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Abstract

Objective Proton beam therapy is considered, by some authors, as having the advantage of delivering dose distributions
more conformal to target compared with stereotactic radiosurgery (SRS). Here, we performed a systematic review and meta-
analysis of proton beam for VSs, evaluating tumor control and cranial nerve preservation rates, particularly with regard to
facial and hearing preservation.

Methods We reviewed, using the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) articles
published between 1968 and September 30, 2022. We retained 8 studies reporting 587 patients.

Results Overall rate of tumor control (both stability and decrease in volume) was 95.4% (range 93.5-97.2%, p heterogene-
ity=0.77, p<0.001). Overall rate of tumor progression was 4.6% (range 2.8-6.5%, p heterogeneity < 0.77, p<0.001). Overall
rate of trigeminal nerve preservation (absence of numbness) was 95.6% (range 93.5-97.7%, I* = 11.44%, p heterogeneity=
0.34, p<0.001). Overall rate of facial nerve preservation was 93.7% (range 89.6-97.7%, I* = 76.27%, p heterogeneity<0.001,
p<0.001). Overall rate of hearing preservation was 40.6% (range 29.4-5 International Stereotactic Radiosurgery 1.8%, I* =
43.36%, p heterogeneity= 0.1, p<0.001).

Conclusion Proton beam therapy for VSs achieves high tumor control rates, as high as 95.4%. Facial rate preservation overall
rates are 93%, which is lower compared to the most SRS series. Compared with most currently reported SRS techniques,
proton beam radiation therapy for VSs does not offer an advantage for facial and hearing preservation compared to most of
the currently reported SRS series.

Keywords Proton therapy - Vestibular schwannoma - Radiosurgery - Facial nerve - Hearing

Introduction

Vestibular schwannomas (VS) arise from the vestibular branch
of the eight cranial nerve and account for approximately 8% of
the intracranial neoplasms [1]. The most common symptoms
are hearing loss, tinnitus, and balance disturbance.
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Therapeutic management options for VSs include obser-
vation, microsurgical resection, and radiation therapy [2].
Large VSs with symptomatic mass effect have a strong indi-
cation for microsurgical resection [3]. Stereotactic radio-
surgery (SRS) has a long-term clinical and scientific track
record for small to medium size VSs [4].

Proton therapy has been suggested as a way to dimin-
ish side effects by reducing the radiation dose to tissues at
risk [5]. While photon radiation delivers its maximum dose
almost immediately upon entry into tissue, protons have a
finite range in tissue and deliver most of their dose at the end
of their range. This is known as the Bragg peak phenomenon,
and a sharp dose falloff occurs just beyond it [6]. Thus, one
might assume that fractionated proton beam therapy (FPRT)
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may be associated with better hearing preservation because
of the unique dosimetric properties of proton radiotherapy,
with rapid dose fall off distally and laterally to the irradiated
target.

Here, we perform a systematic review and meta-anal-
ysis of the role of proton beam radiation for VSs. Our
primary aim was the evaluation of tumor control. Our
secondary aim was the assessment of cranial nerve pres-
ervation, particularly in relationship to hearing. The pur-
pose of the present systematic review and meta-analysis
is to recapitulate the current literature specific to proton
therapy for VS.

Methods
Systematic review and meta-analysis

A systematic review of the literature was performed using
the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) approach [7].

Eligibility criteria

We included both retrospective and prospective studies,
written in English, which have reported patients with VSs
treated by proton beam therapy, independently of history of
previous surgery or not.

We excluded studies written in languages other than
English.

Information sources

Our information sources were Medline, Pubmed, Embase,
Scopus, and Web of Science databases.

Search strategy

We searched for articles published between 1968 and Sep-
tember 30, 2022.

The following MESH terms or combination of those
were used either in title/abstract: “proton” AND “vestibular
schwannoma(s)” (15 results) and “proton” AND “acoustic
neuroma(s)” (11 results). Four independent reviewers (AS,
MFT, AD, CT) have screened the content of all articles and
abstracts (Table 1).

One article identified in the initial search strategy
reported treatments of multiple types of schwannomas,
without separately detailing the outcomes for each one of
them and was further excluded [8]. Eight studies [6, 9—15]
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reporting 587 patients met the inclusion criteria. Two were
prospective (single arm) [9, 12] while the others were ret-
rospective. Figure 1 shows the flow diagram of the article
selection process.

Outcome measures

Primary outcome measure was tumor control. Secondary out-
come measures were cranial nerve preservation, particularly
for hearing and facial nerve. Development of hydrocephalus
post-treatment requiring shunt placement was also noted.

Statistical analysis using OpenMeta (Analyst)

Due to the high variation in study characteristics, a statistical
analysis using a binary random-effects model (DerSimonian-
Laird method) was performed. We used OpenMeta (Analyst)
from the Agency for Healthcare Research and Quality.

