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Introduction

Vestibular schwannomas (VS), historically called acoustic neuromas, are
histologically benign tumors arising from the Schwan-cells. Due to their histologically
benign nature, the complex anatomy of the cerebello-pontine angle (CPA) and the
morbidity and mortality related to surgery, the therapeutic management of vestibular

schwannomas remains a major challenge.

History, Epidemiology of VS

History

VS were first described by Sandifort in 1777 as a neuroma or neurilemoma. It was
only at the end of the 18" century, with the work of John Hunter, that the clinical
symptomatology of these tumors began to be understood. At the end of the 19" century,
the knowledge of the clinical presentation and evolution of the VS allowed physicians to
make the diagnosis of VS not only during post-mortem examinations but also in live
patients.

In 1895, Annandale was the first to successfully surgically remove a vestibular
schwannoma in a 25 year-old pregnant woman, who afterwards gave birth under normal

circumstances.

Epidemiology

VS represent 9% of brain tumors, 25% of posterior fossa tumors and are the most
common tumor of the cerebello-pontine angle with 80% prevalence (1).

The incidence of VS is 2/100,000 per year, currently increasing as the initial size at
diagnosis decreases. These changes in the epidemiology of the VS are described as a
consequence of the multiplication of brain MR-scan investigations, leading to an increase
of incidental radiological diagnosis without clinical symptoms (2, 3). The occurrence of
VS is more common in women from 40 to 60 years of age.

VS are sporadic tumors in 95% of cases. But in 5% of cases, their occurrences are

related to type 2 neurofibromatosis (NF2). In fact NF2 patients almost systematically
16



present an occurrence of VS. VS in NF2 patients are often bilateral, among the usual

clinical features of neurofibroma and plexiform neuromas.

Pathology and pathophysiology of VS

Pathology

VS are extra-axial, benign tumors arising from the Schwann cells constituting the
myelin sheath of the VII™ nerve. The most common site of genesis of VS is the
Obersteiner-Redlich zone, defined as the junction of the cranial nerve between the central
and peripheral myelination.

Macroscopically, VS are usually described as a unilateral lonely firm yellow /
brown tumor without a distinct capsule. These tumors drive back the vestibular nerve
without invading it and push on the arachnoid sheath. The persistence of a thin arachnoid
sheath around the tumor is described and used during surgery to help the dissection of the

tumor (Figure 1).

Figure 1: Macroscopical aspect of VS
a) Frontal anterior view of a VS in the right cerebello-pontine angle
b) Closer superior view of a VS in the left cerebello-pontine angle

Microscopically, 2 different types of structure coexist: the dense fibrillar tissue
(Antoni A) composed of compact fusiform cells, reticulin and collagen and the faint
reticular tissue (Antoni B), made of loose stellate round cells in stroma. Also, anuclear

palissading cells called Verocay bodies can be observed in VS tumors (Figure 2).
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Figure 2: Microscopical aspect of VS
Magnification x50, hematoxylin-eosin-safron staining
A: Antoni A fibers, B: Antoni B fibers, C: Verocay bodies

Pathophysiology

Most of the recent understanding of pathophysiological mechanisms responsible for
the genesis and growth of VS came from the study of NF2 patients.

NF2 gene is located on chromosome 22q12. This gene is expressed at high levels
during embryonic development and in an adult’s life, in the Schwann cells, the meningeal

cells, the lens and the nerves.

This NF2 gene leads to the production of a protein called schwannomin/merlin
(S/M). S/M is a 590 amino-acid protein, related to a family of cytoskeleton-to-membrane
protein linkers and has been shown to interact with cell-surface proteins (Figure 3). These
proteins are involved in cytoskeletal dynamics and in regulating ion transport as well as
motility and growth of the Schwann cells by their interaction with CD44 and RhoGTPases.
The NF2 gene acts as a tumor suppressor gene. Its alteration is the cornerstone of the
Schwann cells proliferation and the genesis of VS, leading to the absence of expression, or

the expression of a non-functional S/M protein by the Schwann cells.

In non-NF2 patients with a sporadic unilateral vestibular schwannoma, it has been
shown that in 60% of cases a gene mutation leading to the production of a non-functional
variant of S/M or the absence of its production is observed. In the remnant cases, it may be
supposed that the expression of S/M is regulated by epigenetic factors and the action of

protein cascades like caspases (4).
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Figure 3: 3D modeling of the schwannomin/merlin (5)

Clinical presentation of VS

The clinical presentation was well described by Cushing and updated and
summarized by Pertuiset in 1970 (1, 6). They described that typically the clinical
presentation of VS is progressive and evolves gradually into 2 successive groups of clinical

signs: the otological signs and then the neurological signs.

Otologic symptoms

The otologic symptoms are the first to occur. They are characterized by a unilateral

perception hearing loss, tinnitus and vestibular signs.

Neurologic symptoms

Afterwards the neurologic signs appear. They are caused by the shift and mass
effect induced by the VS on the brainstem. Neurological signs like ataxia, gait disturbance,
facial function impairment and hydrocephalus may be noticed. Among the neurological
signs, the search for cranial nerve impairment is critical and conditions the therapeutic
management of VS. For example, V" cranial nerve impairment will be searched for with
the corneal reflex. Its impairment is the sign of an ocular risk with an increased risk of
keratitis. VII"™ cranial nerve impairment, which is important for the post-operative facial
prognosis and surgery, is searched for and quantified using the House-Brackmaan scale

(7)(Table I).
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Table I: House-Brackmann classification for facial palsy

Grade Definition

| Normal symmetrical function in all areas

Slight weakness noticeable only on close inspection
Complete eye closure with minimal effort

Slight asymmetry of smile with maximal effort
Synkinesis barely noticeable, contracture or spasm absent

II

Obvious weakness, but not disfiguring
May not be able to lift eyebrow
I Complete eye closure and strong but asymmetrical mouth movement with
maximal effort
Obvious, but not disfiguring synkinesis, mass movement, spasm

Obvious disfiguring weakness

Inability to lift brow

Incomplete eye closure and asymmetry of mouth with maximal effort
Severe synkinesis, mass movement, spasm

v

Motion barely perceptible
\% Incomplete eye closure, slight movement corner mouth
Synkinesis, contracture, spasm usually absent

VI No movement, loss of tone, no synkinesis, contracture, or spasm

However, usually, neurological symptoms tend to no longer be observed in most
cases. In fact patients with ontological symptoms have complementary examinations. The
sensitivity of auditory evoked potentials and the easy and early use of the MR-scan to
investigate any unilateral perception hearing loss has led to the radiological diagnosis of
small intracanalar VS of few millimeters in size, without the usual constellation of signs

described in previous publications before the MR-scan era.

Complementary examinations

Audiometry

Both tonal and vocal audiometries are performed in the audiometric screening. A
unilateral perception surdity associated with an early impairment of intelligibility is the
main feature observed in VS.

The criteria to define and analyze this hearing loss and to guide the therapeutic
management decision were defined in the Tokyo consensus. The Tokyo criteria use both
the tonal and vocal audiometry to highlight the functional audition (8). The most common

feature in tonal audiometry is an asymmetrical high-frequency sensorineural hearing loss

(Figure 4).
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Figure 4: Audiometric investigations for VS diagnosis
a) Tonal audiometry in VS patient, courtesy of Prof. Timothy Hain.
b) Classification diagram of hearing according to the Tokyo consensus meeting.

PTA: Total auditory loss SDS: Syllable discrimination threshold

MR-scan

For the radiological diagnosis and evaluation of VS, the MR-scan has replaced the
CT-scan and has been established as the gold standard, with a sensitivity and specificity up
to 100%. The Koos classification is the most commonly used in diagnosis and therapeutic

management of VS (9) (Table II).

The most commonly used sequences are T1-weighted sequences with and without
gadolinium enhancement, T2 weighted sequences with High-resolution (CISS) and T2-
FLAIR weighted sequences. The spatial resolution is sufficient with a slice thickness of

Imm and a slice spacing of 0.8 mm allowing 3D reconstruction.

The major role of the MR-scan in the diagnosis of VS should not exempt the use of
a CT-scan with 3D reconstruction in bone window for the pre-surgical planning. This exam
will allow physicians to assess the pneumatization of the mastoid bone, the procidence of
the jugular bulb, which conditions the surgical approach, and the existence of a protrusion

of the posterior canal, useful if the audition is to be preserved.
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Table II: Koos classification of VS

Grade Definition MR-scan illustration

I Intracanalar tumor
Tumor spreading in the
I cerebellopontine angle without

reaching the pons

Tumor touching the pons, perhaps

I deforming it but without shifting it

v Tumor deforming the pons and
shifting the 4" ventricle

Therapeutic management options

VS are benign tumors, which do not recur after complete removal. Their
localization in the cerebello-pontine angle, their benign histological nature and the
potential surgical morbidity and mortality due to the anatomical complexity of the
cerebello-pontine angle make their treatment a technical challenge.

