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Abstract
Objective Vestibular schwannomas are benign tumors that are often managed by radiotherapy. Minimizing long-term toxicity is
paramount for a population that remains at normal life expectancy and at risk for loss of quality of life for years if not decades.
Whereas current radiotherapy standard utilizes photon radiation, proton radiotherapy characteristics may enable a reduction of toxicity
by reducing the volume of collateral irradiated healthy tissue. A systematic reviewwas conducted to assess tumor control and short- and
long-term sequelae after proton irradiation.
Methods Studies that reported on treatment outcomes of proton radiotherapy in vestibular schwannoma patients were included.
Results Five peer-reviewed retrospective series met the inclusion criteria. Quality of the studies varied from low to good. There
were 276 unique patients described. Tumor control rates ranged from 85 to 100% (radiological median follow-up of 2.2-7.4
years). Hearing loss rates, defined as losing Gardner Robertson class I/II hearing, showed an weighted crude average 52%
(depending on follow-up duration). The weighted averages for post-irradiation facial and trigeminal neuropathy were 5% and
4%, respectively. The risk of neuropathy seems to decrease with lower radiation dosages.
Conclusion Proton irradiation for vestibular schwannomas achieves high tumor control rates, equivalent to photon irradiation.
Reported cranial nerve preservation rates vary, partly due to an apparent selection bias with a high percentage of patients with
clinical symptoms prior to treatment. Results of cranial nerve function preservation, quality of life, and cognitive functioning are
currently insufficiently reported. In addition, advances in proton radiotherapy technology warrant re-evaluation of current
techniques and protocols for the management of vestibular schwannomas.

Keywords Acoustic neuroma . Neurofibromatosis type 2 . Proton therapy . Radiotherapy . Systematic review . Vestibular
schwannoma
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Introduction

Vestibular schwannomas (VS) are benign skull base tumors
with an increasing incidence rate of 34 tumors per million [1].
Although benign, the tumor has the potential of causing seri-
ous symptoms, comprising hearing loss, tinnitus, and balance
disturbance. Larger tumors may cause facial paresis, facial
numbness or pain, elevated intracranial pressure, and com-
pression of the brainstem [2]. Patients suffering from neurofi-
bromatosis type 2 (NF2) and schwannomatosis are
predisposed to the development of vestibular schwannomas,
usually bilaterally [3]. Treatment options for vestibular
schwannoma include surveillance, surgical excision, and ra-
diotherapy. The symptoms and signs induced by the tumor –
or the therapy – potentially cause a long-lasting impact on
quality of life [4–6]. Proton radiotherapy is suggested to min-
imize the side effects of radiotherapy by reducing the volume
of irradiated healthy tissue surrounding the tumor.

While long-term tumor control rates after VS irradiation are
approximately 95%, various neurological functions are still
threatened by this benign disease or its treatment [7, 8].
Hearing loss still occurs in approximately half of the patients
after photon radiotherapy, a percentage that continues to increase
with longer duration of follow-up [7, 9–12]. In addition, radio-
therapy confers a risk of increased balance disturbance or dizzi-
ness, tinnitus, and trigeminal and facial neuropathy [13, 14].
Furthermore, the long-term effects of radiotherapy on cognitive
functioning are not yet well evaluated, and there is a very small
chance of induction of a secondary tumor and sometimes with
malignant tumor transformation [9–12, 15, 16]. To minimize
these long-term sequelae of radiotherapy, there is a need for an
improvement of treatment strategy, especially as the majority of
VS patients present in middle age, in the 4 to 6th decade of life,
with several decades of expectant survival [17].