Weighted summary rates were determined using meta-
analytical models. Testing for heterogeneity was performed
for each meta-analysis. Pooled estimates using meta-analytical
techniques were obtained for all the individual outcomes previ-
ously described in the same section.

Results
Tumor control

The overall rate of tumor control (both stability and decrease
in volume) was 95.4% (range 93.5-97.2%, p heterogeneity=
0.77, p<0.001; Fig. 2, a; Table 2).

The overall rate of tumor progression was 4.6% (range
2.8-6.5%, p heterogeneity < 0.77, p<0.001; Fig. 2, b).

Hydrocephalus requiring shunt placement

The overall rate of hydrocephalus requiring shunt placement
was 1.4% (range 0.4-2.5%, p heterogeneity= 0.68, p= 0.008;
Fig. 2, ¢).

Trigeminal nerve preservation

The overall rate of trigeminal nerve preservation (absence of
facial numbness) was 95.6% (range 93.5-97.7%, P =11.44%,
p heterogeneity= 0.34, p<0.001; Fig. 3, a; Table 2).

Facial nerve preservation

The overall rate of facial nerve preservation was 93.7% (range

89.6-97.7%, I* = 76.27%, p heterogeneity<0.001, p<0.001;
Fig. 3, b; Table 2).
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Fig.1 Prisma flow diagram

Hearing preservation

The overall rate of hearing preservation was 40.6% (range
29.4-51.8%, I* = 43.36%, p heterogeneity= 0.1, p<0.001;
Fig. 3, c; Table 2).

Discussion

The current systematic review and meta-analysis reports high
rates of tumor control, as high as 95.4% (range 93.5-97.2).
With regard to cranial nerve preservation, the overall rate of
facial nerve preservation was 93.7% (range 89.6-97.7%) and
the overall rate of trigeminal nerve preservation (absence

@ Springer

of facial numbness) was 95.6% (range 93.5-97.7%). The
overall rate of hearing preservation was disappointing, at
40.6% (range 29.4-51.8). Thus, proton beam therapy for VSs
achieves high tumor control rates with modest rates of hearing
preservation [6]. Moreover, the chances of facial nerve preser-
vation are lower compared with most radiosurgery techniques.

For proton beam therapy, indications for fractionation
were [6] subjectively useful hearing, larger tumors, and post-
operative residual tumors. Larger tumors showed shrinkage
more often than smaller tumors [6]. Moreover, cystic tumors
showed shrinkage in a higher proportion [6] (p= 0.08). In
terms of local control, previous studies of tumor control
rates after fractionated radiotherapy for VSs in large series
show tumor control rates that range from 84 to 95% [16—19].
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Tumor control and further shunt for hydrocephalus

a. Tumor control

Studies Estimate (95% C.I.) Ev/Trt }
|
|
Harsh et al. 2002 0.938 (0.878, 0.997) 60/64 - :
Bush et al. 2002 0.983 (0.938, 1.000) 29/29 H—
Weber et al. 2003 0.943 (0.895, 0.992) 83/88 —_—
Vernimmen et al. 2009 0.956 (0.895, 1.000) 43/45 i
Barnes et al. 2018 0.936 (0.887, 0.986) 88/94 +
Zhu et al. 2018 0.857 (0.674, 1.000) 12/14 ™ :
Koetsier et al. 2021 0.953 (0.917, 0.990) 122/128 —-—
Saraf et al. 2022 0.976 (0.911, 1.000) 20/20 %—.—
|
Overall (1*2=0 % , P=0.770) 0.954 (0.935, 0.972) 457/482 <
|
I T T T T lJ 1
07 075 08 0.85 0.9 0.95 1
Proportion

b. Tumor progression

Studies Estimate (95% C.I.) Ev/Trt :
|
|
Harsh et al. 2002 0.062 (0.003, 0.122) 4/64 : »
Bush et al. 2002 0.017 (0.000, 0.062) 0/29 ————
Weber et al. 2003 0.057 (0.008, 0.105) 5/88 —_—t
Vernimmen et al. 2009 0.044 (0.000, 0.105) 2/45 i
Barnes etal. 2018 0.064 (0.014, 0.113) 6/94 —=
Zhu et al. 2018 0.143 (0.000, 0.326) 2/14 :
Koetsier et al. 2021 0.047 (0.010, 0.083) 6/128
Saraf et al. 2022 0.024 (0.000, 0.089) 0/20 —@—F——
|
|
Overall (12=0 % , P=0.770) 0.046 (0.028, 0.065) 25/482 -
:
T T T T T T 1
0 0.05 0.1 0.15 0.2 0.25 0.3
Proportion
c. Further shunt
Studies Estimate (95% C.I.) Ev/Trt ;
|
|
Harsh et al. 2002 0.047 (0.000, 0.099) 3/64 ‘* 3
Bush et al. 2002 0.017 (0.000, 0.062) 0/29 e
Weber et al. 2003 0.034 (0.000, 0.072) 3/88 - -
Vernimmen et al. 2009 0.011 (0.000, 0.041) 0/45 -
Barnes etal. 2018 0.005 (0.000, 0.020) 0/94 —J——
Zhu et al. 2018 0.033 (0.000, 0.124) 0/14 L -
Koetsier et al. 2021 0.023 (0.000, 0.050) 3/128 ; L ]
Saraf et al. 2022 0.024 (0.000, 0.089) 0/20 - 3
|
|
Overall (1"2=0 % , P=0.681) 0.014 (0.004, 0.025) 9/482 ——————
:
T T T T T T 1
0 0.02 0.04 0.06 0.08 0.1 0.12
Proportion