There are 3 main possibilities in management of VS: surgery, radiosurgery or a

“wait-and-see” policy, consisting of a simple clinical follow-up with regular MR-scans.
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Decision management of VS is complex, depending on a multitude of factors influencing

the therapeutic attitude.

Historical management of V'S tumors

The evolution of the therapeutic management of VS follows the evolution of
Neurosurgery. 2 main periods can be described: the Neurosurgical period and the

Otoneurosurgical period.

The Neurosurgical period

The Neurosurgical period took place in the first 60 years of the 20™ century, with
eminent figures like Cushing, Dandy and House. At this time, the goal of the surgery was
to save the life of a bed-ridden patient in a life threatening condition due to large VS
compressing the brainstem. The only therapeutic option was surgery with a sub-occipital
approach. This surgical procedure was complex and had a mortality rate of 15.4% for
partial resection with Cushing (1) up to 30% for complete resection with Dandy (10), and

an almost systematic post-operative ipsilateral facial palsy.

The Otoneurosurgical period

The Otoneurosurgical period began at the end of the 1950s with the growing
implication of Otologists in the diagnosis and treatment of VS. At this time, the diagnosis
was refined and made at an early stage with a predominance of otological signs making VS
patients “otological patients” rather than neurosurgical patients. This modification in the
VS patient recruitment had a direct impact on the therapeutic objectives. VS surgery
became more a functional surgery to avoid the appearance of neurological signs rather than
a life-saving procedure, the primary therapeutic objective became the removal of the tumor
with post-operative functional consequences. Otologists were the first to use peroperative

microscopy (11) and they soon suggested transpetrous approaches.

Nowadays

The current trend in the therapeutic management of VS is the conservation of the
facial function after surgery, before the complete resection of the tumor. For this, new

approaches have been developed, with 2-stage surgery or planned sub-total surgery with
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secondary radiosurgery (12, 13). Post-surgical mortality has become rare and post-surgical
morbidity and facial palsy have decreased with the use of these techniques.
More recently, some surgical teams have even extended the indication of primary

radiosurgery for large VS (14).

Surgery

Different surgical approaches have been described. Each technique has its
advantages and disadvantages, and the preferential use of one technique is also dependent
on the surgical team’s experience.

Whatever the surgical approach used, there are several common techniques:
operative microscope, microsurgical instrumentation, ultrasonic vacuum and continuous

per-operative facial nerve monitoring.

Historically, the suboccipital approach was the first described and used by Cushing
to perform the first VS resection. This surgical approach is currently suspended due to per-
and post-operative complications caused by the seated position of the patient and the
absence of visualization of the intracanalar portion of the tumor making a complete

resection impossible.

Translabyrinthine approach

The translabyrinthine approach is one of the surgical approaches used nowadays. It
was first described by Panse in 1904 and popularized by House with the publication of a
group of 53 patients in 1964, with a sharp decrease in mortality and post-surgical facial
palsy, with a 7% mortality rate and a normal facial function in 72% of cases in a group of
200 patients in 1968 (15, 16).

It is the elective surgical approach for large VS Koos III or IV, with an ipsilateral
cophosis (Tokyo score C or worse) because this technique requires drilling the temporal
bone and going through the cochlea and the semi-circular canals. Also, procidence of the
jugular gulf and pneumatization of the mastoid bone should be assessed prior to surgery,
an important procidence or a poor mastoid pneumatization may push the physician towards
a retrosigmoid approach (17).

For this technique, the patient is placed in a dorsal decibitus position. Then the
surgeon performs a retro-auricular incision, followed by a craniotomy by drilling the

mastoid bone and the labyrinth. For the translabyrinthine drilling, the borders of the
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craniotomy are the middle fossa’s dura mater in cranial, 2cm after the bare sigmoid sinus
in dorsal, the jugular gulf in caudal and the posterior face of the internal auditory canal in
frontal. After opening the dura mater, the facial nerve is identified, the dissection of the VS
begins with the cisternal portion with tumor volume regression allowing the physician to
gradually continue the dissection of the VS from the facial nerve towards its apparent
origin form the pons, and towards the internal auditory canal (18) (Figure 5).

The advantage of this technique is to offer a large exposure of the internal auditory
canal and a good visualization of the facial nerve without retraction of the cerebellum,
making this surgical approach the best option for a complete removal of the VS with

optimal facial function preservation.

Figure 5: Cranial nerves and tumor exposure using the translabyrinthine approach

Retrosigmoid approach

The retrosetrosigmoid approach is the second most often used surgical approach for
VS. This is a versatile approach, well known by most neurosurgeons, allowing a wide
access to the cerebello-pontine angle. It allows access to the internal auditory canal with a
trajectory parallel to the petrous bone.

It is the elective surgical approach for large VS with serviceable hearing, whereas a
translabyrinthine approach would normally be considered appropriate (18).

For the procedure, the patient is placed in the park-bench position. First, the
surgeon locates the cutaneous projections of the transverse sinus with the horizontal line
crossing the inion, and the sigmoid sinus with the vertical line crossing the tip of the

mastoid. Then, an S-shaped incision crossing the projection of the transverse sinus is
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performed, followed by a retrosigmoidian craniotomy limited at the front by the sigmoid
sinus and at the top by the transverse sinus, with careful obturation of the mastoid air cells
to prevent cerebrospinal fluid leakage. The dura mater is open and a retractor gently placed
on the cerebellum (Figure 6). The posterior lip of the internal auditory canal is then drilled
to expose the intracanalar portion of the tumor (18, 19). Afterwards, the surgeon proceeds
with the gentle removal of the VS, as described in the translabyrinthine approach, with

continuous monitoring of the facial nerve.

Figure 6: Cranial nerves and tumor exposure using the retrosigmoidian approach

The advantage of the retrosigmoidian approach compared to the translabyrithine
approach is the possibility of hearing preservation at the price of an insufficient exposure
of the internal auditory canal, thus making the GTR more difficult. This technique is
described by Samii as providing sufficient access to the area and offering the possibility of
complete tumor removal in a safe way with a very low complication rate and a good
hearing preservation rate in small VS (20). However these results are discussed concerning
the hearing preservation rate and, to our opinion, the surgeon should favor the
translabyrinthine approach compared to the retrosigmoidian approach, to focus on an

optimal resection of VS.

Radiosurgery

The use of radiosurgery is the most recent therapeutic advance in VS management.

This technique was developed by Lars Leksell in 1951 and tested for the first time in the
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treatment of trigeminal neuralgia (22). The first stereotatic radiosurgical treatment of VS
was performed in 1969 (23).

The goal of radiosurgery is to stop the growth of the VS and preserve cochlear and
other cranial nerve function. The long-term benefits of radiosurgery in VS control have
established this technique as an important minimally invasive alternative technique to
microsurgery for Koos I-II1 VS (24).

Prior to the procedure, a sterotactic frame is attached to the head of the patient and
a MR-scan is done with a high resolution T2-weighted sequence to show the cranial nerves
and the internal auditory components like the cochlea. Afterwards, a multidisciplinary
team composed of a neurosurgeon, a radiation oncologist and a medical physicist does the
radiosurgical dose planning. This planning is critical to allow an optimal dose to be
delivered to the VS without harming the peripheral structures. Then, after the validation of
the radiosurgical planning, the patient is installed in the Gamma-knife and the planned
dose is delivered. Patients are observed for a few hours and are discharged from the
hospital in less than 24 hours (24).

The main advantage of this technique is its non-invasive character, with a low risk
of complication, allowing an ambulatory management of patients.

However, radiosurgery is not the recommended option for therapeutic management
for patients with large VS, especially with neurological symptoms, because of the delay
between the radiosurgery and its effect and the risk of a transient tumor swelling after
radiosurgery that may worsen the symtomatology.

Despise these known risks, recent studies tends to suggest radiosurgery even for
large VS with an acceptable control rate and hearing preservation, at the price of an
increased regrowth and post-surgical morbidity compared to radiosurgery in smaller VS

(14).

“Wait-and-see”

As VS are benign tumors with a slow progression, a late onset of clinical symptoms
compared to the development of the tumor, and therapeutic options with potential side
effects, the option of a simple follow-up may be discussed.

The goal of this attitude is to delay the therapeutic management if possible until the
remaining days of life in the elderly, and to defer potential adverse effects of the treatment
for as long as possible in young patients. The patient has a clinico-radiological follow-up,

with regular clinical examination and MR-scan, every 6 months in our department.
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With this “wait-and-scan” policy, Konziolka describes a growth rate of 70% at 5-
years and 95% at 10-years after diagnosis (25). Huang reports a spontaneous regression
rate of 3.8% with simple follow-up on a series of 1261 VS (26).

This makes a “wait-and-see” policy a viable alternative to surgery and radiation,

especially in small VS koss I-II and the fortuitous VS discoveries on MR-scans.

Therapeutic management issues of post-surgical VS remnant

As we saw before the previous trend in therapeutic management of VS was to treat
surgically with a complete resection even at the price of an impairment of the facial
function. But nowadays, facial palsy is considered as a severe handicap by the patient and
is no longer considered as an acceptable post-operative result. This attitude has led to a
change of approach with the preservation of the facial function as the first aim of the

surgery, before the complete resection of the VS (27-29).