In proton therapy, a smaller volume of non-targeted tissue
can be irradiated compared to photon therapy [18]. This is a
result of the low radiation dose entry and finite Bragg peak, a
characteristic radiation dose-deposition peak where protons
release most of their radiation energy at the end of its defined
path length [19]. There is an absence of dose beyond the
Bragg peak, in contrast to photon radiation where x-rays
continue to irradiate the tissue beyond the target. In addition,
photons have their highest radiation energy deposit shortly
after tissue entry, a problem for which many advanced strat-
egies have purposely diffused this entry dose. However, this
increases the volume of the brain that receives radiation. In
general, the Bragg peak in proton radiotherapy can result in
an approximately 50% dose reduction to the surrounding
normal brain tissues [19, 20]. For vestibular schwannomas,
most benefit could potentially be seen in the decrease of (low
dose) brain irradiation volume and by using the physical
properties of these charged particles to specifically avoid
organs at risk (OAR) [21].

As the organs and tissues at risk include the cochlea, the
vestibular organ, and the brainstem, reducing radiation dose is
relevant. The risk of hearing loss after radiotherapy seems to
be dependent on the dose administered to the cochlea, there-
fore a reduction of cochlear irradiation may result in better
long-term hearing [22–29]. The consequences of low-dose
brain irradiation are not well understood; however, it is possi-
ble that even small amounts of radiation have an impact on the
healthy brain tissue [30, 31]. The trigeminal nerve or the ves-
tibular organ could be additionally spared, which may influ-
ence the risk of facial neuralgia, hypoesthesia, and balance
disturbance. Although more conformal than photons, the pro-
ton beam dose fall off still entails a margin of dose delivered to
the normal tissues around a target. Thus, the part of the facial
nerve abutting and most adjacent to the tumor does not benefit
from the dosimetric benefit of protons over photons; however
the more distant parts of the facial nerve and the nuclei may.
Moreover, the slightly greater relative biological effectiveness
(RBE) of protons to photons is widely accepted as 1.1, but
there are recognized uncertainties in which there could be
unrecognized clinical impact [32].

To evaluate tumor control and toxicity of proton radiother-
apy in VS patients, a systematic review of the literature was
performed to evaluate whether the existing data support that
the theoretical advantages of proton therapy translate into clin-
ical benefit.

Material and methods

Literature search and selection

A systematic search of the literature was performed in
March 2018 using MEDLINE (PubMed), EMBASE, Web of
Sc ience , Cochrane Libra ry, Sc ienceDirec t , and
GoogleScholar. The research term was formulated with a sci-
entific librarian. The search term is available as supplemental
data; it consisted of “proton radiotherapy” and “vestibular
schwannomas,” as well as more specific search terms, includ-
ing all VS variants (including “acoustic neuroma” and
“cerebellopontine angle tumor”). Translations of VS into
German, French, and Dutch were added to the search term.
No time frame was used for publication. Reference lists from
reviews that came up in the search were screened for addition-
al articles. The inclusion criteria for study selection were (1)
patients with a vestibular schwannoma, both sporadic as well
as part of NF2; (2) treatment with proton radiotherapy; (3)
reported outcomes for tumor control and/or hearing preserva-
tion; (4) original data; and (5) a wide range of studies, includ-
ing meeting abstracts, was accepted to ensure complete liter-
ature collection. Exclusion criteria included (1) opinion or
editorial paper, (2) within patient radiotherapy technique com-
binations, (3) animal/laboratory study, (4) studies that only
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reported on meningiomas (NF2), (5) plan comparison studies,
and (6) other languages than English, Dutch, French, and
German. Two reviewers (EH, KK) independently viewed the
abstracts, after which full-text evaluation was performed.
Studies with notable similarities were assessed for overlap-
ping datasets; if this was the case, the paper with the largest
inclusion was used. This assessment was based on authors,
institutions, and data. After full text evaluation, consensus
was reached by the two reviewers on article inclusion.

Quality assessment

The National Institute of Health (NIH) Quality Assessment
Tool for case series studies was used to assess the quality of
the reports [33]. The assessment for case series was used, as
the eligibility criteria for proton irradiation instead of other
treatment modalities were unclear, thus making it impossible
to conclude a full inclusion of a cohort. To ensure full bias
assessment, the list was extended by four questions from the
NIH Quality Assessment Tool for Observational Cohort and
Cross-Sectional Studies for a more complete assessment
(question numbers 8, 13, and 14). The final question is an
overall rating of the quality of the report, which is either poor,
fair, or good. Two researchers (KK, RW) independently
assessed the reports, after which consensus was reached on
the results of the assessment.

