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Abstract

Background. Neurofibromatosis type 2 (NF2)-related schwannomatosis is an autosomal dominant tumor-
predisposition syndrome characterized by bilateral vestibular schwannomas (VS). In patients with VS associated with
NF2, vascular endothelial growth factor A inhibitor, bevacizumab, is a systemic treatment option.The aim of this study
is to retrospectively evaluate NF2 patient responses to bevacizumab on VS growth and symptom progression.
Methods. This is a retrospective analysis of patients seen at the Mayo Clinic Rochester Multidisciplinary NF2 Clinic.
Results. Out of 76 patients with NF2 evaluated between 2020 and 2022, we identified 19 that received treatment
with bevacizumab. Thirteen of these patients discontinued bevacizumab after median treatment duration of 12.2
months. The remaining 6 patients are currently receiving bevacizumab treatment for a median duration of 9.4
months as of March, 2023. Fifteen patients had evaluable brain MRI data, which demonstrated partial responses in
5 patients, stable disease in 8, and progression in 2. Within 6 months of bevacizumab discontinuation, 5 patients
had rebound growth of their VS greater than 20% from their previous tumor volume, while 3 did not. Three patients
with rebound growth went on to have surgery or irradiation for VS management.

Conclusions. Our single-institution experience confirms prior studies that bevacizumab can control progression
of VS and symptoms associated with VS growth. However, we note that there is the potential for rapid VS growth
following bevacizumab discontinuation, for which we propose heightened surveillance imaging and symptom
monitoring for at least 6 months upon stopping anti-VEGF therapy.

Key Points

Bevacizumab slows vestibular schwannomas (VS) growth with a trend toward hearing
preservation.

Most patients discontinue bevacizumab due to toxicity rather than VS progression.

e A subset of patients who stop bevacizumab experience rebound VS growth.
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Importance of the Study

Bevacizumab has been established as a therapy for
neurofibromatosis type 2 (NF2) patients which can slow
vestibular schwannomas (VS) growth and symptom
progression and delay more aggressive management
with irradiation or surgery. Here we retrospectively re-
view our Mayo Clinic NF2 experience and confirm these

Neurofibromatosis type 2 (NF2)-related schwannomatosis
is an autosomal dominant tumor-predisposition syn-
drome characterized by multiple tumor types including
vestibular schwannomas (VS), meningiomas, and
ependymomas.’? Bilateral VS represents the predomi-
nant cause of morbidity (progressive hearing loss and
brainstem compression) in patients with NF2.2 VS can
grow throughout the patient’'s life, potentially leading
to progressive hearing loss, facial weakness, and brain-
stem compression that can cause additional cranial
neuropathies, cerebellar tonsillar herniation, and ob-
structive hydrocephalus.®. Management options for
NF2-related VS are typically predicated on tumor size,
hearing status, associated symptoms, patient age, and
comorbidities, with observation, irradiation, and mi-
crosurgery representing the mainstays of treatment.*5
Observation with serial magnetic resonance imaging
(MRI) brain examinations and audiological monitoring is
reasonable for incidentally discovered, asymptomatic tu-
mors. Management options for progressive, symptomatic
tumors often involve microsurgical resection,*the anti-
vascular endothelial growth factor (VEGF) monoclonal
antibody bevacizumab,® and irradiation.”® Treatment ap-
proach can vary dependent on the specific patient charac-
teristics and institutional practice with options including
initial surgical management®'® and irradiation.”1?
Surgery is associated with good tumor control, hearing
preservation, and slower VS growth'® with rare complica-
tions such as persistent facial paralysis or loss of residual
acoustic hearing, among other less common complica-
tions.'*'® Radiotherapy, delivered in single or multiple
fractions, is also associated with good tumor control, but
patients may still experience progressive hearing loss,
other cranial nerve dysfunction, and tumor progression
despite irradiation."” Additionally, there is an elevated
risk of secondary tumor development and malignancy
in this patient population who already have a defect in
the NF2 tumor suppressor gene.'® Systemic therapy with
bevacizumab is an emerging strategy to delay surgical
resection or irradiation and the possible comorbidities of
tumor treatment and/or progression.’® Retrospective case
series and several prospective single-arm clinical trials
have shown the benefit of bevacizumab for controlling VS
progression with improvements in objective hearing and
decreases in VS volume reported.620-24

In this single-institution retrospective study, we ex-
amine our experience within the Mayo Clinic Rochester
Multidisciplinary NF2 Clinic for VS volume changes on
bevacizumab, tolerability, changes in audiological ca-
pacity, and treatment course following bevacizumab

results. Further, we show volumetric data which iden-
tifies a subset of patients who, after bevacizumab dis-
continuation, experience rapid growth of their VS within
a brief timeframe of 1-6 months. This demonstrates
a need for monitoring in the post-bevacizumab time
period and highlights a focus for future research.

discontinuation. Here we continue to show the benefits of
bevacizumab therapy for the control of VS growth in the
majority of our treated patients. However, we also identify
rapid VS growth in some patients previously responsive to
bevacizumab shortly after discontinuation of therapy.