Fig.2 Tumor control (a), tumor progression (b), and further shunting (c)
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Cranial nerve preservation

a. Fifth nerve

Studies Estimate (95% C.I.)
Harsh et al. 2002 0.922 (0.856, 0.988)
Bush et al. 2002 0.983 (0.938, 1.000)
Weber et al. 2003 0.909 (0.849, 0.969)
Vernimmen et al. 2009 0.917 (0.838, 0.995)
Zhu et al. 2018 0.967 (0.876, 1.000)
Koetsier et al. 2021 0.968 (0.945, 0.991)
Saraf et al. 2022 0.950 (0.854, 1.000)
Overall (1*2=1144 % , P=0.342) 0.956 (0.935, 0.977)

b. Facial nerve

Studies Estimate (95% C.I.)
Harsh et al. 2002 0.922 (0.856, 0.988)
Bush et al. 2002 0.983 (0.938, 1.000)
Weber et al. 2003 0.920 (0.864, 0.977)
Vernimmen et al. 2009 0.917 (0.838, 0.995)
Barnes et al. 2018 0.979 (0.950, 1.000)
Zhu et al. 2018 0.967 (0.876, 1.000)
Koetsier et al. 2021 0.824 (0.769, 0.878)
Saraf et al. 2022 0.976 (0.911, 1.000)
Overall (I'\2=76?7%,P< 0.001) 0.937 (0.896, 0.977)

c. Hearing preservation

Studies Estimate (95% C.I.)
Harsh et al. 2002 0.333 (0.000, 0.711)
Bush et al. 2002 0.308 (0.057, 0.559)
Weber et al. 2003 0.333 (0.132, 0.535)
Barnes et al. 2018 0.591 (0.446, 0.736)
Zhu et al. 2018 0.333 (0.000, 0.711)
Koetsier et al. 2021 0.290 (0.131, 0.450)
Saraf et al. 2022 0.526 (0.302, 0.751)
Overall (1A2=4336 % , P=0.102) 0.406 (0.294, 0.518)
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Fig.3 Cranial nerve outcome: trigeminal (a), facial (b), and hearing preservation (c)
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Overall rates of trigeminal nerve preservation are very good
with proton beam therapy. Some risk factors for cranial nerve
injury have been identified. Trigeminal neuralgia occurs more
often in patients with larger tumors volumes (p=0.005) [6] and
in patients who received fractionated RT (p= 0.05) [6].

Overall facial nerve preservation rates in the present study
are approximately 93%, with is rather disappointing, as much
lower compared to current SRS techniques, as reported by
Tsao et al. [20] between 95 and 100%. With regard to the
facial nerve, Weber et al. [ 14] suggested that facial neuropa-
thy was associated with prescribed dose, maximal dose, as
well as the inhomogeneity coefficient (dose inhomogeneity).

For hearing preservation, Barnes et al. [9] identified, based
on multivariate analysis, that initial tumor diameter (<=1.5 cm)
is a better prognostic factor for maintaining serviceable hearing
(p=0.01) after proton therapy. In the prospective series of Saraft
et al. [12], D90 has a trend towards worse hearing outcomes
(median 40.6 Gy [RBE] versus 46.9 Gy [RBE] (p= 0.08). The
doses to the cochlea [12] were relatively higher compared with
other fractionated RT studies, suggesting that the proton dose
distribution might not help in sparing function of the cochlea.
The European Particle Therapy Network recommends limiting
the dose to the cochlea at 45 Gy in fractionated radiotherapy reg-
imens, while other authors suggested even lower doses [21-23].
Previous dosimetric studies have shown a clear clinical impact
of the dose received by the cochlea [24-28].