Data extraction

Data extraction was performed independently by two re-
viewers (KK, RW). The characteristics of the patient popula-
tion, intervention, tumor control/size, quality of life, and side
effects were tabulated. Side effects included hearing loss, fa-
cial and trigeminal nerve impairment, as well as hydrocepha-
lus, death, and a secondary tumor. Tumor control was the
primary endpoint and was defined as “not needing salvage
treatment” (either surgery or re-irradiation), as this would re-
sult in the most reliable measure across the included studies.
Because these results were obtained from retrospective re-
views, no meta-analysis was performed.

Results

Literature search

The search yielded 169 unique records. References of five
review reports were scanned, which yielded one extra article
for inclusion. Screening abstracts resulted in 25 relevant arti-
cles (Fig. 1). Studies reporting on non-clinical outcomes such
as treatment planning, dose uncertainty, or comparison studies
were excluded (6). Excluded as well were normal tissue com-
plication probability (NTCP) modeling studies (1), side effect

case-reports (2), and studies that did not provide details on
proton radiotherapy treatment outcome (4). Six reports were
excluded because of overlapping data and one because of
combining protons and photons as a single treatment. Five
articles were deemed eligible after reading full text; details
are shown in Table 1.

Quality assessment

Table 2 shows the results of the quality assessment. Two arti-
cles were rated as having a low, two as having a fair, and one
as having a good quality. All studies were retrospective and
thus inherently limited by study design.

Despite the risk for selection bias in all studies, subjects
were overall deemed comparable. Tumor control was clearly
defined in all studies; however, this definition was not uniform.
Next to the definition of “not requiring salvage treatment,” two
articles originally reported tumor control by the Response
Evaluation in Solid Tumors (RECIST) criteria [34–36]. Some
papers also included patients that only had CT imaging avail-
able for tumor control follow-up, which can be inconsistent to
MRI for volumetric assessment [34, 35, 37].

Hearing assessment was clearly defined in all but one study
according to the Gardner-Robertson (GR) hearing classifica-
tion [37, 38]. This five-point classification is more often con-
verted into a binary variable for analyses, in which “service-
able hearing” represents a GR classes I or II, and “non-ser-
viceable hearing” represents a score higher than class II.
“Serviceable hearing” thus defined includes a wide range of
hearing loss categories, from normal hearing to up to 50 dB
hearing loss (pure tone average) and/or 50% speech discrim-
ination loss. GR classes I and II correspond to the American
Academy of Otolaryngology-Head and Neck Surgery (AAO-
HNS) classes A and B [39]. Although this classification might
be easy to use for statistics, it is no longer recommended by
the AAO-HNS because the results are not validated. The ar-
bitrary boundaries may cause a dramatic functional difference
between two patients in the same classification. The out-
comes, therefore, are insufficient to describe the diversity of
hearing outcomes encountered clinically [40].

Trigeminal and facial nerve impairment were not clearly
defined and have a risk of reporting bias. The House-
Brackmann scale and the Common Terminology Criteria for
Adverse Events (CTCAE) 4.0 were used for facial nerve func-
tion assessment. The House-Brackmann scale consist of a 6-
point scale in which grade 1 represents a normal function and
grade 6 represents a total paralysis [41]. The CTCAE v4.0
criteria are composed of a grading system in which grade 1 is
asymptomatic, defined as only clinical or diagnostic observa-
tions which does not require intervention, grade 2 is moderate,
which means limiting of instrumental activities on daily living
(IADL), and grade 3 is severe, which is limiting of self-care
ADL [42]. For trigeminal nerve function, one study provided a
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detailed description of the assessment and categorization into
“mild” or “significant” impairment [35]. Another report scored
the trigeminal neuropathies according to the CTCAE v4.0,
scored similarly in degree of impairment to facial nerve dys-
function [35]. The other articles did not mention methodology
for trigeminal nerve function assessment. The presence of
symptoms such as unsteadiness, vertigo, or tinnitus before ir-
radiation was not consistently described. In addition, cognitive
functioning and quality of life were not assessed.