Surgeons prefer to leave a small remnant instead of risking the facial function of the
patient by performing a complete resection, and this change of attitude in VS surgery is
leading to an increase in the prevalence of post-operative vestibular schwannoma’s tumor
remnants (VSTR), which makes the problematic of VS remnant’ management a more
frequent question.

There is no defined therapeutic attitude towards this VS remnant. Some surgical
teams recommend systematical radiosurgery (12, 30-34) while other teams have adopted a
“wait-and-see” attitude (35, 36).

Despite being safe compared to surgery, radiosurgery is not without potential side
effects and complications especially in a post-surgical cerebello-pontine angle, and its

place as a systematic treatment of VS post-surgical remnant is widely discussed.

Objectives of the study

The objectives of this original study are to define the best therapeutic attitude
towards post-surgical VS remnant tumors and to identify the factors of VS remnant

progression.
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Methods

Patient population

Every patient who underwent surgical treatment of VS in the Department of
Neurosurgery of the University Hospital of Angers between 1977 and 1% May 2013 were
included. All patients had a planned gross total resection (GTR). The surgical indication
was the appearance of neurological symptoms or hydrocephalus. Most of the VS were
stage III or IV on the Koos classification, and no longer had a useful hearing capacity
before surgery, with a Tokyo score of C or worse (8, 9). The diagnostic was confirmed

histologically in all cases.

Surgical technique

A multidisciplinary team, composed of a neuro-otologist and a neurosurgeon
performed the surgical procedures. The primary surgical objective was the GTR and
internal auditory canal decompression, with preservation of the facial function. The facial
function was continuously checked during the intervention by facial nerve monitoring. The
surgical procedure was halted when the facial nerve stopped responding to
neurostimulation during surgery or when the surgeon estimated that the benefit/risk ratio
regarding facial function preservation was weighted against the GTR of the tumor, and

chooses to leave a small tumor remnant to avoid any facial nerve lesions.

Clinico-radiological follow-up

All patients benefited from a multidisciplinary follow-up by their neuro-otologist
and neurosurgeon with regular consultations and control MR-scans.

The first MR-scan and first consultation were performed 3 months after surgery.
Therapeutic attitude towards the VS remnant was then decided on depending on the size of
the residual tumor and the age of the patient.

Follow-up was then at six months and then yearly after the first post-op

consultation with clinical and MR-scan surveillance.

MR-scans were carried out with a 1.5 T Siemens Magnetom MR-scan. The chosen

sequences were TIl-weighted with and without gadolinium enhancement, T2 High-
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resolution (CISS) and T2-FLAIR weighted, each with a slice thickness of Imm and a slice

spacing of 0.8 mm allowing for 3D reconstruction.

Data collection and Analysis

We did a retrospective study on patients treated or followed up for a VS in the
Department of Neurosurgery of the University Hospital of Angers since its opening in
1977. The primary end-point for data collection and survival analysis was fixed at the 1%

May of 2013.

All the files of patients treated surgically with a planned GTR and with a per-
operative tumor remnant described by the surgeon were collected and analyzed. Patients
with a per-operative tumor remnant and a “wait-and-see” therapeutic management of the

VSTR were included for statistical analysis.

The following datas were collected:
- Age at diagnosis
- The initial VS size (in cm?)
- Koos stage
- Existence of a cystic component
- Existence of a type 2 neurofibromatosis (NF2)
- Surgical access
- Per-operative tumor remnant size, estimated by the surgeon
- VSTR location
- VSTR size at each consultation during follow-up (in cm®)
- Follow-up duration in months and the reason and the secondary therapeutic decision
made.
- Facial nerve function before, after surgery and at the primary end-point using the

House-Brackmann classification (7)

The volume of the VS initial size and the VS remnant size was calculated for each
MR-scan using a contrast enhanced T1-weighted sequence with a slice thickness of Imm
and slice-spacing of 0.8 mm allowing for 3D reconstruction. The 3-plane tumor radii were

measured on DICOM images using a multiplanar reconstruction mode (37).
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Statistical analysis was then undertaken with two-sample T-tests, or ANOVA
followed by a post-hoc test, for the descriptive and comparative analysis of the different
subpopulations. A Cox-model and Kaplan-Meier survival analysis were undertaken in the
search for the remnant’s recurrence factors with remnant progression defined as the main

event.

The regression of the VSTR was defined by the reduction by at least 25% of the VS
volume between two successive MR-scans whereas progression was defined by an increase
of at least 10% in volume.

The most appropriate timing of the post-surgical MR-scan checkup being subject to

discussion (38), datas were analyzed and VSTR evolution assessed with a MR-scan

reference done 3 months or 1 year after surgery.

Results

Description of the population in the study

Among the 600 patients followed in our Department of Neurosurgery for VS, 256
underwent surgery and 65 patients presented a per-operative VSTR described by the
surgeon, meaning a GTR rate of 74.6% (Figure 7).

In this population of 65 patients, 17 patients with a VSTR observed per-operatively
by the surgeon didn’t have a radiologically confirmed GTR. This gives a concordance rate
of 74% between the surgeon’s appreciation and the MR-scan check with an overestimation
of the presence of a VSTR by the surgeon. In addition, 1 patient died of meningitis before
the first checkup MR-scan and 1 patient dropped out of the study due to a transfer to
another University hospital to be closer to his home for post-operative surveillance and
follow-up.

Among the 46 remaining patients with a per-operative VSTR confirmed on the first
checkup MR-scan, three sub-populations with different therapeutic management

approaches were defined: 2 young patients had a planned 2-staged GTR and underwent a
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second surgical intervention just after the first checkup MR-scan, 4 young patients with a
large VS remnant were referred immediately to radiosurgery and 33 patients underwent a
simple follow-up. We excluded 7 patients who had recently undergone surgery and hadn’t
had a checkup MR-scan after the beginning of the clinico-radiological follow-up to allow
the radiological assessment of VSTR evolution (Figure 5, Table III).

Therefore we included in our study the 33 patients who had a per-operative VSTR

confirmed on the first MR-scan and underwent a simple follow-up.

600 patients followed at
University hospital of
Angers for vestibular

schwannoma

(

344 non-surgical patients
- 130 patients treated by radiosurgery
\_ - 214 patients with simple follow-up )

[ 256 patients treated surgically ]

( )
148 complete resection

|43 patients files missing, > 20 years-old

J

]

65 patients with per-operative
remnant described by the
surgeon

/17 patients without tumoral remnant on
first control MRI

1 patient deceased before first control
\_ 1 patient lost, no follow-up

|

46 patients with tumoral
remnant on
first check-up MR-scan
3 months after surgery

-

2 patients needing re-intervention
4 patients treated after by radiosurgery
7 patients with follow-up < 1 year

33 patients with simple
follow-up > 1 year

Figure 7: Flow-chart of the population of VS patients followed at the University
Hospital of Angers

32



Table III: Characteristics of the population

Population n= 33

Age at diagnosis (year) 52,4+ 15,1
Initial volume before surgery (cm’) 9,8+ 6,4
Koos stage

-1 11 (33 %)

-1V 22 (67 %)
Cystic component 8 (24 %)
NE2 39,1 %)
Surgical access

- Translabyrinthine 28 (85 %)

- Retrosigmoidian 39 %)

- Sub-occipital 2 (6 %)
VSTR location

- CPA 19 (58 %)

-14C 5(15 %)

- Porus 9 (27 %)
VSTR size at first checkup MR-scan 0,75+ 2,36
Follow-up duration (months) 60 + 65,3
Pre-operative facial function 1+0,2
Post-operative facial function 2,53+2
Facial function at end-point date 2+ 1,66

Evolution of the “wait-and-see” population

Among patients with VS, we must distinguish patients with NF2. Indeed, their
different pathophysiological features make them stand out from the non-NF2 population by
their clinical evolution, the number of lesions, their evolution and the different histology
(39-41). So, to refine our analysis and to differentiate the potential therapeutic management
approaches between NF2 and non-NF2 patients, we decided to continue our analysis only
with non-NF2 patients. The evolution of the NF2 patients will be discussed in a separate

paragraph.
“Wait-and-see” non-NF2 patients with reference MR-scan 3 months

after surgery

In this population of 30 non-NF2 patients, three months after surgery, we observed
a progression of the VSTR in 7% of the population, 50% with tumor remnant stability and
43% with spontaneous regression (Figure 8).
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The average follow-up duration was 45 months for the patients with a spontaneous
VSTR regression, 57 months for the stable group and 48 months for the progression group

(Table IV). No statistical difference was shown between the different durations of follow-

up (p=0,84).

Univariate analysis showed a significant association between an impaired facial
function after surgery and the progression of the post-surgical VSTR in non-NF2 patients
(p= 0,02 in univariate analysis). We also observed a strong association between large VS
before surgery and a large VSTR with the risk of recurrence (both p= 0,06)(Table IV).