Materials and Methods

This study was examined by the local Institutional Review
Board which approved the study and granted a waiver of
consent for retrospective analysis. We searched for pa-
tients with a definitive diagnosis of NF2 seen at the Mayo
Clinic Rochester Multidisciplinary NF2 Clinic between 2020
and 2022 using an institutional data retrieval platform and
obtained detailed patients. The institutional NF2 clinic is
comprised of physicians, registered nurses, advanced
practice providers, and research staff representing depart-
ments of clinical genomics, otolaryngology, neurosurgery,
neurology, medical oncology, radiation oncology, radi-
ology, and physical medicine and rehabilitation. The clinic
provides multidisciplinary review and guidance to patients
and families with NF2 and associated tumors. For each par-
ticipant, data was retrieved and recorded from the clinic’s
medical records including patient demographics, disease
characteristics, treatment, procedures, and evaluations re-
lated to NF2 treatment, and response. No exclusions were
made based on patient gender, race, age, NF2 presenta-
tion/phenotype, or treatment; however, patients without a
history of bevacizumab treatment were excluded from de-
tailed analysis.

Radiologic Evaluation

Three-dimensional volumetric data for VS were meas-
ured using manual segmentation with Visage PACS
(Visage imaging, version 7.1.18) software under the di-
rect supervision of a board-certified neuroradiologist.
Time points used for VS evaluation included (1) nearest
available MRI prior to bevacizumab initiation, (2) MRI
with the most favorable response or longest docu-
mented stability in size after bevacizumab initiation, (3)
nearest available MRI following bevacizumab discontin-
uation, and (4) MRI at a goal timepoint of 3-6 months
following bevacizumab discontinuation. Volumes were
measured in mm? on the dedicated postGadolinium axial
thin-section images through the posterior fossa. These
were co-registered with thin section heavily T2-weighted
images in each case to more accurately identify and
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exclude other cranial nerve schwannomas, posterior
fossa meningiomas, and post-surgical enhancement,
when present. Imaging assessment was performed by a
board-certified neuroradiologist with more than 15 years
of imaging experience. Disease response was evaluated
with partial response (PR) as greater than or equal to 25%
volume decrease in at least one of the two bilateral VS,
stable disease (SD) as volume change in bilateral VS of
less than 25%, and progressive disease (PD) as a volume
increase of greater than or equal to 25% in at least one of
the two bilateral VS.

Audiological Evaluation

All audiologic data were collected at Mayo Clinic by staff
audiologists. Measurements were taken using over-the-
hear headphones or inserted earphones, and each ear
was considered independently for this study. Data col-
lected included pure-tone thresholds from 250 Hz to 8000
Hz, pure-tone average (PTA) using pure-tone thresholds at
500, 1000, 200, and 3000 Hz, and word recognition scores
(WRS) using standard calibrated audiometry.?

Audiological data were collected for three time points
with respect to bevacizumab treatment: immediately pre-
treatment, end-of-treatment/most recent if still using
bevacizumab, and one-year posttreatment for applicable
patients.

Evaluation of Clinical Outcomes and Statistical
Analysis

Relevant clinical and demographic data were collected
from the electronic medical record (EMR) and clinical doc-
umentation from the Mayo Clinic NF2 clinic and saved
on a secure server. Treating clinician notes were used to
identify milestones in the patients’ clinical courses and
treatments.

Continuous features were summarized with medians
and ranges and categorical features were summarized
with frequencies and percentages. Comparisons of audio-
logical outcomes at different time points were evaluated
using a Kruskal-Wallis test. Statistical analyses were per-
formed using SPSS version 25 (IBM Corporation, Armonk,
NewYork). All tests were two-sided and P-values < .05 were
considered statistically significant.