Follow-up was based on the radiological and audiometric
assessments measured in years with their corresponding me-
dian and range. Recognizing that radiotherapy associated
pseudo-progression can evolve over 2–3 years post-treatment,
minimum follow-up of at least 3 years was considered ideal
[43]. Most reports included patients with shorter follow-up
which may affect accurate assessment of tumor control and
underestimate long-term sequelae. Hearing loss is dynamic
over time and ideally assessed with minimum of 2-year fol-
low-up, although longer follow-up may demonstrate further
increase rate of hearing loss [29, 44].

Statistics were overall well described but limited. For ex-
ample, 95% confidence intervals were usually lacking. Four
articles showed Kaplan-Meier plots, but only one included the

loss to follow-up within their plots [37]. One study corrected
for confounders by performing a multivariate analysis by lo-
gistic and linear regression [34].

Population characteristics

In all, the 5 retrospective series described 276 unique patients
(Table 1). Patient inclusion ranged from 14 to 96 patients. The
median age ranged from 56 to 69 years, and the overall age
ranged from 20 to 92 years. A variety of tumor assessments
were employed, using volumetric or linear diameters. Only
one report provided details on tumor aspect (e.g., solid or
cyst ic) or tumor locat ion (e.g. , intracanal icular,
extracanalicular) [35]. Two reports explicitly stated to have
offered proton radiotherapy to patients with larger tumors or
to have advised patients to undergo surgery [35, 37]. A large
tumor was defined by one paper as a maximum tumor diam-
eter of at least 3 cm [37]. Another paper included (relatively)
large tumors based on photon and proton treatment planning
comparison [35].

Prior to treatment, 15–28% of the included cases underwent a
surgical excision of their VS. Gardner-Robertson classes I or II at

Fig. 1 Note: This data is
mandatory. Please provide.
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baseline to radiotherapy was present in 24% to 46% of patients.
NF2 was present between 1% and 10% of the included patients.

As standard deviations or standard errors of the population
characteristics were not described, population characteristics
could not statistically be evaluated by means of an ANOVA
analysis.

Intervention characteristics

Treatment characteristics are shown in Table 3. All studies
used passive scattering technology as pencil beam tech-
nology was not available at the time the studies were
performed. The treatment regimens were heterogenous
and included different fractionation strategies, ranging
from 1 to 33 fractions. The prescribed total dose ranged
as well, from 12 to 60 Gy relative biological effectiveness
(RBE), whereas fractionated strategies usually used 1.8–
2 Gy(RBE) per fraction. The prescribed dose has de-
creased over time: from 60 to 50.4 Gy(RBE) for fraction-
ated strategies. Single-dose stereotactic radiosurgery in
12 Gy(RBE) was more often used for smaller tumors,

whereas larger tumors were irradiated with fractionated
schemes. One center (MGH) employed both single and
fractionated proton therapy. Only three articles provided
information on planning target volume margins [34, 35,
37]. Two studies included dose constraints for the
brainstem (12 Gy(RBE) in proton SRS and 0.1 cm3 <
55 Gy(RBE) in fractionated proton radiotherapy) [35,
45]. One study aimed at a cochlear dose under
36 Gy(RBE), and two studies mentioned a lower pre-
scribed dose for patients with good hearing [34, 35, 46].
For those studies that comment on image guidance, either
fiducial markers or bony landmarks were used for ana-
tomical confirmation of treatment set up. One study irra-
diated their patients on an adjustable chair [37].

Tumor control and size

The overall tumor control rates varied from 85% to 100%,
with a radiological median follow-up ranging from 2.2 to
7.4 years (Table 4). The unweighted average crude tumor
control rate was 94% (standard deviation 5.6%); this was

Table 2 Quality assessment

Criteria D.A.
Bush
et al.
(2002)

F.J.A.I.
Vernimmen
(2008)

D.C. Weber
et al. (2003)

S. Zhu
et al.
(2018)

C.J. Barnes
et al. (2018)

1. Was the study question or objective clearly stated? Y Y Y Y Y

2. Was the study population clearly and fully described, including a case
definition?

Y Y Y Y Y

3. Were the cases consecutive? CD N Y CD Y

4. Were the subjects comparable? Y N Y Y Y

5. Was the intervention clearly described? N N Y Y Y

6. Were the outcome measures clearly defined, valid, reliable, and implemented
consistently across all study participants?