Some authors suggest that the primary mechanism of radi-
ation damage of nonproliferating organs is through late-term
fibrosis and vascular damage [12]. On the other hand, it has
also been proposed that fractionated stereotactic radiotherapy
(FSRT) delivered over a period of weeks may spare cochlear
function, based on the assumption that there is a radiobio-
logical recovery of normal tissue while using fractionated
treatments. The serviceable hearing rates with such studies
have ranged between 54 and 84% at 5 years [29-33]. The
prospective study of Saraf et al. [12] concluded that fraction-
ated proton beam radiation therapy for VS did not meet the
goal of serviceable hearing preservation. The authors further
suggested that the dose to the cochlea correlates with hearing
preservation independent of treatment modality. Saraf et al.
[12] did not find a statistically significant association between
tumor size, tumor volume, total RT dose, age, and affected ear
or baseline ipsilateral organs at risk (OAR) as related to ser-
viceable hearing at 12 months. Bragg peak sparing seems to
not be useful for VSs, when the cochlea is close to the tumor.

The recent systematic review and meta-analysis of the
role of stereotactic radiosurgery for VSs by Tsao et al. [20]
suggested that hearing preservation rates for single fraction
SRS series are difficult to compare to other modalities due to
the reduction of SRS prescribed physical dose over time [4].
In large series of patients treated with single fraction SRS,
and doses between 12 and 14 Gy, the 5-year hearing pres-
ervation rate ranged from 41 to 79%. Four series reported

no statistically significant difference between single fraction
and fractionated stereotactic radiotherapy in terms of hearing
preservation [17, 34-36]. Furthermore, treatment technique
is another relevant consideration, as earlier studies were most
likely to include patients treated with passive scattering, with
more recent ones having used active scanning. There is a trend
towards better hearing preservation in some newer reports
(2018-2022) in comparison to the earlier ones (2002-2003),
although this is not universal (as seen in the Fig. 3c).

Future studies should ideally focus on cochlea and vesti-
bulum sparing dosimetry, evaluation of cognitive function-
ing, quality of life, and risk of secondary cancer, to further
determine whether the higher costs of proton radiotherapy
are justified for VSs patients [6]. Radiobiology [37, 38]
and particularly biologically effective dose delivered to the
tumor might play a role both in tumor control [39] and hear-
ing preservation [40].

The main limitations, as individually suggested by the
published studies are as follows: a wide range of follow-up
duration, treatment technique, heterogenous manner of out-
come reporting, dose selection, cochlear sparing or not, and
tumor sizes (with several studies including small volumes).

Conclusion

The present systematic review and meta-analysis suggests
that proton beam therapy for VSs achieves high tumor con-
trol rates. However, the existing literature does on proton
therapy for VS does not offer evidence for an advantage in
hearing preservation compared to standard SRS techniques.
Moreover, the chances of facial nerve preservation are lower
compared with most radiosurgery techniques.

In sum, compared with most current radiosurgery tech-
niques, proton beam radiation therapy for VSs does not offer
an advantage for facial and hearing preservation compared
to most of the currently reported stereotactic radiosurgery
series.

Acknowledgements The authors thank the Lausanne University Hos-
pital and University of Lausanne.

Funding Open access funding provided by University of Lausanne

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

@ Springer


http://creativecommons.org/licenses/by/4.0/

163

Page 10 of 12

Neurosurgical Review (2023) 46:163

References

10.

11.

12.

13.

14.

15.

Stangerup SE, Tos M, Thomsen J, Caye-Thomasen P (2010) True
incidence of vestibular schwannoma? Neurosurgery 67:1335—
1340. https://doi.org/10.1227/NEU.0b013e3181{22660
Kondziolka D, Mousavi SH, Kano H, Flickinger JC, Lunsford LD
(2012) The newly diagnosed vestibular schwannoma: radiosur-
gery, resection, or observation? Neurosurg Focus 33:ES. https://
doi.org/10.3171/2012.6.FOCUS12192

Carlson ML, Link MJ (2021) Vestibular Schwannomas. N Engl J
Med 384:1335-1348. https://doi.org/10.1056/NEJMra2020394
Kondziolka D, Lunsford LD, McLaughlin MR, Flickinger JC (1998) Long-
term outcomes after radiosurgery for acoustic neuromas. N Engl ] Med
339:1426-1433. https://doi.org/10.1056/NEJM199811123392003
Weber DC, Ares C, Lomax AJ, Kurtz JM (2006) Radiation therapy plan-
ning with photons and protons for early and advanced breast cancer: an
overview. Radiat Oncol 1:22. https://doi.org/10.1186/1748-717X-1-22
Koetsier KS, Hensen EF, Niemierko A, Dewyer NA, Chapman
PH, Lamba N, Bussiere MR, van Vulpen M, McKenna MJ, Loef-
fler JS, Shih HA (2021) Outcome and toxicity of proton ther-
apy for vestibular schwannoma: a cohort study. Otol Neurotol
42:1560-1571. https://doi.org/10.1097/MAO.0000000000003313
Liberati A, Altman DG, Tetzlaff J, Mulrow C, Gotzsche PC, Ioan-
nidis JP, Clarke M, Devereaux PJ, Kleijnen J, Moher D (2009)
The PRISMA statement for reporting systematic reviews and
meta-analyses of studies that evaluate health care interventions:
explanation and elaboration. J Clin Epidemiol 62. https://doi.org/
10.1016/j.jclinepi.2009.06.006

