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Abstract
Background  Individual evidence suggests that the anti-angiogenic agent bevacizumab may control vestibular schwannoma 
(VS) growth and promote hearing preservation in patients with neurofibromatosis type 2 (NF2). However, such metadata has 
yet to be consolidated, as well as its side-effect profile yet to be fully understood. Our aim was to pool systematically-identified 
metadata in the literature and substantiate the clinical efficacy and safety of bevacizumab with respect to radiographic tumor 
response, hearing, and treatment outcomes.
Methods  Searches of seven electronic databases from inception to March 2019 were conducted following PRISMA guide-
lines. Articles were screened against pre-specified criteria. The incidence of outcomes was then extracted and pooled by 
random-effects meta-analysis of proportions.
Results  Eight articles reporting 161 NF2 patients with 196 assessable VS met satisfied all criteria. Radiographic response to 
bevacizumab was partial regression in 41% (95% CI 31–51%), no change in 47% (95% CI 39–55%), and tumor progression in 
7% (95% CI 1–15%). In patients with assessable audiometric data, bevacizumab treatment resulted in hearing improvement 
in 20% (95% CI 9–33%), stability in 69% (95% CI 51–85%) and additional loss in 6% (95% CI 1–15%) Serious bevacizumab 
toxicity was observed in 17% (95% CI 10–26%). Subsequent surgical intervention was required in 11% (95% CI 2–20%).
Conclusions  Bevacizumab may arrest both tumor progression and hearing loss in select NF2 patients presenting with VS 
lesions. However, a considerable proportion of patients are anticipated to experience serious adverse events; correspondingly, 
judicious use of bevacizumab for symptomatic management of VS in NF2 is recommended.
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Introduction

Neurofibromatosis type 2 (NF2) is an autosomal dominant 
tumor predisposition syndrome of the nervous system caused 
by mutations in the NF2 gene on chromosome 22, result-
ing in loss-of-function in gene product, merlin, a key tumor 
suppressor [1–3]. The pathognomonic hallmark of NF2 is 
bilateral vestibular schwannomas (VS) by the third decade of 
life [4, 5]. Hearing loss is among the chief considerations in 
management of both sporadic and syndromic VS, as it may 
result from either treatment or the natural history. While VS 
are benign and typically indolent, treatment is often recom-
mended in the setting of large tumors, worsening symptoms, 
or progressive tumor growth—with consideration given to 
microsurgical resection versus stereotactic radiosurgery 
(SRS) in most modern treatment paradigms [2]. Treatment 
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decision-making is exponentially more complicated in NF2 
patients, as syndromic tumors are more likely to be mul-
tifocal, extensively involved with adjacent neurovascular 
structures, and challenging to safely resect without hearing 
loss—a major source of severe potential morbidity, given the 
very high baseline risk of contralateral hearing loss [6, 2].

In this clinical context, the Food and Drugs Administra-
tion (FDA) approved bevacizumab (Avastin), a monoclo-
nal antibody targeting vascular endothelial growth factor 
(VEGF), was first proposed by Plotkin et al. [7] in 2009 
as a possible treatment alternative or adjuvant therapy for 
management of hearing symptomatology associated with VS 
in NF2. Encouragingly from a translation perspective, years 
later, a systematic review was able to identify that bevaci-
zumab could indeed have the potential to confer hearing 
benefits in select patients, however, concluded that the cer-
tainty at that time was low [8]. Since then, clinical evidence 
supporting this practice has grown from anecdotal reports, 
followed by translational studies confirming the association 
between the expression of VEGF and its receptor VEGF-1 
with VS progression [9–12]. Notwithstanding, granular data 
describing clinical course of VS lesions in NF2 following 
bevacizumab have remained limited to small case series, and 
best available evidence supporting clinical practice is Level 
III (expert opinion, case series/reports) [13]. Additionally, 
mounting evidence suggests that bevacizumab-related toxic-
ity may be more significant than previously estimated [14]. 
Whether or not the therapeutic benefits counterbalance the 
toxicity risks has yet to be substantiated outside anecdotal 
individual studies. Correspondingly, the aim of this metadata 
analysis was to assess the reproducibility and precision of 
all pertinent studies in the literature describing radiographic 
tumor control, hearing loss, and adverse events outcomes 
in response to bevacizumab therapy for VS lesions in NF2 
patients.