Y † N ‡ Y Y§ Y†

7. Was the length of follow-up adequate? N Y Y Y Y

8. Were the statistical methods well-described? Y Y Y Y Y

9. Were the results well-described? N Y Y Y Y

Additional

10. For exposures that can vary in amount or level, did the study examine
different levels of the exposure as related to the outcome (e.g., categories of
exposure, or exposure measured as continuous variable)?

N N Y N Y

11. Was loss to follow-up after baseline 20% or less? Y Y Y Y Y

12. Were key potential confounding variables measured and adjusted
statistically for their impact on the relationship between exposure(s) and
outcome(s)?

N N N N Y

Quality rating Low Low Fair Fair Good

Abbreviations: Y, yes; N, no; NR, not reported; CD, cannot determine; NA, not applicable

*Except for vestibular schwannoma treated by proton radiotherapy, not other in or exclusion criteria were mentioned

†Facial and trigeminal impairment measures were not defined

‡Cranial nerve function scale is not validated, audiometry, and trigeminal nerve impairment measures were not defined

§Facial and trigeminal assessment partially through telephone surveys
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95% when weighted for sample size. This was irrespective of
pre-treatment characteristics. Pseudo-progression, a tempo-
rary increase in tumor volume in response to radiation, could
influence the accuracy of reported tumor control rates. These
patients are more likely to require surgical excision of the
tumor in large tumors because of symptomatic mass effect
and/or obstructive hydrocephalus. For the patients not achiev-
ing tumor control, the median time to salvage treatment was
12 months. In all, 8 out of 13 patients were treated ≤ 2 years
after irradiation. Two reports explicitly stated to have offered
proton radiotherapy to patients with larger tumors or to have
advised patients to undergo surgery [35, 37].

Tumor size increase was reported in 0–12% of the
irradiated patients. A decrease in tumor size was report-
ed for 23% to 69% of the patients at median follow-up
between 2.2 and 7.4 years. A single-fraction SRS study
showed both the highest increase and subsequent de-
crease rate of tumor volume [45]. Furthermore, the de-
crease of tumor size might be dose dependent, as an-
other study reported tumor shrinkage rate of 50% after
59.4 Gy(RBE), in comparison to 44% and 39% for 54
and 50.4 Gy(RBE), respectively. The median follow-up
durations were 6.6, 7.4, and 4.3 years, respectively [34].
No clear association of follow-up time or fractionation
scheme to change in tumor size was seen in the current
limited results.

Neurofibromatosis type 2

NF2 was present in 15 patients (between 1% and 10%
of the included patients). The NF2-related tumor out-
comes were included in the overall analyses in all pa-
pers, expect for one [45]. The clinical outcomes for the
included patient with NF2 were only explicitly men-
tioned by one paper: in their patient, the tumor volume
increased from 2.1 to 4.0 cc (did not require salvage
treatment), with GR class II hearing after a median
follow-up of 2.2 years. All other publications did not
specify outcomes for NF2 patients.

Hearing loss

Table 5 shows the toxicity results, including hearing loss. The
reported proportion of patients suffering from post-irradiation
hearing loss ranged from 21% to 78%, with an weighted crude
average hearing loss rate of 52%. Average dosages to the
cochlea were not mentioned. Two studies reported on hearing
loss between GR classifications: out of eight patients with GR
class I hearing prior to treatment, one remained in that hearing
class. There was a marked difference between short-term and
long-term hearing loss rates, i.e., short-term hearing loss (cal-
culated by using 2-year follow-up hearing outcomes if avail-
able) was found in 24%, while the long-term hearing loss
(using 5-year follow-up data) increased to 68%. Prior to treat-
ment, 15–28% of patients underwent a surgical excision of
their VS, which likely decreased the number of hearing pa-
tients before radiation treatment.