Eichkorn T, Regnery S, Held T, Kronsteiner D, Horner-Rieber J,
El Shafie RA, Herfarth K, Debus J, Konig L (2021) Effectiveness
and toxicity of fractionated proton beam radiotherapy for cranial
nerve schwannoma unsuitable for stereotactic radiosurgery. Front
Oncol 11:772831. https://doi.org/10.3389/fonc.2021.77283 1
Barnes CJ, Bush DA, Grove RI, Loredo LN, Slater JD (2018)
Fractionated proton beam therapy for acoustic neuromas: tumor
control and hearing preservation. Int J Part Ther 4:28-36. https://
doi.org/10.14338/1JPT-14-00014.1

Bush DA, McAllister CJ, Loredo LN, Johnson WD, Slater JM,
Slater JD (2002) Fractionated proton beam radiotherapy for acous-
tic neuroma. Neurosurgery 50:270-273. https://doi.org/10.1097/
00006123-200202000-00007

Harsh GR, Thornton AF, Chapman PH, Bussiere MR, Rabinov
ID, Loeffler JS (2002) Proton beam stereotactic radiosurgery of
vestibular schwannomas. Int J Radiat Oncol Biol Phys 54:35-44.
https://doi.org/10.1016/s0360-3016(02)02910-3

Saraf A, Pike LRG, Franck KH, Horick NK, Yeap BY, Fullerton
BC, Wang IS, Abazeed ME, McKenna MJ, Mehan WA, Plotkin SR,
Loeffler JS, Shih HA (2022) Fractionated Proton radiation therapy
and hearing preservation for vestibular schwannoma: preliminary
analysis of a prospective phase 2 clinical trial. Neurosurgery 90:506—
514. https://doi.org/10.1227/neu.0000000000001869

Vernimmen FJ, Mohamed Z, Slabbert JP, Wilson J (2009) Long-
term results of stereotactic proton beam radiotherapy for acoustic
neuromas. Radiother Oncol 90:208-212. https://doi.org/10.1016/j.
radonc.2008.11.004

Weber DC, Chan AW, Bussiere MR, GRt H, Ancukiewicz M,
Barker FG 2nd, Thornton AT, Martuza RL, Nadol JB Jr, Chap-
man PH, Loeffler JS (2003) Proton beam radiosurgery for vestibular
schwannoma: tumor control and cranial nerve toxicity. Neurosur-
gery 53:577-586. https://doi.org/10.1227/01.neu.0000079369.
59219.c0

Zhu S, Rotondo R, Mendenhall WM, Dagan R, Lewis D, Huh S,
Knox G, Tavaniepour D, Sandhu S, Rutenberg MS (2018) Long-
term outcomes of fractionated stereotactic proton therapy for

@ Springer

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

vestibular schwannoma: a case series. Int J Part Ther 4:37-46.
https://doi.org/10.14338/1JPT-17-00032.1

Andrews DW, Werner-Wasik M, Den RB, Paek SH, Downes-Phil-
lips B, Willcox TO, Bednarz G, Maltenfort M, Evans JJ, Curran
W1 Jr (2009) Toward dose optimization for fractionated stereotac-
tic radiotherapy for acoustic neuromas: comparison of two dose
cohorts. Int ] Radiat Oncol Biol Phys 74:419-426. https://doi.org/
10.1016/}.ijrobp.2008.08.028

. Combs SE, Engelhard C, Kopp C, Wiedenmann N, Schramm O,

Prokic V, Debus J, Molls M, Grosu AL (2015) Long-term out-
come after highly advanced single-dose or fractionated radiother-
apy in patients with vestibular schwannomas - pooled results from
3 large German centers. Radiother Oncol 114:378-383. https://
doi.org/10.1016/j.radonc.2015.01.011

Fuss M, Debus J, Lohr F, Huber P, Rhein B, Engenhart-Cabillic
R, Wannenmacher M (2000) Conventionally fractionated stereo-
tactic radiotherapy (FSRT) for acoustic neuromas. Int J Radiat
Oncol Biol Phys 48:1381-1387. https://doi.org/10.1016/s0360-
3016(00)01361-4

Sawamura Y, Shirato H, Sakamoto T, Aoyama H, Suzuki K, Oni-
maru R, Isu T, Fukuda S, Miyasaka K (2003) Management of
vestibular schwannoma by fractionated stereotactic radiotherapy
and associated cerebrospinal fluid malabsorption. J Neurosurg
99:685-692. https://doi.org/10.3171/jns.2003.99.4.0685