Methods

Search strategy

The search strategy was designed using PICOS format: 
Among NF2 patients with VS (Population) treated with 
bevacizumab(Intervention and Comparator), what are radi-
ographic tumor control and hearing loss rates (Outcome), 
based on observational studies (Study Type) during treat-
ment? The literature review was conducted according to the 
Preferred Reporting Items for Systematic reviews and Meta-
Analyses (PRISMA) guidelines and recommendations [15]. 
Electronic searches were performed using Ovid Embase, 
PubMed, SCOPUS, and Cochrane databases from inception 
to March 2019. The literature was searched independently by 
two investigators (VML & KR) using the following string of 

terms: (bevacizumab OR Avastin) AND (schwannoma OR 
acoustic neuroma); Supplementary Table 1).

Selection criteria

Included articles reported patients (1) with confirmed diag-
noses of VS and NF2 (2) treated with intravenous (IV) beva-
cizumab, and (3) with either radiographic tumor control or 
hearing outcome reported. There was no restriction regard-
ing prior treatments or patient age. Exclusion criteria were 
(1) bevacizumab treatment for meningioma, ependymoma, 
and other non-schwannoma tumors, and (2) publications 
reporting n < 3 patients. For institutions publishing serial 
overlapping cohorts, only the most complete reports were 
included for quantitative assessment at each time interval. 
Publications were limited to English language.

Data extraction

Outcomes were abstracted directly from article texts, tables, 
and figures independently by two investigators (VML & 
KR). The primary endpoints were radiographic tumor con-
trol and hearing outcomes at final bevacizumab dose com-
pared to pre-treatment measurements. As there currently 
does not exist a standardized bevacizumab regime, final 
dose was administered at the discretion of each institution, 
which will have included when maximum tolerability was 
reached. Radiographic tumor control was defined using MRI 
criteria as partial response ( > 20% volume reduction), stable 
( < 20% change in volume) or progression ( > 20% increase 
in volume), previously validated categorizations specific to 
NF2-associated VS lesions [16]. Hearing outcome in those 
with assessable hearing (6% or greater on a 50-word list 
[17]) was defined as either improved, stable, or worsened 
based on Word Recognition Scores (WRS), as described by 
the American Academy of Otolaryngology Head and Neck 
Surgery (AAO-HNS) Committee on Hearing and Equilib-
rium classification [18, 19]. Plotkins et al. [7] utilized these 
hearing thresholds in their seminal work, which has since 
become standard categorizations in this niche scenario irre-
spective of scale used.

Secondary endpoints were complications from bevaci-
zumab, including hypertension, proteinuria, amenorrhea, or 
any serious toxicities, defined as grade 3 and above accord-
ing to Common Terminology Criteria for Adverse Events 
(CTCAE) 4.0 [20] (Supplementary Table 2). In brief, Grade 
3 refers to complications that are severe or medically signifi-
cant, but not immediately life-threatening such that admis-
sion or prolongation of hospitalization is indicated. More 
specifically, Grade 3 toxicities are disabling with respect 
to self-care and activities of daily living, whereas Grade 
4 toxicities have potentially life-threatening consequences 
mandating urgent medical intervention.
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Meta‑analysis

The incidence rate was the primary summary statistics of 
this study. Incidence was calculated with initial variance by 
Fisher’s exact test for binomial data, and then transformed 
by Freeman-Tukey Transformation to stabilize the variances 
[21]. All statistics were pooled by meta-analysis of propor-
tions using the random-effects (RE) model described by 
DerSimonian and Laird [22] to provide the overall study 
statistic. Heterogeneity was assessed using I2 for RE mod-
eling, with values > 50% indicating substantial heterogeneity 
[23]. Meta-analytic data were presented as forest plots. All 
P-values were 2-sided, significance was defined using the 
alpha threshold 0.05, and the P-effect was used to describe 
testing against a null hypothesis assuming statistically negli-
gible incidence. All statistical analyses were conducted with 
STATA 14.1 (StataCorp, College Station, Texas).