Shunting for an acute hydrocephalus was necessary in three
patients in one study and not mentioned in the other reports [45].

The occurrence of hearing loss after proton irradiation seems
to be dependent of several factors in the included studies. First,
hearing loss increases with time. Almost all studies with long-
term follow-up demonstrate that longer follow-up results in
increased severity of hearing loss [44]. This is in keeping with
known other late effects of radiotherapy that gradually increase
with time. Second, the risk of hearing loss is dose dependent, as
one study showed a trend toward better preservation of hearing
after reducing the total dosage from 54 to 50.4 Gy(RBE) [34].
Further details of total dose, fractionation, and radiation sensi-
tivity to specific structures such as the cochlea are less well
described: A study that used SRS described the highest hearing
loss rate (78%) after a 5-year follow-up period [45]. They in-
cluded 21 patients; however, the median audiometric follow-up
duration was 2.7 years, thus making it likely that the 5-year
follow-up group was much smaller. Patient age may be associ-
ated with increased risk for hearing loss with radiation treat-
ment. Barnes et al. reported a much lower hearing loss rate of
43% than Weber et al. of 67%; however there was a difference
in median age of 56 vs 69 years, respectively [34, 45]. Lastly,
tumor size may be of influence with increased tumor size

Table 3 Treatment characteristics

First author
(publication year)

Type of proton
therapy

Number
of fractions

Prescribed dose
in Gy(RBE)

Max. dose
in Gy(RBE)

Min. dose
in Gy(RBE)

Specifications
isodose

Planning target
volume margin

1 C.J. Barnes (2018) Passive scatter 28–33 50.4, 54, or 59.4 NR NR NR 2–3 mm
2 D.A. Bush (2002) Passive scatter 30–33 54 or 60 NR NR 100%* NR
3 F.J. Vernimmen (2009) Passive scatter 3 Median 26 (range 19.8–41.9) NR Mean 21.4 (range 14–33) 85% (median)

range 65–90%
0 mm

4 D.C. Weber (2003) Passive scatter 1 Median 12 (range 10–18) 17.1
(median)

12
(median)

70% (70–108%) NR

5 S. Zhu (2018) Passive scatter 28 50.4 NR NR 100% 5 mm

RBE, relative biological effectiveness

*Estimated from figure
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associated with increased hearing loss. In one study, hearing
loss in patients with small (< 1.5 cm) versus large (> 1.5 cm)
tumors was 26% versus 80%, respectively, which was signifi-
cant on multivariate analysis [34].

Facial and trigeminal nerve impairment

Facial and trigeminal nerve impairment due to radiotherapy may
occur transiently or permanently and may be partial or total.
Trigeminal nerve impairment occurred in 0–10% of patients ir-
radiated with proton radiotherapy (weighted average 4%). It is
unclear whether this consisted of trigeminal neuralgia, paraesthe-
sia, or only hypoesthesia. Facial nerve impairment occurred in 0–
9% (weighted average of 5%). These neuropathies seemed to
occur less frequent in treatments with lower dosages [34, 45].

Both cranial nerves seem to be impaired more often after
single-fraction or hypofractionation (three fractions) schemes,
although this could be due to reporting bias or small sample
sizes (Table 4). Surgery before radiotherapy, prescribed radio-
therapy dose and maximum radiotherapy dose were not asso-
ciated with development of post-treatment neuropathy.

Of note, the reported prevalence of trigeminal nerve im-
pairment before proton radiotherapy that was initiated was
rather high with a trigeminal nerve neuropathy in 10–24%
and a facial paresis in 7–39% (Table 1). In general, cranial
nerves affected prior to intervention are prone to further radi-
ation damage. This may indicate a selection bias in these re-
ports, possibly resulting in overestimation of cranial nerve
injury due to proton radiotherapy.

Mortality and radiation-induced tumors

No radiation-induced tumors, benign or malignant, were re-
ported after proton radiotherapy. One patient died due to tu-
mor size progression [37]. No other treatment-related mortal-
ities were reported.