Results
Patient Characteristics

Seventy-six patients with NF2 actively followed by Mayo
Clinic Rochester Multidisciplinary NF2 Clinic who were
seen in the last 3 years were screened for participation
(Supplementary Figure 1). Nineteen patients who had prior
bevacizumab use with subsequent discontinuation (n=13)
or ongoing bevacizumab use as of April, 2023 (n=6) were
included. All patients who received bevacizumab at the
Mayo Clinic were appropriately monitored before each in-
fusion. Among the 19 patients included in this study, the

median age at NF2 diagnosis was 19 years (range 0.5-61
years;Table 1) and 7 were female (37%). The majority of pa-
tients were White (n = 14, 75%) with 2 Asian patients (10%),
2 Pacific Islander (5%), and 2 patients of other/mixed her-
itage (10%). Genetic testing for NF2 mutations was avail-
able for 11 of the 19 patients (58%). Genetic severity score,
a scoring system used since 2010 that categorizes patients
into severity groups with 1 predicting “mild” symptom
burden and 3 “severe,?8” was available for 18 patients, with
the most common phenotype severity being 2 (n =10, 56%),
followed by 3 (n=6, 33%) and 1 (n=2, 11%). Eighteen pa-
tients had bilateral VS, one patient (ID 18) only had a left VS.
One patient (ID 11) had surgery for bilateral VS, 7 patients
had resection of 1VS (37%), and 6 patients had SRS (32%)
prior to initiation of bevacizumab. All patients who received
surgery or irradiation at the Mayo Clinic for VS control were
at risk for VS-associated symptom progression. A majority
of patients had either surgical or irradiation therapy for
their VS prior to initiation of bevacizumab (n= 12, 63%).

Bevacizumab Treatment

The median duration of initial bevacizumab treatment
for the 13 patients therapy was 12.2 months (range 2-88
months; Table 2). The 6 patients currently on bevacizumab
as of April 2023 have a median treatment duration of 9.4
months (range 3.7-48.3 months). Bevacizumab was given
at doses ranging between 5 and 10 mg/kg at intervals ran-
ging from 2-3 weeks (Supplementary Table S1). While
bevacizumab was initially well tolerated, treatment had
to be eventually initially stopped due to toxicity for 10 pa-
tients. Specific toxicities that required treatment discontin-
uation included hypertension (n=5), proteinuria (n=3),
and fatigue (n = 2). In one case treatment was stopped due
to noncompliance. Only two patients (15%) discontinued
bevacizumab due to disease progression at 23.9 and 88
months after initiation of bevacizumab. Bevacizumab
was resumed in 5 of the 13 patients initially treated with
bevacizumab (patient IDs 3, 5, 6, 9, and 11), 4 of whom re-
main on bevacizumab therapy as of April 2023 (IDs 3, 6, 9,
and 11). For these patients who resumed bevacizumab, all
posttherapy MRI data was collected before bevacizumab
was re-initiated.

Of the 19 patients included in our study, 15 had sufficient
brain MRI data available to evaluate VS volumetric change
during bevacizumab treatment. Overall, we observed par-
tial response in 5 patients, stable disease (SD) in 8, and pro-
gressive disease (PD) per criteria defined in the “Materials
and Methods” section (Table 2). Response assessment
could not be completed for 1 patient as pretreatment MRI
was not available for volumetric analysis. Our measure-
ment of best response or longest stability on bevacizumab
demonstrated that most NF2 patients had stable disease or
partial response on bevacizumab (Figure 1).

Ten of the 13 patients who discontinued bevacizumab
had additional MRI data available to evaluate for VS
volume changes after treatment termination. For evalua-
tion of VS volume changes after bevacizumab discontin-
uation, percent change was normalized to VS volume at
bevacizumab stop date or less than 1 month after stop date
and compared to VS volume at next MRI at least 1 month



http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdad123#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdad123#supplementary-data

72}
>
Y=l
o
=
)
3
o
-
o
o
[
)
<
()
i
s
S
[
i
o
=
=
S
e}
1]
g
=
N
(&)
@
>
[}]
M
S
+
()
Q
3
=

ON Y
ON H

ON Y

ON Y

ON Y

ON :d
ON:
ON :d

oc

ON :d

SBA'Y

ON :d

ON Y

ON Y

ON Y
ON Y

SOA'Y

SOAYH

ON Y
ON Y

oN i1
oN i1

ON ]

ON 11

ON ]

oN 17

oN i1

oN 17

oN i1

ON

OoN i1

ON ]

SaA

ON 7
ON 7

ON 1

ON 7

ON

ON ]
A8g1S0d

14 SA

ON Y
ON {

ON Y

ON Y

ON Y

ON :d

SOAY

ON :d

ON :d

ON Y

SOAY

ON Y

ON Y

ON Y
ON Y

SOAYH

ON Y

ON Y
ON Y

oN i1
oN i1

ON ]