Quality and bias assessment

The certainty of each outcome was evaluated using the 
Grading of Recommendations, Assessment, Development 
and Evaluations (GRADE) approach and presented as a 
summary of findings to identify the certainty of all pooled 
outcomes [24]. The quality of evidence for each study was 
then evaluated using a modified Newcastle–Ottawa Scale 
(NOS) [25] for assessment of single-arm cohort studies [26]. 
Overall methodologic quality was then summarized based 

on the quality trends observed. In terms of bias for each 
outcome, when n ≥ 10 studies, publication bias was assessed 
using funnel plots, and small-study biases were evaluated 
using Egger’s linear regression test and Begg’s correlation 
test [27, 28].

Results

Search results

Following a primary search result of 186 articles and the 
removal of 74 duplicate citations, the title and abstract 112 
articles were evaluated against the selection criteria (Fig. 1). 
Full-text analysis was performed for 21 articles, of which 2 
prospective [29, 30] and 6 retrospective studies [31–34, 17, 
35] satisfied all study criteria (Table 1).

Demographics and clinical features

One hundred and sixty-one NF2 patients harboring 196 VS 
were reported with adequate tumor control data; assessable 
hearing data were reported in 114 patients (Table 1). Overall 
median female proportion was 55% (range 33–71%), median 
age was 30 years (range 15–34), and indications for beva-
cizumab in all cohorts included progression of tumor size 
and/or hearing loss. Both initiation and maintenance bevaci-
zumab regimens varied greatly between cohorts, with a dose 

Fig. 1   Search results according 
to PRISMA guidelines
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range of 5–10 mg/kg/2–6 weeks (Table 2). Median treatment 
duration was 14 months (range 11–22 months).

Previous treatment were incompletely reported, but 
included that at least 15% had undergone surgical resec-
tion for VS, while 10% had been treated with radiotherapy 

of any modality—only one of which was confirmed to 
have been irradiated less than 12 months prior to initia-
tion of bevacizumab. Three studies [30, 17, 35] by-pro-
tocol administered bevacizumab to previously untreated 
patients, as an assessment of its efficacy in delaying or 
avoiding surgery.

Table 1   Study characteristics and primary demographics

R retrospective, P prospective, OCS observation cohort study, VS vestibular schwannoma, NR not reported
*Number of institutions reported in parentheses

Study Location Design* Study period Size (n) Females (n, %) Median 
age 
(year)

VS lesions (n) Hearing 
testable 
(n)

Alanin et al. [31] Copenhagen, Den-
mark

R OCS (1) 2010–2013 12 7, 58% 34 18 9

Blakeley et al. [29] Boston, US P OCS (multiple) 2010–2012 14 10, 71% 31 28 14
Farschtschi et al. [32] Hamburg, Germany R OCS (1) NR 3 1, 33% 30 3 3
Goutagny et al. [33] Paris, France R OCS (1) 2009–2015 16 NR NR 21 NR
Hochart et al. [34] Lille, France R OCS (3) 2009–2013 7 4, 57% 15 11 4
Morris et al. [30] Oxford, UK P OCS (multiple) 2010–2013 61 25, 41% 25 47 44
Plotkin et al. [17] Boston, US R OCS (1) NR 31 17, 55% 26 51 31
Sverak et al. [35] Minneapolis, US R OCS (1) 2009–2018 17 7, 41% 30 17 9

Total/median 161 55%% 30 196 114

Table 2   Clinical features of all included studies

IV intravenous, RT radiation therapy, NR not recorded, NA not applicable

Bevacizumab therapy Previous therapy

Study Indication(s) Regimen (IV route) Median dura-
tion (months)

Surgery (n, %) RT (n, %) RT within 
12 months of 
bevacizumab (n)

Alanin et al. [31] Progression with brainstem 
compression, imbalance, 
or progressive hearing 
loss