Quality of life

A search for quality of life (QoL) or QoL-related issues
yielded no results. Moreover, no studies reported on tinnitus,
dizziness, unsteadiness, or cognitive functioning outcomes.

Discussion

This systematic review aimed to assess the tumor control
and toxicity rates of proton radiotherapy for vestibular
schwannomas. Five retrospective reviews were included.
The quality assessment showed two articles as having a
low, two as having a fair, and one as having a good qual-
ity. Only one paper corrected for confounders and only
three analyzed the results in subgroups. All studies were
retrospective in design, with inherent limitations of patient
selection and outcomes reporting bias. The quality assess-
ment also showed a risk of attrition bias because of the
non-consecutive inclusion. Only a small percentage of the
patients was reported as lost to follow-up; however the
follow-up duration has been varied.

Despite this study’s limitations, VS tumor control rate after
proton irradiation, defined as not requiring salvage treatment
after irradiation, was a reliable and comparable outcome. It
showed similar tumor control rates to other radiotherapeutic
modalities (92–100% for photons). A systematic review on
photon radiosurgery and fractionated radiotherapy reported a
tumor control rate of 95% for both modalities [7]. No pub-
lished full reports described 10-year follow-up results, but one
conference abstract did approximate this that was excluded for
overlapping data [28, 40]. With a median follow-up time of
9.5 years for 52 patients, tumor control was 98%. The occur-
rence of pseudo-progression may have played a role in the
tumor control results, as large tumors were also included in
the reviewed studies, and pseudo-progression is more likely to
necessitate symptom management in large tumors [35, 37].
Indeed, most patients requiring salvage treatment were treated
within 2 years after their radiation treatment raising the ques-
tion on whether these were true treatment failures. Additional
factors that influence tumor control are prior surgical excision
and explicitly offering proton radiotherapy to patients with
larger tumors surgery. These conditions harbor intrinsic selec-
tion bias of patients with larger tumors that are subsequently
referred for proton therapy, for example, to minimize collater-
al brain irradiation. This could negatively influence tumor
control rates and risk for treatment-related symptoms.

NF2 patients remain a unique subset of VS patients with
suspected lower rates of tumor control after radiation therapy.

Table 5 Overview of reported
complications after proton
radiotherapy

Outcome

Toxicity Weighted average Range Toxicity measure

Facial paresis 5% 0–9% House-Brackmann scale or CTCAE v 4.0

Trigeminal neuropathy 4% 0–10% CTCAE v 4.0 or rated as mild/significant

Hydrocephalus 1% 0–3.4% Ventriculoperitoneal shunting for hydrocephalus

Hearing loss 52% 21–78% Loss of GR class I/II

CTCAE, Common Terminology Criteria for Adverse Events; GR, Gardner-Robertson hearing classification
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A recent systematic review reported a mean 5-year control rate
of 75% after stereotactic radiosurgery in NF2 patients, which
is notably lower than for sporadic vestibular schwannoma
patients [47]. Here, our data does not show a decreased effi-
cacy of proton irradiation for NF2-associated VS in the aggre-
gate small group of 15 patients identified. However, with
known genetic and clinical differences in NF2 patients as
compared to sporadic VS patients, NF2 patients should be sepa-
rately analyzed to better elucidate potential differences in efficacy
of proton therapy between sporadic and NF2 tumors.