ON 11

ON ]

oN 11

oN 7

oN 17

SOAIT

ON 7

oN i1

ON

oN

oN i1
oN i1

ON

SOAT

ON 1
ON 7

A8g1SOd

A1abing gA

'SUOI3e|N2|ed JUBA3|aJ J0 sasodind ay) Joy pasn ,zy,, Jo 8By 'sisoubelp 1e abe 19exa 81810q0.109 0] B|(R[IBAR SPJ023J BPISIN0 OuU ‘ajewnsa ue se juaned Aq uaaib abe oiyloads ,
'snouahoislay :18H ‘ewouueMyds :Mmy3s ‘|emubeseled :feseled
‘ybu 3y ‘Ya| ] ‘ewoibuiuaw Bujuaw ‘seale 19819sIp €2 :a|dynw ‘|eale|iq g ‘Adesayy uoneipey ;1Y ‘qewnzioeAsq :Aag ‘BWOUUBMYIS JB|NGIISAA :S/\ ‘SISOJRWOUUBMYIS paje|al-g adAl sisojewo.qiolnau :z4N

ON Y
ON Y

ON Y

ON Y

SOA'YH

ON :d

ON :d

ON :d

ON :d

ON Y

ON :d

ON Y

ON Y

ON Y
ON Y

ON Y

ON Y

ON ‘Y
SOA'YH

01.10ld 1H SA

ON
ON

a
a

SOAT

SOAT

ON:

oN:
OoN:

ON

ON

ON:

OoN:

ON:

ON

B
ON:

SOAIT

SOA

ON

ON
ON

a

a
1

Aag

SaAY
SaAY

ON Y

ON Y

ON Y

ON :d

ON :d

SaAY

SaAY

ON Y

ON :d

ON Y

SBAY

ON d
SOAYH

ON Y

ON Y

ON Y
ON Y

oN i1
oN i1

ON ]

ON 11

ON ]

oN 17

oN i1

oN 17

SOAIT

ON

OoN i1

ON ]

ON

SOA]
ON 7

ON 1

ON 7

ON 7
SBAT

A8g 01 10l

A1abing QA

ssew |e1d1090 Y ‘siown) euinbs epnes/z /€D
a|dininw ‘myos |eutwabiil 7 ‘SA Y ‘Myds |eloey

Bulusw g-£1'SATE

sewowApuada/sewouuemyos
|eulds ‘eluouuBMYOS ARD S,[9399|Al T ‘SA 19

euinba epneod |ewixoid
pue (d19e10Y} ‘[B21AISD) Suolsa| aulds ajdinw
‘Jowny [eliojual Y ‘Bujusiy ‘Besesed ‘SA g

snoaueino/jeulds ajdiyjnw ‘uols9|
snxa|d |elyoe.q Y ‘ewouuemyds NJT Y ‘SA 19

siowny [euids
pue Buruaw ajdiynw ‘siownl N Yig 19 ‘SA19

SATd

ewowApuads g-gJ ‘SAT19

siown) [esayduad a)dn
-|nw ‘siowny [euids ajdijnw ‘sewiouuemyos
yoau/peay ajdinjnw ‘Butusw ajdininw ‘SA 19

Jowny Alejjnpaweiul €] ‘ellouuBMydS
SNUIS SNOUJIBARD ‘SRLIOUUEBMYDS |euldS ‘SA Y

aseasIp
|esaydiiad pue jeuids ‘Buiusw [ejuetd ‘SA g

siown) [eulds a|dijnw ‘ewouueMYOS
pioisew 7 ‘sewolBulusw a|dinw ‘sSA g

G7 Y aujwoud 3sow euinba
epned [Bo04}NW ‘BULIOUUBMYDS ||| ‘UOISI|
Alejinpaweaiul g ‘ewouueMyds € Y ‘SAT9

SAT18

SAT18

J0WN} JB|NOLIJUBA [eJdle| Y ‘Jown} wnubew
usweloy 7 ‘Butusw auoq |esodwal 7 'SA 1Y

Buiuaw ajdinjnw ‘sSA 19

Buiuaw AlxeAuo9 |eiodwal [esale| J ‘Bujuaw
Je||9ga499 1 ““Bulusw abpls snosnad 7'SA19

SATE

usping Jown)

