin dose > 14Gy using 0.8-cm collimator helmets may deliver ra-
diation injury to all fibers within the cochlear nerve, causing hearing
deterioration [25].

4.3. Progressive sensorineural hearing loss after radiosurgery

Conventionally, damage to the stria vascularis from radiosurgery
results in sensorineural hearing loss, because the stria vascularis is a
capillary-rich structure fed by radial branches of the spiral modiolar
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artery. Over the months to years after radiosurgery, blood vessels be-
come narrower from endothelial proliferation, leading to ischemic or
necrotic change, and progressive hearing loss ensues [26,27]. In this
study, hearing deterioration in Group B within two years after radio-
surgery was 4 + 5dB, which was significantly < 23 + 12dB in Group
A (Table 1), indicating that ASHL in Group A is probably due to direct
radiation injury to the cochlear nerve. In contrast, progressive sensor-
ineural hearing loss in Group B is caused by long-term vascular in-
sufficiency. Further, no significant change in the tumor volume before
and after radiosurgery in Group A, suggests that ASHL is less attribu-
table to change of tumor remnant.

As regards to patients of Group C who adopted observation policy
because of tiny tumor size and serviceable hearing, repeated scanning
at 6 months and then years were performed. None of Group C had ASHL
at least two years after diagnosis.

4.4. Clinical relevance

Fig. 5 summarizes the treatment protocol for VS patients derived
from this study. When the tumor size is < 1.45 cm, serviceable hearing
is the criteria for determining whether observation policy (with ser-
viceable hearing) or radiosurgery (lack of serviceable hearing) is given.
For those tumor sizes ranged 1.45-3.0 cm, radiosurgery is indicated
regardless of hearing level, while microsurgical resection is re-
commended when the tumor size is > 3.0 cm [28]. However, one pa-
tient with tumor size measuring 3.1 cm also received radiosurgery as
shown in Fig. 3, because his general condition i.e. bleeding tendency is
not allowed to undergo operation. The observation policy, namely
“wait and scan” performed every 6-12 months is adopted for evaluating
if tumor growing or hearing deterioration occurs, which helps de-
termine the timing of radiosurgery.

5. Conclusion

Prevalence of ASHL in VS patients early after radiosurgery is 8.6%,
likely due to radiation injury to the cochlear nerve. Thus, when tumor
size is < 1.45cm, serviceable hearing is the criteria for determining
whether observation policy (with serviceable hearing) or radiosurgery
(lack of serviceable hearing) is given. For those tumor sizes ranged
1.45-3.0 cm, radiosurgery is indicated regardless of hearing level.
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