The toxicity profile of proton radiotherapy is currently dif-
ficult to evaluate aside from no unexpected adverse effects.
Assessments are further limited by the use of increasingly
antiquated scattering proton technology and higher radiation
doses than currently commonly used. In addition, studies suf-
fer from selection bias and varying reporting consistency. For
example, hearing loss is reported by a binary version of the
Gardner-Robertson classification which is deemed insensitive
as per AAO-HNS recommendation [40]. Regardless of the
classification used, hearing loss occurs frequently after radio-
therapy in VS patients. The crude average hearing loss rate
was 24% and 68% for a 2- and 5-year follow-up period, re-
spectively. This seems to be higher than reported in a system-
atic review on hearing loss after photon radiotherapy (42% at
4-year follow up, range: 14–92%). Previous studies have
shown cochlear dose to be related to hearing loss progression
[23–29, ]. While none of the included studies provided infor-
mation on the cochlear doses within their study population,
one article did state that efforts were made to reduce the dose
to the cochlea to 36 Gy(RBE) (while maintaining target cov-
erage) [35]. The reported occurrence and severity of hearing
loss after proton irradiation are probably dependent on several
other factors too: the duration of the follow-up, the radiation
dose to various structures (brainstem and/or cochlear nerve),
the fractionation strategy, tumor size, the patient’s age, and
other comorbidities with possible associated radiation sensi-
tivities such as vascular diseases. In addition, the occurrence
of pseudo-progression is previously suggested to be of influ-
ence on hearing loss as well [48]. In this study, we find evi-
dence for increased post-irradiation hearing loss in patients
with a longer follow-up and those receiving a higher total
irradiation dose; however the observed differences are based
upon a small sample and not surprising without significant
difference.

The reported prevalence of facial and trigeminal nerve im-
pairment due to proton radiotherapy ranged significantly (0–
10% and 0–9%, respectively). The high pre-irradiation prev-
alence of trigeminal and facial neuropathies in some reports
may reflect a selection bias, leading to possible overestimation
of proton therapy-induced injury. Although most articles in-
cluded a standardized follow-up protocol comprising audiom-
etry and MR imaging, assessment of trigeminal and facial
nerve function was less consistent. In this study, there is low

evidence for a higher incidence of facial and trigeminal neu-
ropathy after single-fraction proton radiosurgery. Other report-
ed predictive factors for facial and trigeminal neuropathy in-
clude prior vestibular schwannoma surgery, large tumor size, a
higher total radiation dose, advanced patient age, and pre-
existing neuropathy [49–51].

Other possible side effects of radiotherapy in vestibular
schwannoma patients, such as unsteadiness, vertigo and tinni-
tus, and long-term sequelae such as impact on cognitive func-
tioning, could not be assessed in this review because of insuf-
ficient reporting. These outcomes –which are difficult to mea-
sure – could be assessed by disease-specific QoL surveys.
However, these are lacking for comparison of these com-
plaints to other treatment modalities. Quality of life is argu-
ably the most important outcome and key factor when
weighing between therapeutic modalities for vestibular
schwannoma patients. Potential effects of the dosimetric dif-
ferences to the healthy brain tissue are also missing from this
review and could potentially be assessed through QoL surveys
and/or neurocognitive testing. As a consequence, an accurate
inference of QoL could not be determined by the available
data. The necessary data does not yet exist and will be imper-
ative to future guidance of best patient care.

Individualized strategy is best for each vestibular
schwannoma patient. These range from observation to a vari-
ety of radiotherapy options to a variety of surgical approaches.
The challenge is to identify those subgroups that would ben-
efit most from a specific treatment, including the option of
proton radiotherapy. The rationale for choosing proton radio-
therapy over other radiotherapy modalities is the possible re-
duction of side effects and sequelae induced by the radiother-
apy, such as hearing loss, possibly impaired cognitive func-
tioning, and cranial nerve function loss. Theoretically, reduc-
ing the amount of irradiation of surrounding tissues by
using proton radiotherapy could result in improved cog-
nitive functioning, decreased risk of cranial nerve neu-
ropathies, and a decreased risk of secondary tumor in-
duction. However, while tumor control rates of proton
radiotherapy are comparable to other radiotherapeutic
modalities, there is currently insufficient clinical evi-
dence to confirm that proton radiotherapy incurs less
or less severe side effects than photon radiotherapy in
vestibular schwannoma patients, both in the short and
long term. At the moment, it is unclear whether this is
due to comparable toxicity profiles, to the limited num-
ber and quality of the reports on proton radiotherapy in
vestibular schwannoma patients, or to the fact that most
reviewed articles did not report on the latest proton
radiotherapy techniques.
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