V/N

ISTFEVETS
adAjouayd

V/N
V/N

DISPEEILO ‘uonns|eg

V/N

Z4N 40O UOXa 1s11} dY1
pue | d¥NSdIN sessedwooua

1841 SNO0| Z4N “Uon8jeQ

C¢4N utuon
-elnw Buneounuy 18y ‘uonalaq

V/IN
V/IN

V/N

uonenw g4N 21eso

D <VZ-¥9€0 ‘uonniisqng

[9pLL" L0 ‘uonajeQg

DI8pzoL ™ ‘uons|eg
Bunse] onsuso (-)
V/N

118pGGg-o ‘uonsieQ

LLuox3‘1<9lLeoLd
‘UolleINW 9SUBSUON

€1 uox3 491 99tBay d
‘UoI1BINW 9SUSSUON

V/N

uofeinw z4N

G€
[4>

G€

9¢

6L

4
€9
4

oL

Ll

Gl

8l

g€
L9

Gl

N

=

w

sonsiUaloRIRY] JUBNEY

6l
8L

Ll

9l

Gl

14
€l
cl

oL

#dl
juaned

‘LalqeL



n
>
S
o
<
=]
3
(]
-
o
e}
[
-
<
(<]
i
S
S
©
L]
©
=
b=t
S
<
@
g
=
N
O
©
3
[}
s
T
4=
<]
<
3
=

6'89-
L'€S

4
cee
9'8L
8'0¢

L'8

8¢c

v'e-
gle

8L

€le

cog-

9'6L-

Lz

L'G6

90 Aag1sod pue

a1d abuey) %

VIN
V/N
v'z6e
ooovL
V/N
V/N

LS

€€
8€0LL
G¢'2999
V/IN
V/IN
98'08¢€
€€'284l
so'ecel
uxsy Jold
uxsy Jold
G'L6ES
clee

*
€vr9e
617'848¢
84'G6
€L°¢S
L'oceL
00¢c

A9gISOd W € <A

V/N
V/N
L'6E6
LYl6
V/N
V/N

0g

Le
C910€6
S'vevs
G2'9€e
G/6€
V/IN
V/IN
6i7LL
uxsy Jold
uxsy Jold
V/N
gevee
*

L8EE
c'esle
6°9€L
9'69
LeeeL
8LclL

DQ Aag O} 1saieau A

aulwIs1ep
jouue)
.8|qeis
aulwislep
jouue)
9|qels

s|qe1s

9|qelis
aulwia18p
jouue)
9|qelis

o|qe1s

a|qe1s

uois
-salbolid

uois
-salbolid

[eiued

asuods
-ay Jown|

9l
L9l
L8
¢'Sl-
Le-
L¢=

L¢ce-
S0

§'9v

€06

6°l—

L'y

€'6e-

€@

A /4 pue aid
abuey) %,

VIN
V/N
S'LL6
L'06/L
V/N
V/N
v'29

'8
SL'1766L
8ELLES
LL'LLE
78'98¢€
VIN
VIN
€eoL
uxsy Jold
uxsy Jold
899
80LL

*
G'vE8C
qGce
9'€ql
€8L
L'S6LL
cLLL

A Jown|
dn-mojjo4

V/N
V/N
V/N
V/N
V/N
V/N
8'€q
cL
SLSEL
L'¢L29
L'Lee
VL6E
8'80¢€
L'6LCL
0s0L
uxsy Jolid
uxsy Jolid
0ceL
1’6691
*
GE6L
G8LL
9'9GL
§'q9
L'8¥8L
9'86LL

(Eww)A
Juswieaald

uoisua}
-1adAH

uols
-sa1b0.g

xxonb1
lmH_
uoisuay
-19dAH

adue
-lldwo)

anbie4

uoisuay
-19dAH

uoisual
-19dAH

eun
-uiej04d

eun
-u1ajolid

uois
-saiboligd

uoisua}
-1adAH

eun
-u1930.id

pP,0a Aeg
uoseay

L'LL

6°LL

€€

6¢cl

6L

6'€C

€€l

9'6€
(w) uoneing
juswieal] Aag

del
el
dcl
el
dil
1LL
dol
10l
46
16
d8
18
dL
L
49
19
k]
1S
14
114
e
e
de
¢
dl
1L

gewnzioeAag 0} asuodsay pue sawn|op Jown] Juaned °z ajqel



72}
>
Yl
o
<=
)
3
o
-
o
o
[
)
=
()
i
s
S
[
i
o
=
=
S
<
1]
g
=
N
(&)
@
>
[}]
A
T
+
]
Q
3
=