Tsao MN, Sahgal A, Xu W, De Salles A, Hayashi M, Levivier
M, Ma L, Martinez R, Regis J, Ryu S, Slotman BJ, Paddick I
(2017) Stereotactic radiosurgery for vestibular schwannoma:
International Stereotactic Radiosurgery Society (ISRS) Practice
Guideline. Radiosurgery SBRT 5:5-24

Chung LK, Ung N, Sheppard JP, Nguyen T, Lagman C, Choy W,
Tenn S, Pouratian N, Lee P, Kaprealian T, Selch M, De Salles
A, Gopen Q, Yang I (2018) Impact of cochlear dose on hearing
preservation following stereotactic radiosurgery and fractionated
stereotactic radiotherapy for the treatment of vestibular schwan-
noma. J Neurol Surg B Skull Base 79:335-342. https://doi.org/
10.1055/5-0037-1607968

Lambrecht M, DBP E, Alapetite C, Burnet NG, Calugaru V,
IEM C, Fossati P, Hoyer M, Langendijk JA, Mendez Romero A,
Paulsen F, Perpar A, Renard L, de Ruysscher D, Timmermann B,
Vitek P, Weber DC, van der Weide HL, Whitfield GA et al (2018)
Radiation dose constraints for organs at risk in neuro-oncology;
the European Particle Therapy Network consensus. Radiother
Oncol 128:26-36. https://doi.org/10.1016/j.radonc.2018.05.001
Pan CC, Eisbruch A, Lee JS, Snorrason RM, Ten Haken RK, Kileny
PR (2005) Prospective study of inner ear radiation dose and hearing
loss in head-and-neck cancer patients. Int J Radiat Oncol Biol Phys
61:1393-1402. https://doi.org/10.1016/j.ijrobp.2004.08.019
Gallacher DJ, Robins AG, Hayden P (2016) Conversion of simu-
lated radioactive pollutant gas concentrations for a complex build-
ing array into radiation dose. J Radiol Prot 36:785-818. https://
doi.org/10.1088/0952-4746/36/4/785

Massager N, Nissim O, Delbrouck C, Delpierre I, Devriendt D,
Desmedt F, Wikler D, Brotchi J, Levivier M (2007) Irradiation
of cochlear structures during vestibular schwannoma radiosur-
gery and associated hearing outcome. J Neurosurg 107:733-739.
https://doi.org/10.3171/INS-07/10/0733

Tamura M, Carron R, Yomo S, Arkha Y, Muraciolle X, Porcheron
D, Thomassin JM, Roche PH, Regis J (2009) Hearing preserva-
tion after gamma knife radiosurgery for vestibular schwannomas
presenting with high-level hearing. Neurosurgery 64:289-296.
https://doi.org/10.1227/01. NEU.0000338256.87936.7C

Thomas C, Di Maio S, Ma R, Vollans E, Chu C, Clark B, Lee
R, McKenzie M, Martin M, Toyota B (2007) Hearing preserva-
tion following fractionated stereotactic radiotherapy for vestibular


https://doi.org/10.1227/NEU.0b013e3181f22660
https://doi.org/10.3171/2012.6.FOCUS12192
https://doi.org/10.3171/2012.6.FOCUS12192
https://doi.org/10.1056/NEJMra2020394
https://doi.org/10.1056/NEJM199811123392003
https://doi.org/10.1186/1748-717X-1-22
https://doi.org/10.1097/MAO.0000000000003313
https://doi.org/10.1016/j.jclinepi.2009.06.006
https://doi.org/10.1016/j.jclinepi.2009.06.006
https://doi.org/10.3389/fonc.2021.772831
https://doi.org/10.14338/IJPT-14-00014.1
https://doi.org/10.14338/IJPT-14-00014.1
https://doi.org/10.1097/00006123-200202000-00007
https://doi.org/10.1097/00006123-200202000-00007
https://doi.org/10.1016/s0360-3016(02)02910-3
https://doi.org/10.1227/neu.0000000000001869
https://doi.org/10.1016/j.radonc.2008.11.004
https://doi.org/10.1016/j.radonc.2008.11.004
https://doi.org/10.1227/01.neu.0000079369.59219.c0
https://doi.org/10.1227/01.neu.0000079369.59219.c0
https://doi.org/10.14338/IJPT-17-00032.1
https://doi.org/10.1016/j.ijrobp.2008.08.028
https://doi.org/10.1016/j.ijrobp.2008.08.028
https://doi.org/10.1016/j.radonc.2015.01.011
https://doi.org/10.1016/j.radonc.2015.01.011
https://doi.org/10.1016/s0360-3016(00)01361-4
https://doi.org/10.1016/s0360-3016(00)01361-4
https://doi.org/10.3171/jns.2003.99.4.0685
https://doi.org/10.1055/s-0037-1607968
https://doi.org/10.1055/s-0037-1607968
https://doi.org/10.1016/j.radonc.2018.05.001
https://doi.org/10.1016/j.ijrobp.2004.08.019
https://doi.org/10.1088/0952-4746/36/4/785
https://doi.org/10.1088/0952-4746/36/4/785
https://doi.org/10.3171/JNS-07/10/0733
https://doi.org/10.1227/01.NEU.0000338256.87936.7C

Neurosurgical Review

(2023) 46:163

Page110f12 163

28.