Initiation: 10 mg/
kg/2 weeks; Main-
tenance: 15 mg/kg/ 
3 weeks

22 8, 75% 4, 33% 0

Blakeley et al. [29] Progression with hearing 
loss

7.5 mg/kg/3 weeks 12 8, 57% 3, 21% 0

Farschtschi et al. [32] Progression with hearing 
loss

Initiation: 5 mg/kg/2 week; 
Maintenance: 2.5 mg/
kg/2 week;

NR 3, 100% 0 NA

Goutagny et al. [33] Progression with hearing 
loss

5 mg/kg/2 weeks NR NR NR NR

Hochart et al. [34] Progression 5–10 mg/kg/2 weeks 11 3, 43% 0 NA
Morris et al. [30] Progression or brainstem 

compression
Initiation: 5–7.5 mg/

kg/2–3 weeks; Main-
tenance: 2.5–5 mg/
kg/4 weeks

NR 0 3, 5% 1

Plotkin et al. [17] Progression with brainstem 
compression, or progres-
sive hearing loss

5 mg/kg/2 weeks 14 0 5, 16% NR

Sverak et al. [35] Progression with brainstem 
compression, or progres-
sive hearing loss

5–10 mg/kg/2–6 weeks 14 0 0 NA
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Radiographic response

The pooled incidence of partial response was 41% (95% CI 
31–51%; P-effect < 0.01; I2 = 42%; P-heterogeneity = 0.10), 
calculated by RE modeling based on eight individual cohorts 
[31, 29, 32–34, 30, 17, 35] describing 196 VS (Fig. 2). In 
the same population, pooled incidence of stable response 
was 47% (95% CI 39–55%; P-effect < 0.01; I2 = 9%; P-het-
erogeneity = 0.36), while the pooled incidence of tumor pro-
gression was 7% (95% CI 1–15%; P-effect < 0.01; I2 = 59%; 
P-heterogeneity = 0.02).

Hearing outcome

The pooled incidence of hearing improvement was 20% 
(95% CI 9–33%; P-effect < 0.01; I2 = 42%; P-heterogene-
ity = 0.11), calculated by RE modeling based on seven indi-
vidual cohorts [31, 29, 32, 34, 30, 17, 35] describing 114 
patients with assessable hearing (Fig. 3). In the same popula-
tion, pooled incidence of stable hearing was 69% (95% CI 
51–85%; P-effect < 0.01; I2 = 61%; P-heterogeneity = 0.02), 

and pooled incidence of worsened hearing was 6% (95% CI 
1–15%; P-effect = 0.01; I2 = 25%; P-heterogeneity = 0.25).

Complications

The pooled incidence of treatment-induced hypertension 
of all severities was 33% (95% CI 20–45%; P-effect < 0.01; 
I2 = 44%; P-heterogeneity = 0.10), and the pooled incidence 
of proteinuria of all severities while on bevacizumab ther-
apy was 43% (95% CI 23–64%; P-effect < 0.01; I2 = 78%; 
P-heterogeneity < 0.01). These estimations were calculated 
by RE modeling based on seven individual cohorts [31, 
29, 32, 34, 30, 17, 35] describing 145 treated patients. The 
pooled incidence of amenorrhea was 70% (95% CI 51–87%; 
P-effect < 0.01; I2 = 13%; P-heterogeneity = 0.32) calculated 
by RE modeling based on four individual cohorts [31, 29, 
17, 35] describing 35 treated female patients.

The pooled incidence of serious toxicity (Grade 3 
or higher) was 17% (95% CI 10–26%; P-effect < 0.01; 
I2 = 13%; P-heterogeneity = 0.33), calculated by RE mod-
eling based on five individual cohorts [31, 29, 34, 30, 
17] describing 125 patients. Although there was a lack of 

Fig. 2   Forest plot of the inci-
dence of radiographic responses 
of vestibular schwannoma 
lesions in NF2 patients that 
are partial response, stable 
or worsened. The effect size 
(ES) of incidence, its 95% CI 
and the relative weightings are 
represented by the middle of the 
square, the horizontal line, and 
the relative size of the square 
respectively

Partial regression
Alanin et al. 2015
Blakeley et al. 2016
Farschtschi et al. 2015
Goutagny et al. 2018
Hochart et al. 2015
Morris et al. 2016
Plotkin et al. 2012
Sverak et al. 2018
Subtotal  (I^2 = 42.42%, p = 0.10)