9|qe1s

a|qe1S

leiued

[eiHed

leiHed

§ A9g
yum xy bulobup § A9g yum xy BulobuQ gAag Yyum xy BulobuQ |leiued

900 A9g1sod pue asuods

aid abueyn % A9g1SOd W € <A 0Q Aeg 0} 1saleau A -ay Jown|

'S
Le-

L=

LLL-

9¢-

'8¢-
8vL-
'S99~

S¢

At
clLe-

A /4 pue aid
abuey) %

¢'L99
¥'006

9'lvle
¥'€0G¢
coeey
¢'80L
8129
LC6LL
0961
9'99LL
LZLyL

A Jown|
dn-mojjo4

€ve9
L'Gc6

L'06vC
7'Lvoe
6'€G89
¢'LGlL
LEL
8'v00v
9'¢esal
00LLL
L'8¢0¢

(eww)A
juswieallaid

P,0a Aeg
uoseay

€207 |Udy Jo sy §
*8]0u [e21UI|d ueldisAyd ein passasse asuodsay ,
‘qewnzioeaaq o3 ,Ajjiqesalol Jood,, palid 830U [BOIUIY 4y
‘ewolfuiuaw pasodwiiadns 0} anp aWN|OA SSaSSE 03 8|qeuf)
‘UOIIBNUNIUOISIP ewnzIdeAa(]
woJ4In0 yuow |5 1o Adelay) qewnzioeAaq uo Jayya semuaned ajiym [y Ju8da. 1SOW 0] Pazi[EWLIOU UOIENUIUOISIP qeWwnzIdeAaq Buimoj|o) yauow | Z [Y|A 8|qen|eAa 111 1e SA JO awn|oA ul abueyd Juadlad,
‘JuaLleal) iy ‘uonaasal :uxsy Aybu iy Yo 7 ‘dn-mojjoj :n/4 ‘BWINJOA A ‘BNURUOISIP :J( ‘YIUOW W ‘qewnzIoeAa] ARG

9

€8y

LE

(w) uoneing
juswieal] Aag

del
16l
d8l
8L
d/l
LL
d9l
191
sl
161
i
L

(u09) ‘ZaqeL



Webb et al.: Bevacizumab withdrawal-related growth of VS

Change From Baseline (%) During Treatment
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Figure 1.

15R

Percent change in VS volume during bevacizumab therapy. Volumetric data was assessed from evaluable brain MRI at the timepoint

closest to bevacizumab initiation and compared to brain MRI imaging which showed the best response or longest clinical stability. Percent
volume change is normalized to the brain MRI at the timepoint closest to bevacizumab initiation. Patient ID number and laterality of the specific

VS are shown.

after discontinuation. Following bevacizumab treatment
termination, of the 8 bevacizumab responsive patients (7
SD, 1 PR), 5 (63%) patients had rapid growth of at least
one of their bilateral VS defined as>20% volume increase,
while the remaining 3 (37%) showed continued VS volume
stability (<20% volume change). Imaging confirming this
growth was obtained within a range of 0.9-5.8 months of
bevacizumab discontinuation, with the exception of pa-
tient ID 2, who had next MRI imaging 15.7 months after
bevacizumab discontinuation and has not had surgery, RT,
or other therapy for VS since bevacizumab until April 2023.
Overall, volume changes over the entirety of the specific
patients’ courses were normalized to the pre-bevacizumab
treatment volume and charted in Figure 2. Response over
the patients’ disease course starting at bevacizumab initi-
ation is shown in Figure 3.Time was measured in months,
starting at time of bevacizumab initiation and with indi-
vidual points representing a distinct VS volume assess-
ment by brain MRI. We defined “rebound” growth as a
greater than 20% volume increase in VS volume following
bevacizumab discontinuation as discussed previously.

Volume data from patient MRI’s was collected retrospec-
tively, with variation in timepoints between bevacizumab
discontinuation and follow-up MRI. As such, further MRI
assessments are not available at exact timepoints. Specific
raw data are available in the SupplementaryTable S2.

Following bevacizumab discontinuation, 2 patients (15%)
underwent both surgery and radiotherapy (RT) for control
of their VS, 3 (23%) had surgery alone, and 2 (15%) had RT
alone. The remaining 6 (46%) patients who discontinued
bevacizumab have had no additional therapy forVS control
as of April 2023. Of the 5 patients with rebound VS growth,
1 patient (ID 4) required both surgery and RT forVS control,
1 (ID 9) required surgery, and 1 (ID 10) required RT.