In multivariate analysis, the VS remnant size is significantly higher in the
progression group versus the stable group (p=0,039). Despite this interesting result, there
isn’t a statistical association between VS remnant size and progression (p=0,097 in

multivariate analysis).

Table IV: Univariate analysis and description of the evolution of VS TR in the non-
NF2 “wait-and-see” population

Regression Stabili Progression
13 n=15ty s p value

Age at diagnosis (year) 553+123 489+179 62+226 0,64
In1t13al volume before surgery 74472 1146 14418 0,06
(cm’)
Koos stage 0,67

-1 5 (38 %) 6 (40 %) -

i 8 (62 %) 9 (60 %) 2 (100 %)
Cystic component 3 (23 %) 3 (20 %) 1 (50 %) 0,67
Surgical access 0,59

- Translabyrinthine 12 (92 %) 13 (87 %) 2 (100 %)

- Retrosigmoidian 1 (8 %) 1 (6,5 %) -

- Sub-occipital - 1 (6,5 %) -
VSTR location 0,17

-CPA 5 (38 %) 11 (73 %) 1 (50 %)

-14C 4 (31 %) 1 (7 %) -

- Porus 4 (31 %) 3 (20 %) 1 (50 %)
:g;l;R size at first checkup MR- L1431 01402 14418 0,06
Follow-up duration (months) 446+26,7 56,6+678 48+14,1 0,84
Pre-operative facial function 1+0 1,1 +£0,3 1+0 0,16
Post-operative facial function 2,7+22 1,9+1,6 5,5+0,7 0,02
Facial function at end-point date 1,9+ 1,9 1,7+ 1,3 4+238 0,47

34



[ 30 patients with simple ]

follow-up > 1 year

2 with remnant
tumor growth

15 with remnant
tumor stability

13 with spontaneous
remnant regression

Figure 8: Description of the population of VS non-NF2 patients with a per-operative
VSTR described by the surgeon. First checkup MR-scan 3 months after surgery

“Wait-and-see” non-NF2 patients with a reference MR-scan one year

after surgery

The delay between surgery and the first post-operative MR-scan is subject to
debate, usually done 3 to 12 months post-op. The main risk with an early post-operative
MR-scan is the confusion with a post-operative tumor remnant and post-operative scar
tissue, leading to a false underestimation of the GTR rate. To minimize this risk, we
analyzed the population and the evolution of VS post-surgical remnant using the 1-year

post-op MR-scan as a reference.

16 patients were included in this population. Compared to the population of NF2
patients with a first MR-scan 3 months after surgery, 9 patients had an insufficient follow-
up duration and thus were excluded. Also, 5 patients were excluded and considered as
GTR because of the complete regression of their VSTR remnant between the 3 months

post-op MR-scan and the 1-year MR-scan.

In this population, we observed a progression of VSTR in 12.5% of the population,
62.5% with stability and 25% with spontaneous regression (Figure 9). The average follow-
up duration was 43 months for the patients with a spontaneous VSTR regression, 65
months for the stable group and 37 months for the progression group (Table V).

In this group too, there is a significant association between post-surgical facial
function and the VSTR’s evolution in univariate analysis, confirmed in the multivariate

analysis (p= 0,01 and p= 0,05) (Table V).
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16 patients with simple
follow-up > 1 year

2 with remnant
tumor growth

10 with remnant
tumor stability

4 with spontaneous
remnant regression

Figure 9: Description of the population of VS non-NF2 patients with a per-operative
VSTR described by the surgeon. First checkup MR-scan 1 year after surgery

Table V: Univariate analysis and description evolution of VS TR in the non-NF2
“wait-and-see” population with first MR-scan at one year after surgery

Regression Stability Progression p value
n=4 n=10 n=2

Age at diagnosis (year) 59,8+3 473+13,8 62+226 0,61
Initial volume before surgery (cm3) 96+129 104+5,5 14+1,8 0,14
Koos stage 0,21

-1 2 (50 %) 5 (50 %) -

i 2 (50 %) 5 (50 %) 2 (100 %)
Cystic component 2 (50 %) 1 (10 %) 1 (50 %) 0,67
Surgical access 0,64

- Translabyrinthine 4 (100 %) 8 (80 %) 2 (100 %)

- Retrosigmoidian - 1 (10 %) -

- Sub-occipital - 1 (10 %) -
VSTR location 0,50

-CPA 1 (25 %) 8 (80 %) 1 (50 %)

-14C 2 (50 %) - -

- Porus 1 (25 %) 2 (20 %) 1 (50 %)
:ii;l;R size at first checkup MR- 31456 01402 4556 0,59
Follow-up duration (months) 38£20 65,6753 31+7,1 0,16
Pre-operative facial function 1+0 1,2+ 04 1+0 0,16
Post-operative facial function 3+£2,5 1.8+14 5,5+0,7 0,01
Facial function at end-point date 25+23 1.8+14 4+238 0,50

NF2 patients

In this study, 3 NF2 patients were included, representing 9.1% of the population
with a post-operative tumor remnant described on the first MR-scan.

Among the NF2 population, 2 out of 3 patients presented a VS remnant
progression, corresponding to a 66% progression rate, with one late progression observed
25 years after the first surgery. With these 2 VSTR progressions, NF2 patients represent
half of the VSTR progression in the whole population of patients, despite the low

prevalence of NF2 in the population.
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Due to the small number of NF2 patients included, no statistical difference was
shown between the NF2 and non-NF2 population and no risk factor of VSTR progression

has been identified.

Survival analysis of VS remnant growth

Non-NF2 population

Overall survival curve

In the whole non-NF2 population, the average follow-up duration was 51 months.

All VS remnant progression occurred between 38 and 58 months after surgery (Figure 10).
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Figure 10: Survival curve for non-NF2 patients with VS remnant
x-axis: time in months after surgery, y-axis: probability of non-progression

Statistical analysis

Univariate analysis showed a significant risk of progression in patients with an

initial tumor remnant volume > 1.5cm® or a post-operative function score > 4 on the
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House-Brackmann scale (p=0,048 and p=0,031) (Figure 11). Neither the initial tumor
volume, nor the existence of a cystic component, the Koos stage, the surgical approach, the
initial VSTR size or location, or the pre-operative facial function were found to be a
prognostic factor of recurrence.

Multivariate analysis did not show any significant difference because of the small
number of patients in the population.

However, despite a lack of significance, we observed that all remnant progression
occurred in Koos IV patients (p= 0,6) and no recurrences of remnants located in the

internal auditory canal were observed (p= 0,82).
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Figure 11: Kaplan-Meier stratification of VSTR non-progression survival curves
x-axis: time in months after surgery, y-axis: probability of non-progression, notches and circles: censored
data

a) VS remnant volume with cut-off > L5em’

b) Postoperative facial function with cut-off > 4

Comparison with non-NF2 population, first MR-scan 1 year post-op

In this population, the two significant VSTR main progressions occurred at 26 and

46 months after surgery (Figure 12).
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Univariate analysis showed, as in the non-NF2 group, a significantly increased risk
of tumor remnant progression in patients with a postoperative function score >4 (p= 0,021)
(Figure 10).

However, in this group, the presence before surgery of VII™ nerve impairment with
a score > 2 is associated with a significant risk of progression (p= 0,001) (Figure 12). The

initial VSTR size wasn’t identified as a progression factor in this group (p= 0,193).
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Figure 12: Survival curves for non-NF2 patients with VSTR and first MR-scan one
year post-op
x-axis: time in months after surgery, y-axis: probability of non-progression

a) Overall survival curve

b) Post-operative function with cut-off > 4

¢) Pre-operative facial function with cut-off > 2
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NF2 population

2 NF2 patients presented a VSTR, one at 48 months and one at 300 months (25
years) after surgery (Figure 13).
Due to the small number of NF2 patients included, survival analysis was not done

on this population because of the predictable lack of significance.

However, in the survival analysis of the whole population, the existence of an NF2

was not found to be a significant risk factor of progression (p= 0,5).
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Figure 13: Survival curves for VSTR non-progression in the whole population,
stratified by the presence of an NF2

x-axis: time in months after surgery, y-axis: probability of non-progression, notches and circles: censored
datas
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Discussion

The therapeutic management of post-surgical VS remnants is a crucial debate in an
era where the preservation of the facial function at all costs leads to an increase in their

prevalence.

The management of post-surgical VS requires physicians to identify predictive
factors of progression and to characterize the different sub-populations. The aim is to
choose the best therapeutic attitude for each patient with the most appropriate benefit/risk

ratio, its particularities and its individuality among the VS patient population.

Our study is, to our knowledge, the first one to focus on the natural history of VS
post-surgical remnants and to bring out the predictive factors of progression. Our original
study might shed new light on the best therapeutic attitude towards post-surgical VS
remnants. We suggest following up the results with a post-surgical VS remnant assessment

that may help to select patients at a high risk of progression.

The main limitation of this study is its retrospective analysis, posing the problem of
non-homogenous follow-up, missing data and patients lost from the study. VS prevalence
is low among the general population, making a prospective study long and difficult to
undertake to reach the statistical level required to demonstrate the existence of predictive
factors in VSTR progression between multiple variables.