Stable
Alanin et al. 2015
Blakeley et al. 2016
Farschtschi et al. 2015
Goutagny et al. 2018
Hochart et al. 2015
Morris et al. 2016
Plotkin et al. 2012
Sverak et al. 2018
Subtotal  (I^2 = 9.03%, p = 0.36)

Worsened
Alanin et al. 2015
Blakeley et al. 2016
Farschtschi et al. 2015
Goutagny et al. 2018
Hochart et al. 2015
Morris et al. 2016
Plotkin et al. 2012
Sverak et al. 2018
Subtotal  (I^2 = 59.26%, p = 0.02)

Author

0.39 (0.20, 0.61)
0.43 (0.27, 0.61)
0.33 (0.06, 0.79)
0.57 (0.37, 0.76)
0.09 (0.02, 0.38)
0.32 (0.20, 0.46)
0.53 (0.40, 0.66)
0.47 (0.26, 0.69)
0.41 (0.31, 0.51)

0.61 (0.39, 0.80)
0.57 (0.39, 0.73)
0.67 (0.21, 0.94)
0.33 (0.17, 0.55)
0.55 (0.28, 0.79)
0.51 (0.37, 0.65)
0.35 (0.24, 0.49)
0.47 (0.26, 0.69)
0.47 (0.39, 0.55)

0.00 (0.00, 0.18)
0.00 (0.00, 0.12)
0.00 (0.00, 0.56)
0.10 (0.03, 0.29)
0.36 (0.15, 0.65)
0.17 (0.09, 0.30)
0.12 (0.06, 0.23)
0.06 (0.01, 0.27)
0.07 (0.01, 0.15)

ES (95% CI)

11.56
14.86
3.11
12.68
8.34
18.85
19.46
11.15
100.00

9.81
14.54
1.97
11.27
6.27
22.63
24.19
9.32
100.00

12.23
14.63
4.07
13.08
9.52
17.11
17.45
11.91
100.00

Weight
%
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0.53 (0.40, 0.66)
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0.10 (0.03, 0.29)
0.36 (0.15, 0.65)
0.17 (0.09, 0.30)
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12.23
14.63
4.07
13.08
9.52
17.11
17.45
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Weight
%

0 1

Radiographic response
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granularity in studies describing how hypertension was 
managed, the incidence of Grade 3 hypertensive events 
(with implied need for medical/clinical intervention) was 
anecdotally low, as reported by Morris et al.[30] (1/61 
patients, 2%), Plotkins et al. [17] (1/31 patients, 3%), and 
Blakely et al. [29] (2/14 patients, 14%).

There was one case of mortality while on-treatment 
reported by Alanin et al. [31] due to spontaneous intrac-
erebral hemorrhage in a 23 year old female patient. The 
need to cease treatment early was documented by four 
studies. Blakely et al. [29] reported reasons as immune 
thrombocytopenia and surgery for another tumor (2/14 
patients, 14%). Hochart et al. [34] reported one reasons 
as hypertension and infection (2/7 patients, 28%). Plot-
kins et al. [17] reported the reason as proteinuria (3/31 
patients, 9%). Finally, Morris et al. [30] reported four 
cases of hypertension, two cases of bleeding, two cases of 
wound healing, 1 case of fatigue, and 1 case of infection 
as reasons for cessation (10/61 patients, 16%).

Surgical intervention

The pooled incidence of treatment failure requiring surgi-
cal intervention for VS resection was 11% (95% CI 2–20%; 
P-effect = 0.02; I2 = 59%; P-heterogeneity = 0.06) calculated 
by RE modeling based on four individual cohorts [33, 30, 
17, 35] describing 125 treated patients.