Audiological Outcomes

Audiological data were available for 11 patients (18 ears).
The remaining 8 patients either did not have prior audio-
logical testing or accessible audiological data. PTA and
WRS over time are detailed in Supplementary Table S3,
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Figure 2. Percent change in VS volume during and after bevacizumab therapy. Volumetric data was assessed from evaluable brain MRI at the
timepoint closest to bevacizumab initiation and compared to brain MRI imaging which showed the best response or longest clinical stability, the
closest timepoint to bevacizumab discontinuation, and the following timepoint >1 month after bevacizumab discontinuation. The dotted line rep-
resents the time interval during which bevacizumab therapy was terminated. (A) All evaluable patient VS volume changes over time. (B) Patients
with >20% growth in at least one VS following bevacizumab termination. (C) Non-responsive to bevacizumab patients (ID 2 and 3) and patients
with VS volume stability after bevacizumab termination. *Patient ID 12 had a prolonged period of bevacizumab therapy (88 months). For clarity, the
first brain MRI time point has been altered to 0 months, with additional MRI time points reflecting that change.
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Figure 3.  Swimmer plot of patient treatment course following bevacizumab initiation. Bev: Bevacizumab. First bevacizumab treatment was
assigned to time 0 months. All patients remain alive as of March 2023. Patient ID is consistent with patient ID in all other tables and figures. We
define “rebound” as greater than 20% volume change in VS volume following bevacizumab discontinuation, partial response as greater than 25%
volume reduction on volumetric assessment, stable disease as less than 25% volume change on volumetric assessment, and progressive disease

as greater than 25% volume increase on volumetric assessment.

with averages for all evaluable patients and ears in Figure
4. Average PTA at the onset of therapy was 38.7 + 29.3 deci-
bels (dB), 44.9 £ 30.1 dB at end-of-treatment/most recent
for those still on therapy, and 62.6 + 39.3 dB 1 year after
therapy. Notably, the PTA worsened at each time point;
however, the interval of change appears to be greater from
the end-of-therapy to 1 year after cessation of therapy.
However, differences between time points are not signif-
icant (P=.330). Patient audiological data was collected
retrospectively, with variation in timepoints between
bevacizumab discontinuation and follow-up.

Regarding WRS, we note that average WRS at onset of
therapy was 65.7 + 38.4%, 74.2 + 34.5% at end-of-treatment/
most recent for those still on therapy, and 54.4 + 38.1% 1
year after therapy. Interestingly, we note that average WRS
improved slightly during therapy, but this dropped after
cessation thereof. However, again, individual scores were
quite variable, and this trend is not significant (P=0.371).

Discussion

VSs represent a significant source of morbidity for pa-
tients with NF2, associated with progressive hearing loss,
tinnitus, facial weakness, and brainstem compression.

The goal of VS treatment centers around preservation of
functional status for as long as possible. Bevacizumab has
emerged as a systemic therapy that can delay the need for
interventions while maintaining neurologic function. In a
multi-institutional, uncontrolled phase Il study with 14 pa-
tients, bevacizumab 7.5 mg/kg administered every 3 weeks
was associated with hearing improvement in 36% of pa-
tients and no further hearing decline in all patients for the
duration of the 12-month study period.?" In a phase Il study
of 22 patients with NF2-associated VS treated with intrave-
nous bevacizumab, 10 mg/kg every 2 weeks for 6 months,
41% of patients had a hearing response and 32% had a
radiographic response.?’ In that earing response was de-
fined using a 95% critical difference table and radiographic
response was defined as a greater than or equal to 20%
decrease in tumor volume. In a subsequent meta-analysis
outcomes were reported for 161 NF2 patients with 196 as-
sessable VS.?8 Partial radiographic regression was reported
among 41% and hearing was improved in 20% of the pa-
tients over a median 16-month treatment duration.” In
this retrospective, single center study, we sought to con-
firm this published data on NF2-related VS response to
bevacizumab therapy in our own patient cohort and eval-
uate posttreatment outcomes.

Among our cohort with available volumetric data, radi-
ographic response was noted in 33% of patients. Thirty-six
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Figure 4. Patient average PTA and WRS over the course of
bevacizumab therapy. Timepoints of audiological data collection
correspond to the closest evaluation prior to bevacizumab therapy,
the closest evaluation following bevacizumab termination, and the
closest evaluation at approximately 1 year following bevacizumab
termination. (A) Average PTA at onset of therapy (“pretreatment”)
was 38.7 +29.3 dB, 44.9 +30.1 dB at end-of-treatment/most re-
cent for those still on therapy (“immediate postreatment”), and
62.6 + 39.3 dB one year after therapy (“1 year posttreatment”). No
significant difference between groups, P = .330. (B) Average WRS
atonset of therapy (“pretreatment”) was 65.7 + 38.4%, 74.2 + 34.5%
at end-of-treatment/most recent for those still on therapy (“imme-
diate postreatment”), and 54.4 + 38.1% 1 year after therapy (1
year posttreatment”). No significant difference between groups,
[P= &/,