29.

30.

31.

32.

33.

34.

schwannomas: prognostic implications of cochlear dose. ] Neuro-
surg 107:917-926. https://doi.org/10.3171/INS-07/11/0917
Timmer FC, Hanssens PE, van Haren AE, Mulder JJ, Cremers
CW, Beynon AJ, van Overbeeke JJ, Graamans K (2009) Gamma
knife radiosurgery for vestibular schwannomas: results of hearing
preservation in relation to the cochlear radiation dose. Laryngo-
scope 119:1076-1081. https://doi.org/10.1002/lary.20245
Andrews DW, Suarez O, Goldman HW, Downes MB, Bednarz G,
Corn BW, Werner-Wasik M, Rosenstock J, Curran WJ Jr (2001) Ste-
reotactic radiosurgery and fractionated stereotactic radiotherapy for
the treatment of acoustic schwannomas: comparative observations of
125 patients treated at one institution. Int J Radiat Oncol Biol Phys
50:1265-1278. https://doi.org/10.1016/s0360-3016(01)01559-0
Chan AW, Black P, Ojemann RG, Barker FG 2nd, Kooy HM,
Lopes VV, McKenna MJ, Shrieve DC, Martuza RL, Loeffler JS
(2005) Stereotactic radiotherapy for vestibular schwannomas:
favorable outcome with minimal toxicity. Neurosurgery 57:60-70
Litre F, Rousseaux P, Jovenin N, Bazin A, Peruzzi P, Wdowc-
zyk D, Colin P (2013) Fractionated stereotactic radiotherapy for
acoustic neuromas: a prospective monocenter study of about 158
cases. Radiother Oncol 106:169-174. https://doi.org/10.1016/j.
radonc.2012.10.013

Muzevic D, Legcevic J, Splavski B, Caye-Thomasen P (2014) Ste-
reotactic radiotherapy for vestibular schwannoma. Cochrane Data-
base Syst Rev. https://doi.org/10.1002/14651858.CD009897.pub2
Showalter TN, Werner-Wasik M, Curran WJ Jr, Friedman DP, Xu
X, Andrews DW (2008) Stereotactic radiosurgery and fractionated
stereotactic radiotherapy for the treatment of nonacoustic cranial
nerve schwannomas. Neurosurgery 63:734—740. https://doi.org/
10.1227/01.NEU.0000325496.10148.B3

Anderson BM, Khuntia D, Bentzen SM, Geye HM, Hayes LL,
Kuo JS, Baskaya MK, Badie B, Basavatia A, Pyle GM, Tome
WA, Mehta MP (2014) Single institution experience treating 104

Authors and Affiliations

35.

36.

37.

38.

39.

40.

vestibular schwannomas with fractionated stereotactic radiation
therapy or stereotactic radiosurgery. ] Neurooncol 116:187-193.
https://doi.org/10.1007/s11060-013-1282-4

Collen C, Ampe B, Gevaert T, Moens M, Linthout N, De Ridder M,
Verellen D, D'Haens J, Storme G (2011) Single fraction versus frac-
tionated linac-based stereotactic radiotherapy for vestibular schwan-
noma: a single-institution experience. Int J Radiat Oncol Biol Phys
81:e503-e509. https://doi.org/10.1016/j.ijrobp.2011.04.066

Meijer OW, Vandertop WP, Baayen JC, Slotman BJ (2003) Single-
fraction vs. fractionated linac-based stereotactic radiosurgery for
vestibular schwannoma: a single-institution study. Int J Radiat
Oncol Biol Phys 56:1390-1396. https://doi.org/10.1016/s0360-
3016(03)00444-9

Kondziolka D, Lunsford LD, Witt TC, Flickinger JC (2000) The
future of radiosurgery: radiobiology, technology, and applications.
Surg Neurol 54:406—414

Kondziolka D, Niranjan A, Lunsford LD, Flickinger JC (2007)
Radiobiology of radiosurgery. Prog Neurol Surg 20:16-27. https://
doi.org/10.1159/000100092