Quality and bias assessment

The certainties of all reported outcomes were then assessed 
against the GRADE criteria (Table 3). For radiographic 
response, certainty ranged from moderate in those with 
stable response, to very low in those with progression. For 
hearing outcomes, certainty ranged from moderate in those 
with worsening, to very low in those with stable response. 
For complications, certainty ranged from moderate regard-
ing serious toxicity and amenorrhea to very low regarding 

Fig. 3   Forest plot of the inci-
dence of hearing outcomes of 
vestibular schwannoma patients 
with testable hearing in NF2 
patients that are improved, sta-
ble or worsened. The effect size 
(ES) of incidence, its 95% CI 
and the relative weightings are 
represented by the middle of the 
square, the horizontal line, and 
the relative size of the square 
respectively

Improved
Alanin et al. 2015
Blakeley et al. 2016
Farschtschi et al. 2015
Hochart et al. 2015
Morris et al. 2016
Plotkin et al. 2012
Sverak et al. 2018
Subtotal  (I^2 = 41.61%, p = 0.11)

Stable
Alanin et al. 2015
Blakeley et al. 2016
Farschtschi et al. 2015
Hochart et al. 2015
Morris et al. 2016
Plotkin et al. 2012
Sverak et al. 2018
Subtotal  (I^2 = 60.53%, p = 0.02)

Worsened
Alanin et al. 2015
Blakeley et al. 2016
Farschtschi et al. 2015
Hochart et al. 2015
Morris et al. 2016
Plotkin et al. 2012
Sverak et al. 2018
Subtotal  (I^2 = 25.33%, p = 0.24)

Author

0.11 (0.02, 0.43)
0.36 (0.16, 0.61)
0.00 (0.00, 0.56)
0.25 (0.05, 0.70)
0.11 (0.05, 0.24)
0.19 (0.09, 0.36)
0.56 (0.27, 0.81)
0.20 (0.09, 0.33)

0.67 (0.35, 0.88)
0.64 (0.39, 0.84)
1.00 (0.44, 1.00)
0.75 (0.30, 0.95)
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0.65 (0.47, 0.79)
0.22 (0.06, 0.55)
0.69 (0.51, 0.85)

0.22 (0.06, 0.55)
0.00 (0.00, 0.22)
0.00 (0.00, 0.56)
0.00 (0.00, 0.49)
0.05 (0.01, 0.15)
0.16 (0.07, 0.33)
0.22 (0.06, 0.55)
0.06 (0.01, 0.15)

ES (95% CI)

11.87
15.54
5.45
6.74
25.76
22.77
11.87
100.00

13.18
15.95
7.08
8.45
21.82
20.33
13.18
100.00

10.53
14.68
4.37
5.51
29.71
24.67
10.53
100.00

Weight
%

0.11 (0.02, 0.43)
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0.00 (0.00, 0.56)
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0.22 (0.06, 0.55)
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ES (95% CI)

11.87
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14.68
4.37
5.51
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Weight
%
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Hearing outcome
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hypertension and proteinuria. Finally, certainty of surgical 
intervention occurring was also very low.

Against the modified NOS criteria, the median score was 
5 (range 3–5) out of a maximum of 5 evaluating studies for 
selection, ascertainment, causality, and reporting (Supple-
mentary Table 3). All studies were deemed to be of moderate 
to high quality overall, with the primary reason for point 
deduction being lack of explicit therapy duration. The risks 
of publication and small-study biases could not be reliably 
performed due to limited cohort numbers ( ≤ 10) and so were 
not conducted.

Discussion

Bevacizumab has recently emerged as a compelling thera-
peutic option for managing progressive VS in NF2. Our 
metadata analysis suggests that a consistently significant 
proportion of treated patients will experience a beneficial 
impact on tumor control or hearing preservation; however, 
the risk of serious complications is not negligible, and 
may include hypertension, proteinuria, or amenorrhea. 
Certainty of these outcomes ranged from very low to 

moderate. Taken together, these findings support further 
consideration for bevacizumab in the very challenging 
NF2 population, while further mandating the opening of 
prospective, and ideally randomized, controlled trials to 
establish the longer-term treatment effect and risk profile 
in a more rigorous fashion.