percent experienced improvement in their PTA and 36%
also had improvements in their WRS, both metrics in at
least one ear.While our findings did not reach statistical sig-
nificance, this is likely due to the small number of patients
as these trends are in keeping with previous clinical trial
results, underscoring the effectiveness of bevacizumab
therapy in preserving neurologic function and providing
at least transient hearing improvement among a subset
of NF2 patients. Additionally, patients with progressive VS
prior to treatment had stable disease following discontin-
uation, further demonstrating effectiveness of systemic
therapy in delaying other interventions. These patterns
may be related to specific NF2 mutations. Given our limited
number of patients, all with unique NF2-generating muta-
tions, further research is necessary to evaluate whether
there is a relationship between bevacizumab response and
specific NF2 mutations.

However, long-term toxicities were not uncommon,
with 10 patients (52% of the entire cohort) requiring

discontinuation of bevacizumab at a median 12 months
of treatment. Adverse events in our patient cohort were in
line with prior reports on bevacizumab use for NF2-related
VS and other tumors. No novel toxicities were uncovered.
Alternative dosing strategies including dose reduction
or increased interval between doses may mitigate these
toxicities without compromising efficacy and should be
considered for further study.

Importantly, our study explored tumor outcomes imme-
diately following bevacizumab discontinuation. Whether
treatment was stopped due to toxicity or disease progres-
sion, we demonstrated that a subset of patients had rapid
tumor growth with a 20% or greater increase in volume
immediately following termination of bevacizumab treat-
ment. A similar phenomenon was previously reported in
patients with high-grade glioma, in which patients expe-
rienced rapid tumor growth and clinical decline following
withdrawal of bevacizumab.?®This has also been observed
in murine models of high-grade glioma®® and it has been
hypothesized that, while patients on bevacizumab have re-
duced tumor vasculature, they retain vascular scaffolding
including the basement membrane and accompanying
pericytes which allows rapid vascular regrowth on anti-
VEGF withdrawal.

Our study has several limitations, notably that this is a
single center, retrospective study with limited follow-up.
Our study also specifically focuses on patients who have
received continuous bevacizumab therapy, rather than in-
termittent therapy. Furthermore, our patient data is not al-
ways complete, preventing consistent analysis of MRI or
audiological data at all requisite time points for all patients.
Finally, our imaging collection time points were nearest
available MRI (1) prior to bevacizumab initiation, (2) at
most favorable response or longest documented stability
in size, (3) following bevacizumab discontinuation, and (4)
3-6 months following bevacizumab discontinuation. Due
to the retrospective nature of this study, not all imaging
timepoints are perfectly consistent or available, which we
have addressed by providing detailed timepoint informa-
tion in Table 2 and Figures 2 and 3. This also does not
exclude that patients may have had a PR prior to determi-
nation of SD, with only the latter listed given the limitations
of our MRI data collection. Additionally, we acknowledge
that we have a heterogeneous patient population that may
impact our results, as previous studies have noted that
younger patients do not respond as well to bevacizumab
therapy and may have larger tumors.?' We have addressed
this by including individual patient data, which may be
used in further studies with larger patient populations.

Bevacizumab therapy to preserve hearing and decrease
VS growth rate is well established36202127 and our data
supports ongoing use of bevacizumab therapy for select
NF2 patients. We see a trend toward hearing improve-
ment or at least stability while patients are treated with
bevacizumab with large reductions in WRS following
bevacizumab discontinuation. Additionally, most patients
treated within the Mayo Clinic Rochester Multidisciplinary
NF2 Clinic had either clinical stability or partial radiographic
response on anti-VEGF therapy, leading to temporal delays
in surgery, and RT for control of VS. Bevacizumab therapy
was also generally well tolerated within our patient co-
hort with no novel toxicities identified. However, in our
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clinical experience, we see 2 subsets of patients: (1) those
who do not benefit from therapy and experience tumor
growth despite anti-VEGF therapy and (2) patients who do
experience benefit from bevacizumab therapy, but experi-
ence rebound growth following termination of treatment.
There is a need for prospective studies to evaluate these
populations and determine if we can predict response to
bevacizumab therapy. There may also be a benefit in grad-
ually tapering bevacizumab therapy, rather than sudden
discontinuation, in preventing VS rebound growth, though
this hypothesis requires prospective evaluation. Until that
time, we propose heightened surveillance imaging and
symptom monitoring for at least 6 months upon stopping
anti-VEGF therapy to evaluate for patients who may experi-
ence rebound VS growth and symptom progression.

Supplementary material

Supplementary material is available online at Neuro-
Oncology Advances online.
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