This study also presents a selection bias, with 2-stage surgery chosen by the
surgeons for younger people and systematic radiosurgery for young people with big post-
surgical VSTR. These strategies were chosen by the surgeons to minimize the recurrence
rate, data about VSTR progression rate and natural evolution under surveillance not being
available at this time.

However, this study doesn’t present an attrition bias, nor an evaluation bias. All
patients, even those lost from the study, were included in this study and the same surgeon

performed a systematic evaluation at regular time intervals.
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Timing of the radiological assessment after VS surgery

The most appropriate timing for an MR-scan assessment of the existence of VSTR
after surgery is subject to question between early and delayed post-surgical checkups.

The risk of an early MR-scan checkup is to confuse VSTR with post-surgical
scaring because of the same gadolinium enhancement pattern. This distinction is critical
for our study because of the spontaneous regression of the post-surgical scar, which can be

confused with the spontaneous regression of a VSTR.

In our study, all VSTR patients included had the presence of a VSTR both
confirmed per-operatively by the surgeon and described in the surgical report, and on the
first MR-scan 3 months after surgery. This double confirmation makes the confusion of

post-surgical scaring for spontaneous VSTR regression in our study unlikely.

Despite its interest in reducing the risk of confusion between post-surgical scaring
and VSTR, the disadvantage of the use of a 1-year post-op MR-scan after surgery is a loss
of information about early VSTR evolution. In our study, 5 patients with VSTR presented
a complete spontaneous regression of their tumor remnant during the first year. This data
would have been ignored and would have led to a false increase of the GTR of VS and a
lowering of the VSTR spontaneous regression rate, if only the data based on the 1-year

post surgical MR-scan had been considered.

In our opinion, the 3-month post-op MR-scan should be given priority for VSTR
confirmation and the follow-up should be given priority for the per-operative and
radiological confirmation of the existence of a VSTR making the risk of a false positive

unlikely.

Comparison of VS remnant evolution and progression rate with

the literature

In non-NF2 patients with the first MR-scan 3 months post-op, the progression rate
was 7%. This result is inferior to the 10% recurrence rate found in a recent study, which

excluded NF2 patients and treated all post-surgical VS remnants with radiosurgery (12).
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Considering the non-NF2 population, its seems more appropriate to adopt a “wait-
and-see” attitude instead of a systematic radiosurgical treatment of VS surgical remnant,

the benefit/risk balance being clearly in favor of a simple follow-up.

With 1 year post-op MR-scan as reference, only 22 patients had sufficient follow-
up to be included, making this population less representative and the statistical significance
poorer.

In this case, we found a progression rate of 12%, equivalent to the overall
population characteristics and similar to previous rates found in the literature. We think
that the shrinking of the population may be the principal explanation for the increase of the

progression percentage.

In our opinion, the therapeutic management of post-surgical VS in non-NF2
patients should be a “wait-and-see” policy, the progression rate being equivalent or lower
than in patients treated systematically with radiosurgery. Due to their high progression rate,

post-surgical VS remnants in NF2 patients should be treated with radiosurgery.

Our population of NF2, despite its small size, accounts for half of the VSTR
progression observed and has a 66% progression rate. The usual progression rate of VSTR
for VS patients is 14.6%, higher than the usual progression rate found in the general
population of NF2 patients (12, 31, 40, 42, 43). In the literature, NF2 patients are a specific
entity among VS patients, with a specific medical history and specific management,
hearing preservation being in their case the main objective due to the high prevalence of
bilateral localizations.

Thus, despite the lack of scientific evidence found in the literature, it would seem
logical to give preference to systematic radiosurgical treatment for VTSR in NF2 patients

to minimize the progression risk and preserve the hearing for as long as possible.

Predictive factors of VS remnant growth

This original study is the first, to our knowledge, to study the natural history of VS
post-surgical remnants, to define the best therapeutic attitude and the factors of VSTR
progression with the characterization of sub-populations at a high risk of recurrence. After

demonstrating that radiosurgery should be given priority in the NF2 population and a
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“wait-and-see” policy for non-NF2 patients, we decided to continue our investigation and

try to bring out predictive factors for recurrence.

In the whole population, we observed that almost all VS remnant progression
occurred 3 to 5 years after surgery, except for one NF2 patient who presented a progression

25 years after surgery. This data is coherent with the literature (36, 44).

In each population the immediate post-operative facial function impairment >4 on
the House-Brackmann grading scale was a significant progression factor. This may be
explained by the fact that an altered per-operative facial function may lead the surgeon to
end the intervention prematurely. This means leaving an unplanned VS remnant in size and
location, with an unsatisfactory surgery in the surgeon’s opinion.

In non-NF2 patients, the initial VS remnant volume also appears to be a statistically
significant progression predictor, with a cut-off at 1.5 cm’, inferior to the 2.5cm’ cut-off
previously described by Vakilian (45). This predictive factor may be explained by the less
efficient devascularization of large tumor remnants.

All recurring VS remnant were primary grade IV on the Koos classification,
suggesting a potential statistical association between the initial size of the VS and the risk
of recurrence. But the Koos stage and thus the initial volume of the VS weren’t found to be

a statistically significant predictive factor, as described in previous studies (29, 46, 47).

The NF2 didn’t appear to be a significant tumor remnant progression factor with a
p=0.5, despite the fact that 2 out of 3 patients presented a VS progression. However,
despite the lack of significance which may be explained by the low prevalence of NF2
patients in the population and the low number of NF2 patients included in this study, we
think that NF2 is a significant risk factor for progression and that NF2 and non-NF2
patients are 2 distinct populations with different pathological findings, clinical
presentations, history and outcomes (41, 48).

NF2 patients need specific management of their VS with hearing preservation being
the first goal of therapeutic management (39, 40). Systematic radiosurgery should be given
priority in these patients due to a high tumor remnant progression rate, and the limited side
effects in a population were hearing preservation is crucial.

Also, no significant progression was found with VS remnants located in the IAC,
being consistent with the literature, where no progression of VS located in the IAC was

observed (36, 49).
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Due to lack of statistical significance, the initial VS remnant volume was not found
to be a predictive factor of progression in the population with the first MR-scan at one year
after surgery. Instead, we found a significantly increasing risk of recurrence with the
alteration of pre-operative facial function even with a small impairment (House-
Brackmann score >2), which can be interpreted more as a statistical association than a

cause-effect link in this population.

In conclusion, NF2 patients have a different evolution to non-NF2 patients and
show a higher rate of progression.
Post-operative facial function impairment and the initial VS remnant volume are

found to be significant predictive factors of progression in the non-NF2 population.
We observed also that all growing VS remnants were initially Koos grade IV and

no VS remnant progression was observed on VS remnants located in the internal auditory

canal, but these results weren’t statistically significant.

Post surgical VS remnants: therapeutic management proposal

Three therapeutic options are available for the management of post-surgical VS

remnants: a “wait-and-see” attitude, radiosurgery and surgery.

A “wait-and-see” attitude is based on a regular clinico-radiological follow-up. The
goal is to avoid systematical radiosurgical treatment of VS remnants and to keep it only for
the few remnants that will progress over time in the population presenting a low
progression rate. The inconvenient of this therapeutic management is the delay in treating
the progression and the increased difficulty of treating an important remnant tumor instead

of a small post-operative remnant.

Radiosurgery is considered as an efficient technique providing at low risk a
minimally invasive treatment for primary VS management (32, 50-55). But, for post-
surgical VS remnants, its indications remain unclear. However, even if it is a minimally
invasive treatment, radiosurgery may have side effects and complications like VII™ and

VIII™ nerve lesions (46, 56). In clinical practice, radiosurgery in treatment of VS remnants
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is acceptable only if its benefits surpass its potential risks compared to other therapeutic

options.

Reoperation is considered less often, due to its technicality, with an important risk
of complications higher than the two previous therapeutic options, with cranial nerve
impairment and cerebro-spinal fluid leakage. Ramina and al. reported in their study of
reoperation of VS that 7% of cases had facial nerve lesions, 13% had transient bulbar nerve

palsy and 20% had cerebro-spinal fluid leakage in a group of 15 patients (57).

We suggest for patients with radiologically confirmed VS remnants a therapeutic
management depending on the criteria highlighted in this study (Figure 13).

MR-scans remain the radiological exam of choice to check the evolution of post-
surgical tumor remnants, with T1 with and without gadolinium enhancement, T2 High-
resolution and T2-FLAIR weighted, each in 3D acquisitions. The poor correlation between
the surgeon and the MR-scan checks, to determine the existence of a post-operative
remnant, make the first checkup MR-scan the best check with a sensitivity and a specificity
up to 100% (58).

The first MR-scan 1 year after surgery may allow us to minimize the risk of
confusing a post-surgical scar for a VS remnant despite losing information about the early
regression of post-surgical VS remnants. However, we chose to do the first MR-scan 3
month after surgery to allow early detection of post-surgical complications, and appreciate

early VS remnant regression, as did Roche et al. (34).