In the largest series to date, Morris et al. [30] reported in a 
cohort of 61 patients that bevacizumab treatment resulted in 
radiographic tumor control in 82% and hearing preservation 
in 95%, when comparing pre-treatment baseline to outcomes 
at termination of therapy. These findings are largely repre-
sentative of both the other included studies and the overall 
pooled confidence intervals of the study outcomes. Nota-
ble exceptions include Hochart et al. [34], who reported the 
highest proportion of radiographic progression (4/11 lesions, 
36%), as well as Alanin et al. [31] and Sverak et al. [35], who 
each reported the highest proportion of worsening hearing 
(2/9 patients, 22%). These outliers represent the primary 
sources of heterogeneity driving our study outcomes in spite 
of their small sample sizes, which emphasizes the impor-
tance of cautiously interpreting the reported incidences of 
tumor control or hearing preservation on bevacizumab until 
their reproducibility can be better validated.

Table 3   GRADE assessment for reported outcomes

The overall quality score is determined based on the sum of the included domains. Type of evidence is based on design of the included studies 
(range + 2 to + 4). The study quality reflects the blinding and allocation, follow-up and withdrawals, sparsity of data, and methodological con-
cerns (range − 3 to 0). Consistency is graded based on heterogeneity of included population and study end points with respect to one another 
(range − 1 to + 1). Directness is graded based on generalizability of included results (range − 2 to 0). Effect size is graded based on the overlap of 
95% CI estimates within 10% of either 0% of 100% incidence (range 0 to 2). The overall quality of results for each outcome can be considered 
high ( ≥ 4 points), moderate (3 points), low (2 points) or very low ( ≤ 1 point)
GRADE grading of recommendations, Assessment, Development and Evaluations, CI confidence interval

Outcome Pooled incidence 
(95% CI)

No. of 
cohorts 
(studies)

Certainty assessment Overall quality Certainty

Type of 
evi-
dence

Quality Consistency Directness Effect size

Radiographic response
 Partial regression 41% (31–51%) 8  + 2  − 1 0 0  + 1  + 2 Low
 Stable 47% (39–55%) 8  + 2  − 1  + 1 0  + 1  + 3 Moderate
 Progression 7% (1–15%) 8  + 2  − 1  − 1 0  + 1  + 1 Very low

Hearing outcome
 Improvement 20% (9–33%) 7  + 2  − 1 0 0  + 1  + 2 Low
 Stable 69% (51–85%) 7  + 2  − 1 0 0 0  + 1 Very low
 Worsening 6% (1–15%) 7  + 2  − 1  + 1 0  + 1  + 3 Moderate

Complications
 Serious toxicity 15% (10–26%) 5  + 2  − 1  + 1 0  + 1  + 3 Moderate
 Hypertension 33% (20–45%) 7  + 2  − 1 0 0 0  + 1 Very low
 Proteinuria 43% (23–64%) 7  + 2  − 1  − 1 0 0 0 Very low
 Amenorrhea 70% (51–87%) 4  + 2  − 1  + 1 0  + 1  + 3 Moderate

Other
 Surgical interven-

tion
11% (2–20%) 4  + 2  − 1  − 1 0  + 1  + 1 Very low
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Our study also identified significant estimates of bevaci-
zumab treatment complications, including the concerning 
finding that almost 1-in-5 patients experienced an adverse 
event requiring medical intervention within the first year 
of therapy. Furthermore, the results estimated 1-in-3 will 
experience hypertension, and up to 1-in-2 will experience 
proteinuria. In addition, there appeared to be an anecdotal 
non-negligible proportion of patients that ceased treatment 
early due to intrinsic and induced complications. Although 
concerning, these significant incidence rates are not neces-
sarily surprising, given that multiple clinical trials of bev-
acizumab in recurrent intracranial glioblastoma [36–38] 
have reported serious toxicity events in > 30% of patients, 
and hypertension or proteinuria in > 50% and > 30%, 
respectively. However, while the treatment risks are com-
parable, the context in which the counterbalance of poten-
tial benefits is weighed are different, particularly given the 
more benign nature of VS and the near-universal fatality of 
glioblastoma. What is absent currently is any confirmation 
that a relationship between bevacizumab dosage and com-
plications does or does not exist, which will prove of the 
upmost utility in the future for any attempts to standardize 
treatment schedules.