Tuleasca C, Faouzi M, Maeder P, Maire R, Knisely J, Levivier M
(2021) Biologically effective dose correlates with linear tumor
volume changes after upfront single-fraction stereotactic radiosur-
gery for vestibular schwannomas. Neurosurg Rev 44:3527-3537.
https://doi.org/10.1007/s10143-021-01538-w

Berger A, Alzate JD, Bernstein K, Mullen R, McMenomey S,
Jethanemest D, Friedmann DR, Smouha E, Sulman EP, Silverman
JS, Roland JT, Golfinos JG, Kondziolka D (2022) Modern hearing
preservation outcomes after vestibular schwannoma stereotactic
radiosurgery. Neurosurgery 91:648—657. https://doi.org/10.1227/
neu.0000000000002090

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Antonio Santacroce'>? . Mioara- Florentina Trandafirescu® - Marc Levivier>® . David Peters>® - Christoph Fiirweger’ -

luliana Toma-Dasu’® - Mercy George® - Roy Thomas Daniel>® - Raphael Maire® - Makoto Nakamura
Mohamed Faouzi'? - Luis Schiappacasse'® - Alexandru Dasu'#'* . Constantin Tuleasca

>

Constantin Tuleasca
constantin.tuleasca@ gmail.com;
constantin.tuleasca@chuv.ch

Tuliana Toma-Dasu
iuliana.livia.dasu@ki.se

Alexandru Dasu
alexandru.dasu @ skandion.se

European Radiosurgery Centre Munich, Munich, Germany

Department of Medicine, Faculty of Health, Witten/Herdecke
University, Witten, Germany

Department of Neurosurgery, St. Barbara-Klinik
Hamm-Heessen, Hamm 59073, Germany

University of Medicine and Pharmacy “Gr. T. Popa”, lasi,
Germany

Neurosurgery Service and Gamma Knife Center, Centre
Hospitalier Universitaire Vaudois, Lausanne University
Hospital (CHUV), Rue du Bugnon 44-46, BH-08,
CH-1011 Lausanne, Switzerland

10,11,
56,16

Faculty of Biology and Medicine (FBM), University
of Lausanne (UNIL), Lausanne, Switzerland

Oncology Pathology Department, Karolinska Institutet
and Stockholm University, Stockholm, Sweden

Medical Radiation Physics, Stockholm University,
Stockholm, Sweden

ENT Department, Lausanne University Hospital (CHUV),
Lausanne, Switzerland

Department of Neurosurgery, Academic Hospital
Koln-Merheim, Koln 51058, Germany

Department of Medicine, Faculty of Health, Witten/Herdecke
University, Witten 58455, Germany

Division of Biostatistics, Center for Primary Care and Public
Health (Unisanté), University of Lausanne, Lausanne,
Switzerland

Radiation Oncology Department, Lausanne University
Hospital (CHUV), Lausanne, Switzerland

@ Springer


https://doi.org/10.3171/JNS-07/11/0917
https://doi.org/10.1002/lary.20245
https://doi.org/10.1016/s0360-3016(01)01559-0
https://doi.org/10.1016/j.radonc.2012.10.013
https://doi.org/10.1016/j.radonc.2012.10.013
https://doi.org/10.1002/14651858.CD009897.pub2
https://doi.org/10.1227/01.NEU.0000325496.10148.B3
https://doi.org/10.1227/01.NEU.0000325496.10148.B3
https://doi.org/10.1007/s11060-013-1282-4
https://doi.org/10.1016/j.ijrobp.2011.04.066
https://doi.org/10.1016/s0360-3016(03)00444-9
https://doi.org/10.1016/s0360-3016(03)00444-9
https://doi.org/10.1159/000100092
https://doi.org/10.1159/000100092
https://doi.org/10.1007/s10143-021-01538-w
https://doi.org/10.1227/neu.0000000000002090
https://doi.org/10.1227/neu.0000000000002090

163 Page 12 of 12 Neurosurgical Review (2023) 46:163

4" The Skandion Clinic and Uppsala University, Uppsala, 16 Ecole Polytechnique Fédérale de Lausanne (EPFL, LTS-5),

Sweden Lausanne, Switzerland

15 Medical Radiation Sciences, Department of Immunology,

Genetics and Pathology, Uppsala University, Uppsala,
Sweden

@ Springer



	Proton beam radiation therapy for vestibular schwannomas-tumor control and hearing preservation rates: a systematic review and meta-analysis
	Abstract
	Objective 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Systematic review and meta-analysis
	Eligibility criteria
	Information sources
	Search strategy
	Outcome measures
	Statistical analysis using OpenMeta (Analyst)

	Results
	Tumor control
	Hydrocephalus requiring shunt placement
	Trigeminal nerve preservation
	Facial nerve preservation
	Hearing preservation

	Discussion
	Conclusion
	Acknowledgements 
	References