For NF2 patients presenting a high progression rate and needing special
management to preserve both hearing and facial functions, we suggest using
complementary radiosurgery on the VS remnant.

In the non-NF2 population, patients with an impaired facial function with a score
>4 on the House and Brackmann grading scale and patients with a VS remnant size
>1.5cm’ had a statistically increased risk of progression. Therefore, we suggest for these
sub-populations of non-NF2 patients at risk of progression a complementary radiosurgical
treatment.

For patients with a VS remnant, all progression occurred between 3 and 5 years
after the first surgery. This suggests that a close follow-up during the first 6 years after
surgery is needed, and can be more widely spaced after this critical period of surveillance

(Figure 14).
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In our therapeutic management proposal, we suggest treating non-NF2 patients with
an impaired post-operative facial function with radiosurgery. This choice of treating
patients with an already impaired facial function with radiosurgery may be questionable
because of the risk of aggravation. But in our study, because of a statistically significant
risk of VS remnant growth in this population, we considered the benefit/risk ratio in favor

of the radiosurgery treatment.

Post operative VS remnant
confirmed on first MRI
3 months after surgery

Non-NF2 patient ]

v

Presence of risk factors of
progression ?
- Remnant volume 21,5 cm?
- Post operative facial function
24 (House-Brackmann scale)

s

] “Wait-and-see”
Clinical and
radiological follow-up
yearly for 6 years,
then once per 2 years

[ NF2 patient ] [

Radiosurgery

Figure 14: Therapeutic management proposal for VS post-surgical remnant

Spontaneous remnant regression: myth or reality?

The existence of spontaneous regression of post-surgical VS remnants is subject to
question. Only a few studies report its existence and its radiological behavior (35, 59). It is

often attributed to a post-surgical scar.

In our study, apparently spontaneous regression of post-operative remnants
occurred in 39% of the overall population and 43 % in the non-NF2 population with a first

MR-scan 3 months after surgery.
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The regression of the post-operative remnant seems to occur shortly after surgery.
In our study, spontaneous regression of VS remnants happened in the first year after
surgery in 60% of cases. This means that an important part of this population is excluded

in the one-year post-op analysis and in studies based on 1-year post-surgery MR-scans.

Distinctions between a VS remnant and a post-surgical scar can be confusing.
However, each VS remnant included in our study was described per-operatively by the
surgeon and the tumor remnant location on first checkup MR-scan matched to the remnant
described by the surgeon. This tends to go against the hypothesis of a post-surgical scar

and false detection of VS remnants.

The mechanisms of the VS remnant regression remain unclear. One main
explanation may be the devascularization of the remnant tumor during surgery, as

described by Hahn (35).

Conclusion

NF2 patients presented a high progression rate.

Initial VS remnant size > 1.5 cm® and immediate post-operative facial function
impairment with House-Brackmann score > 4 are statistically associated with a significant

risk of VS remnant progression in non-NF2 patients.

In our opinion, the best therapeutic management of VS post-surgical remnants in
non-NF2 patients with no predictive factor of progression is a simple clinico-radiological
follow-up whereas, patients with a least one of the predictive factors of progression may

benefit from radiosurgery.

48



Bibliography

1. Cushing H. Tumors of the nervus acusticus and the syndrome of the cerebellopontile angle.
Philadelphia, London,: W. B. Saunders company; 1917.

2. Stangerup SE, Caye-Thomasen P. Epidemiology and natural history of vestibular schwannomas.
Otolaryngol Clin North Am. 2012 Apr;45(2):257-68, vii.

3. Stangerup SE, Caye-Thomasen P, Tos M, Thomsen J. The natural history of vestibular
schwannoma. Otol Neurotol. 2006 Jun;27(4):547-52.

4. Kimura Y, Koga H, Araki N, Mugita N, Fujita N, Takeshima H, et al. The involvement of calpain-

dependent proteolysis of the tumor suppressor NF2 (merlin) in schwannomas and meningiomas. Nat Med.
1998 Aug;4(8):915-22.

5. Kang BS, Cooper DR, Devedjiev Y, Derewenda U, Derewenda ZS. The structure of the FERM
domain of merlin, the neurofibromatosis type 2 gene product. Acta Crystallogr D Biol Crystallogr. 2002
Mar;58(Pt 3):381-91.

6. Pertuiset B. [Neurinoma of the acoustic nerve developed in the ponto-cerebellar cerebellopontile
angle]. Neurochirurgie. 1970 May;16:Suppl 1:-147.

7. House JW, Brackmann DE. Facial nerve grading system. Otolaryngol Head Neck Surg. 1985
Apr;93(2):146-7.

8. Kanzaki J, Tos M, Sanna M, Moffat DA, Monsell EM, Berliner KI. New and modified reporting
systems from the consensus meeting on systems for reporting results in vestibular schwannoma. Otol
Neurotol. 2003 Jul;24(4):642-8; discussion 8-9.

9. Koos WT, Day JD, Matula C, Levy DI. Neurotopographic considerations in the microsurgical
treatment of small acoustic neurinomas. J Neurosurg. 1998 Mar;88(3):506-12.

10. Dandy WE. Contributions to Brain Surgery: A. Removal of Certain Deep-Seated Brain Tumors B.
Intracranial Approach with Concealed Incisions. Ann Surg. 1925 Oct;82(4):513-25.

11. Shambaugh GE. Surgery of the ear. 2d ed. Philadelphia,: Saunders; 1967.

12. van de Langenberg R, Hanssens PE, van Overbeeke JJ, Verheul JB, Nelemans PJ, de Bondt BJ, et
al. Management of large vestibular schwannoma. Part I. Planned subtotal resection followed by Gamma
Knife surgery: radiological and clinical aspects. J Neurosurg. 2011 Nov;115(5):875-84.

13. Raslan AM, Liu JK, McMenomey SO, Delashaw JB, Jr. Staged resection of large vestibular
schwannomas. J Neurosurg. 2012 May;116(5):1126-33.

14. van de Langenberg R, Hanssens PE, Verheul JB, van Overbeeke JJ, Nelemans PJ, Dohmen AJ, et al.
Management of large vestibular schwannoma. Part II. Primary Gamma Knife surgery: radiological and
clinical aspects. J Neurosurg. 2011 Nov;115(5):885-93.

15. House HP, House WF. Transtemporal Bone Microsurgical Removal of Acoustic Neuromas.
Historical Review and Problem of Acoustic Neuroma. Arch Otolaryngol. 1964 Dec;80:601-4.

16. House WF. Acoustic neuroma. Case summaries. Arch Otolaryngol. 1968 Dec;88(6):586-91.

17. Roche PH, Pellet W, Moriyama T, Thomassin JM. Translabyrinthine approach for vestibular
schwannomas: operative technique. Prog Neurol Surg. 2008;21:73-8.

18. Chamoun R, MacDonald J, Shelton C, Couldwell WT. Surgical approaches for resection of
vestibular schwannomas: translabyrinthine, retrosigmoid, and middle fossa approaches. Neurosurg Focus.
2012 Sep;33(3):E9.

19. Abolfotoh M, Dunn IF, Al-Mefty O. Transmastoid retrosigmoid approach to the cerebellopontine
angle: surgical technique. Neurosurgery. 2013 Sep;73(1 Suppl Operative):ons16-23.

20. Samii M, Metwali H, Samii A, Gerganov V. Retrosigmoid intradural inframeatal approach:
indications and technique. Neurosurgery. 2013 Sep;73(1 Suppl Operative):ons53-60.

21. Post KD, Eisenberg MB, Catalano PJ. Hearing preservation in vestibular schwannoma surgery: what
factors influence outcome? J Neurosurg. 1995 Aug;83(2):191-6.

22. Leksell L. The stereotaxic method and radiosurgery of the brain. Acta Chir Scand. 1951 Dec
13;102(4):316-9.

23. Leksell L. Stereotactic radiosurgery. J Neurol Neurosurg Psychiatry. 1983 Sep;46(9):797-803.
24, Niranjan A, Flickinger JC. Radiobiology, principle and technique of radiosurgery. Prog Neurol
Surg. 2008;21:32-42.

25. Kondziolka D, Mousavi SH, Kano H, Flickinger JC, Lunsford LD. The newly diagnosed vestibular
schwannoma: radiosurgery, resection, or observation? Neurosurg Focus. 2012 Sep;33(3):ES.

26. Huang X, Caye-Thomasen P, Stangerup SE. Spontaneous tumour shrinkage in 1261 observed
patients with sporadic vestibular schwannoma. J Laryngol Otol. 2013 Jul 18:1-5.

49



27. Youssef TF, Matter A, Ahmed MR. Surgical management of vestibular schwannoma: attempted
preservation of hearing and facial function. J Laryngol Otol. 2013 May;127(5):473-8.

28. Bloch O, Sughrue ME, Kaur R, Kane AJ, Rutkowski MJ, Kaur G, et al. Factors associated with
preservation of facial nerve function after surgical resection of vestibular schwannoma. J Neurooncol. 2011
Apr;102(2):281-6.

29. Sughrue ME, Yang I, Rutkowski MJ, Aranda D, Parsa AT. Preservation of facial nerve function
after resection of vestibular schwannoma. Br J Neurosurg. 2010 Dec;24(6):666-71.

30. Pan HC, Sheehan J, Sheu ML, Chiu WT, Yang DY. Intracapsular decompression or radical
resection followed by Gamma Knife surgery for patients harboring a large vestibular schwannoma. J
Neurosurg. 2012 Dec;117 Suppl:69-77.

31. Roche PH, Robitail S, Delsanti C, Marouf R, Pellet W, Regis J. [Radiosurgery of vestibular
schwannomas after microsurgery and combined radio-microsurgery]. Neurochirurgie. 2004 Jun;50(2-3 Pt
2):394-400.

32. Fuentes S, Arkha Y, Pech-Gourg G, Grisoli F, Dufour H, Regis J. Management of large vestibular
schwannomas by combined surgical resection and gamma knife radiosurgery. Prog Neurol Surg. 2008;21:79-
82.

33. Pollock BE, Link MJ. Vestibular schwannoma radiosurgery after previous surgical resection or
stereotactic radiosurgery. Prog Neurol Surg. 2008;21:163-8.

34, Roche PH, Ribeiro T, Khalil M, Soumare O, Thomassin JM, Pellet W. Recurrence of vestibular
schwannomas after surgery. Prog Neurol Surg. 2008;21:89-92.

35. Hahn CH, Stangerup SE, Caye-Thomasen P. Residual tumour after vestibular schwannoma surgery.
J Laryngol Otol. 2013 Jun;127(6):568-73.

36. Bloch DC, Oghalai JS, Jackler RK, Osofsky M, Pitts LH. The fate of the tumor remnant after less-
than-complete acoustic neuroma resection. Otolaryngol Head Neck Surg. 2004 Jan;130(1):104-12.

37. 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 Aug;51(8):517-24.

38. Carlson ML, Van Abel KM, Driscoll CL, Neff BA, Beatty CW, Lane JI, et al. Magnetic resonance
imaging surveillance following vestibular schwannoma resection. Laryngoscope. 2012 Feb;122(2):378-88.
39. 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.

40. Moffat DA, Lloyd SK, Macfarlane R, Mannion R, King A, Rutherford S, et al. Outcome of
translabyrinthine surgery for vestibular schwannoma in neurofibromatosis type 2. Br J Neurosurg. 2013 Mar
8.

41. Odat HA, Piccirillo E, Sequino G, Taibah A, Sanna M. Management strategy of vestibular
schwannoma in neurofibromatosis type 2. Otol Neurotol. 2011 Sep;32(7):1163-70.

42. Szudek J, Briggs R, Leung R. Surgery for neurofibromatosis 2. Curr Opin Otolaryngol Head Neck
Surg. 2012 Oct;20(5):347-52.

43. Prasad D, Steiner M, Steiner L. Gamma surgery for vestibular schwannoma. J Neurosurg. 2000
May;92(5):745-59.
44, Cerullo L, Grutsch J, Osterdock R. Recurrence of vestibular (acoustic) schwannomas in surgical

patients where preservation of facial and cochlear nerve is the priority. Br J Neurosurg. 1998 Dec;12(6):547-
52.

45. Vakilian S, Souhami L, Melancon D, Zeitouni A. Volumetric measurement of vestibular
schwannoma tumour growth following partial resection: predictors for recurrence. J Neurol Surg B Skull
Base. 2012 Apr;73(2):117-20.

46. Ito K, Shin M, Matsuzaki M, Sugasawa K, Sasaki T. Risk factors for neurological complications
after acoustic neurinoma radiosurgery: refinement from further experiences. Int J Radiat Oncol Biol Phys.
2000 Aug 1;48(1):75-80.

47. Sughrue ME, Kaur R, Rutkowski MJ, Kane AJ, Kaur G, Yang I, et al. Extent of resection and the
long-term durability of vestibular schwannoma surgery. J Neurosurg. 2011 May;114(5):1218-23.

48. Samii M, Matthies C, Tatagiba M. Management of vestibular schwannomas (acoustic neuromas):
auditory and facial nerve function after resection of 120 vestibular schwannomas in patients with
neurofibromatosis 2. Neurosurgery. 1997 Apr;40(4):696-705; discussion -6.

49. Kameyama S, Tanaka R, Kawaguchi T, Honda Y, Yamazaki H, Hasegawa A. Long-term follow-up
of the residual intracanalicular tumours after subtotal removal of acoustic neurinomas. Acta Neurochir
(Wien). 1996;138(2):206-9.

50. Chung WY, Liu KD, Shiau CY, Wu HM, Wang LW, Guo WY, et al. Gamma knife surgery for
vestibular schwannoma: 10-year experience of 195 cases. J Neurosurg. 2005 Jan;102 Suppl:87-96.

51. Chung WY, Pan DH, Lee CC, Wu HM, Liu KD, Yen YS, et al. Large vestibular schwannomas
treated by Gamma Knife surgery: long-term outcomes. J Neurosurg. 2010 Dec;113 Suppl:112-21.

50



52. Iwai Y, Yamanaka K, Ishiguro T. Surgery combined with radiosurgery of large acoustic neuromas.
Surg Neurol. 2003 Apr;59(4):283-9; discussion 9-91.

53. Lunsford LD, Niranjan A, Flickinger JC, Maitz A, Kondziolka D. Radiosurgery of vestibular
schwannomas: summary of experience in 829 cases. J Neurosurg. 2005 Jan;102 Suppl:195-9.

54. Pollock BE. Vestibular schwannoma management: an evidence-based comparison of stereotactic
radiosurgery and microsurgical resection. Prog Neurol Surg. 2008;21:222-7.

55. Pollock BE, Lunsford LD, Flickinger JC, Clyde BL, Kondziolka D. Vestibular schwannoma
management. Part I. Failed microsurgery and the role of delayed stereotactic radiosurgery. J Neurosurg. 1998
Dec;89(6):944-8.

56. Ganz PA. The price of anticancer intervention. Treatment-induced malignancy. Lancet Oncol. 2002
Sep;3(9):575-6.

57. Ramina R, Coelho Neto M, Bordignon KC, Mattei T, Clemente R, Pires Aguiar PH. Treatment of
large and giant residual and recurrent vestibular schwannomas. Skull Base. 2007 Mar;17(2):109-17.

58. Godefroy WP, van der Mey AG, de Bruine FT, Hoekstra ER, Malessy MJ. Surgery for large
vestibular schwannoma: residual tumor and outcome. Otol Neurotol. 2009 Aug;30(5):629-34.

59. Kameyama S, Tanaka R, Honda Y, Hasegawa A, Yamazaki H, Kawaguchi T. The long-term growth
rate of residual acoustic neurinomas. Acta Neurochir (Wien). 1994;129(3-4):127-30.

51



List of Figures

FIGURE 1: MACROSCOPICAL ASPECT OF VS
FIGURE 2: MICROSCOPICAL ASPECT OF VS.vvvvvvvvvesssssssssssssssssssssssssssssssssssssassssssssssssssssssssssssssssssssssssssssssssssssssssssss
FIGURE 3: 3D MODELING OF THE SCHWANNOMIN /MERLIN vovvvuuuuusuususssssasssssssssssssssssssssssssssssssssssssssssssssssssssssens
FIGURE 4: AUDIOMETRIC INVESTIGATIONS FOR VS DIAGNOSIS

FIGURE 5: CRANIAL NERVES AND TUMOR EXPOSURE USING THE TRANSLABYRINTHINE APPROACH ......... 25
FIGURE 6: CRANIAL NERVES AND TUMOR EXPOSURE USING THE RETROSIGMOIDIAN APPROACH .......cuueue 26
FIGURE 7: FLOW-CHART OF THE POPULATION OF VS PATIENTS FOLLOWED AT THE UNIVERSITY
HOSPITAL OF ANGERS. ..cctetrereseusessessesessessessessessesssssssessessessessesssssssessessessessssssssssessessessessssssssssessesssssessssssssssesssssesseass 32
FIGURE 8: DESCRIPTION OF THE POPULATION OF VS NON-NF2 PATIENTS WITH A PER-OPERATIVE VSTR
DESCRIBED BY THE SURGEON. FIRST CHECKUP MR-SCAN 3 MONTHS AFTER SURGERY ...cueureernrereereerensenes 35
FIGURE 9: DESCRIPTION OF THE POPULATION OF VS NON-NF2 PATIENTS WITH A PER-OPERATIVE VSTR
DESCRIBED BY THE SURGEON. FIRST CHECKUP MR-SCAN 1 YEAR AFTER SURGERY ...vueureeenreereeseesessessennes 36
FIGURE 10: SURVIVAL CURVE FOR NON-NF2 PATIENTS WITH VS REMNANT ....coevvrrerrerrerrenseeeseeseesessessensense 37
FIGURE 11: KAPLAN-MEIER STRATIFICATION OF VSTR NON-PROGRESSION SURVIVAL CURVES .......cu..... 38
FIGURE 12: SURVIVAL CURVES FOR NON-NF2 PATIENTS WITH VSTR AND FIRST MR-SCAN ONE YEAR
POST 0P eSS 39
FIGURE 13: SURVIVAL CURVES FOR VSTR NON-PROGRESSION IN THE WHOLE POPULATION, STRATIFIED
BY THE PRESENCE OF AN INFZ ...ttt s s s ses st sssssssesnennen 40
FIGURE 14: THERAPEUTIC MANAGEMENT PROPOSAL FOR VS POST-SURGICAL REMNANT....ccovveererrerrennense 47

52



List of Tables

TABLE I: HOUSE-BRACKMANN CLASSIFICATION FOR FACIAL PALSY wvvvvirieretesssssssssssssssssssssssssssssssssssnes 20
TABLE II: KOOS CLASSIFICATION OF VS titiiiissesrsresesesssssssssssssssssssssssssssssssssssssssssssassassssssssssssassassassssssssss 22
TABLE III: CHARACTERISTICS OF THE POPULATION w.ovteuususrssssesessssssssssssssssssssssssssssssssssssssssssssssassessssssssessss 33
TABLE IV: UNIVARIATE ANALYSIS AND DESCRIPTION OF THE EVOLUTION OF VS TR IN THE NON-NF2

“WAIT-AND=-SEE” POPULATION w..cvvesuerrerseessssssssssssssssssssssssssssssssssesssssssssessssssssssssssessssessssessssessssessssessssessssessssessssees 34
TABLE V: UNIVARIATE ANALYSIS AND DESCRIPTION EVOLUTION OF VS TR IN THE NON-NF2 “WAIT-AND-
SEE” POPULATION WITH FIRST MR-SCAN AT ONE YEAR AFTER SURGERY ...ccvutvesensrnssssesessssssssssssssssssssses 36

53



Table of Contents

REMERCIEMENTS ..ot sssss s s e sssas s sssss et s s 6
LIST OF ABBREVIATIONS ....cooiitiicmississsssmsssssssssssssss s s sssassesssssssassesssssasssssssssssssssasasns 14
o 74 ) 15
INTRODUCTION ..ouciiimrursesesssssssesssssssssssssssssssssssssssessassassssssssssssssss s sssas e sessssssssessassassasssssassenenssansens 16
HISTORY, EPIDEMIOLOGY OF VS ...t sssss s ssssssssssssssssssssssssssssssssssssessssnsassees 16

3 R 0 SN 16
EDIACIMIOIOQY vervvreernsrissrissesssisssssisssissesssssssssasssissssssssssssassssssssssesssssansssssssssssssssassssssssssssssssasssansssssssssssnssansssssesssssanss 16
PATHOLOGY AND PATHOPHYSIOLOGY OF VS et sssssssssssssssssssssessssesassees 17
POAEROIOGY .c.uireirrirsrissirsssrsssissiississsssisssissesssssssssasssessssssssssssssssassssssesssssssssssssssssssssssssssssssssssssssssssassssssessssssnssansssssesssssanss 17
PAtNOPRYSIOIOQY corvrerrrirsrinserssesssssisssissesssisssssisssisssssssssssssssssssssssesssssasssassssssessssssssssssssssssssssssssassssssssssssssssassssnsesssssanss 18
CLINICAL PRESENTATION OF VS...uiisiscsinissnessnssssssssssess e s ss s sssssesssssssssssssssssssssssssssssessssesassees 19
OLOIOGIC SYMPDEOTNS covvrvesressrissesssesisssisssissesssesssssasssassssssesssssasssssssssssssssssssssssssssesssssssssssssassssssssssssssssssssssesssssssssanssens 19
NEUIOIOGIC SYMPUEOINIS.vorrtstrisrirsrissesssisssssisssisssssssssssssssassssssesssssasssasssssssssssssssssssssssssssssssssasssssssssssssssassssssesssssanss 19
COMPLEMENTARY EXAMINATIONS ...covsustsssressssessssesssssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssessssessssens 20
AUAIOMEOLTY cvorvesrtsserssisissssssissssssesssssssssassssssssssssssssassssssssssesssssssssassssssesssssssssassssssssssesssssssssssssssessssssssssnssssssssesssssanss 20

D70 3 Yol L T 21
THERAPEUTIC MANAGEMENT OPTIONS...cisitsusssressssessssessssessssessssssssssssssessssssssssssssssssessssssssssssssessssssssssssssessssessssees 22
Historical management Of VS CUMOIS ..o.romoriisssssisssossssssessssssssssssssssssssssssassssssssssssssssassssssssssssanss 23

The Neurosurgical period 23

The Otoneurosurgical period 23
Nowadays 23
SUTGETY ooeteveeetrersersseisssssisssssssssssssssssssesssssssssssasssssssssssssssssssessssssssssssssssssasssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssans 24
Translabyrinthine approach 24
Retrosigmoid approach 25
RAGIOSUTGOTY vervtrrrssrissrssesssesssssisssissesssssssssasssissssssssssssassssssssssesssssssssssssssssssssssssssssssssssssssssssassssssssssssnssassssssesssssanss 26

B e Tt 3 T R 27
THERAPEUTIC MANAGEMENT ISSUES OF POST-SURGICAL VS REMNANT ...covvutresrressressresssessssessssessssessssessses 28
OBJECTIVES OF THE STUDY wvervureeeesssessesssesssessessseessesssessssssessssssesasesssssasessssssesssssssesssssssesssssssesasssassssesssesssesssssssesans 28
1L 5 0, 29
POAEIENE POPUIALION.c.rrerresrrsirisrissrissiississssisssissssssssssssssssassssssesssssasssasssssssssssssssssssssssssssssssssassessssssssssssassssssssssssanss 29
SUFGICAL CECANIQUE...vvrvesrereersirssrsssisssisssssssssssissssssesssssasssassssssssssssssssassssssssssssssssasssssesssssssssasssassesssssssssanssassssssess 29
Clinico-radiol0GiCAl fOIIOW-UD ......cccmersmmronsrossessisssssosssisssississsesssssasssissssssssssssssssssssssssssssssssssssssssssssssssssanssens 29
Data colleCtion ANA ANALYSIS ...ornccrirsironssssessisssssssssisssissessssssssasssssssssssssssssssssssssssssssssassssssssssssssssassssssssssssanss 30

3 D] 31
DESCRIPTION OF THE POPULATION IN THE STUDY cuvuvusesrsessssessssessssssssssssssessssessssssssssssssesssssssssssssssssssssssessssssssses 31
EVOLUTION OF THE “WAIT-AND-SEE” POPULATION ccoosvutmmmmssssssssssmssssssssssssssssssssssssssssssssssssssssssssssssssssassssans 33
“Wait-and-see” non-NFZ2 patients with reference MR-scan 3 months after Surgery............ 33
“Wait-and-see” non-NFZ2 patients with a reference MR-scan one year after surgery ............ 35
INF2 DALIOIILS c.ooeeevrrererseeerssseissssseasssssessssassssssssssssssssssssssssssesssssssssssassssssasssassssssssssssassssssassssssanssssanssssssnssssanssnsssnssas 36
SURVIVAL ANALYSIS OF VS REMNANT GROWTH ..uvuvuuirreussressssesssessssessssesssssssssssssssssssssssssssssessssssssssssssssssessssesssses 37
NON-NF2 DOPUIALION courvorrvrsirisrirsrissiississsssisssisssssssssssssssassssssesssssasssassssssssssssssssassssssssssssssssasssssssssssssnssassssssesssssanss 37
Overall survival curve 37
Statistical analysis 37
Comparison with non-NF2 population, first MR-scan 1 year post-op 38

INEZ DODULIALION covvrrvesrersrissirssesssssisssissesssssssssasssissssssssssssssssassssssesssssansssssssssessssssssssssssssssssssssssassessssssssssnssassssssssssssanss 40

10 3 5] 01 (0 41
TIMING OF THE RADIOLOGICAL ASSESSMENT AFTER VS SURGERY ..uvvvurrenirrenssnensssessnesssesssesssssssssessssesssssssses 42
COMPARISON OF VS REMNANT EVOLUTION AND PROGRESSION RATE WITH THE LITERATURE .....ccovveunnen 42



POST SURGICAL VS REMNANTS: THERAPEUTIC MANAGEMENT PROPOSAL ...ceueueresereesessessessesessssessessessensenss 45

SPONTANEOUS REMNANT REGRESSION: MYTH OR REALITY? ..vuuureureseeesersessessessessesssssssessessessessesssssssessessessense 47
010 3108 L 013 (0 48
BIBLIOGRAPHY ... s s s ss s snsas s sasanns 49
LIST OF FIGURES......cco s s sssssas s ss s s sasasns 52
LIST OF TABLES ... s s sasss s s s sssassssnsnsasanns 53
TABLE OF CONTENTS......cccciinmnmsmnssminssmsmssssss s s sssssssassssssssassssssssassssssnsans 54

55



56