This is because another major concern arising from our 
systematic review is the marked heterogeneity in treat-
ment practices for bevacizumab administration. When a 
single dose schedule was reported, this ranged from 5 mg/
kg/2 weeks [33] to 10 mg/kg/6 weeks [35]. In studies [31, 
32, 30] that reported both initiation and maintenance regi-
mens, doses at initiation ranged from 5 to 10 mg/kg/2 weeks, 
and from 2.5 mg/kg/2 weeks to 15 mg/kg/3 weeks for main-
tenance. Complicating this discussion further, expert opin-
ions and local treatment practices regarding the timing of 
therapy cessation versus institution of a drug holiday are 
a topic of active dispute; correspondingly, the validity of 
direct comparisons in treatment benefit between studies 
remains limited at present [13, 30].

Finally, the present analysis has identified age as a key 
parameter that will demand greater granularity in future 
study designs. Morris et al. [30] identified a pediatric sub-
group ( < 18 years old) of 6 NF2 patients in their study, and 
observed that VS lesions in this subgroup had a greater pro-
pensity for tumor progression while on bevacizumab ther-
apy, as compared to adult counterparts. The poor pediatric 
treatment response is further supported by Hochart et al. 
[34], who described the single pediatric-specific experience, 
in their series of 7 NF2 patients, which demonstrated the sin-
gle highest rate of radiographic progression in all included 
studies. Adding yet another dimension of complexity to the 
treatment implications in children with NF2, the high inci-
dence of amenorrhea and its reproductive implications war-
rants particular attention among young female patients of 
child-bearing age [31, 29, 17, 35].

Limitations of the literature and future directions

The literature describing bevacizumab for VS in NF2 is lim-
ited by a number of constraints. Outside the obvious need 
for greater cohort sizes, the first is the lack of standardized 
regime doses and durations, as well as surveillance proto-
cols, which likely contribute to the reported heterogeneity 
of the outcomes in the meta-analysis. It is unclear if the 
successes, need for progressive surgery, and time-dependent 
complications of therapy will change if longer regimes are 
followed, as in the case of glioblastoma, or if tumor con-
trol and hearing preservation may still be maintained on a 
less toxic treatment scheme in this benign disease process. 
Indeed, the interpretation of homogenous time-to-event of 
all outcomes reported in this study requires significant cau-
tion as it was beyond the scope of this study to adjust for 
variance in institution-based follow-up protocols.

As there currently exists no standard therapy duration, 
our results are limited by the variable use of patient-depend-
ent therapy holidays, heterogeneous dosing regimens and 
schedules, and post-cessation reporting practices. Although 
beyond the scope of the PICOS question and systematic 
review design as of yet, if we can reliably determine the 
durability of bevacizumab effects both on- and off-therapy, 
this will greatly inform clinicians about the sustainability 
of therapy, durability of tumor control or hearing protection 
following cessation of therapy, lowest effective dose and 
frequency, and the possibility of progressive toxicity with 
longer-term use. Elucidating these parameters will require 
greater assessment standardization and methodological 
transparency in the future.

Another concern is the risk of selection bias in reported 
outcomes. Ultimately, the precision of this meta-anal-
ysis relies on the accurate reporting of those outcomes 
included—favorable or otherwise—a practice that cannot 
be assumed in observational cohort studies. We attempted 
to mitigate some of the systematic bias introduced by patient 
selection in excluding very small series of 1–2 cases, given 
that reporting and publishing practices are such that institu-
tions would be highly unlikely to publish case reports of 
unsuccessful outcomes, absent a highly interesting compli-
cation or novel application. Notwithstanding, until a ran-
domized, controlled, blinded trial can be conducted, the 
reported incidences of benefit and complications following 
bevacizumab therapy highly suspicious for the influence 
of systematic bias, potentially resulting in over-statement 
of benefit and under-estimation of risk. Given the orphan 
nature of this disease, an international registry could assist 
in attaining greater statistical power sooner.

A final limitation that warrants consideration is the 
paucity in reporting of both long-term outcomes and the 
quality-of-life (QOL) impact sustained on bevacizumab. At 
present, all studies report outcomes of bevacizumab regimes 
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with duration less than two years. Further, only Morris et al. 
[30] reported QOL outcomes, which highlighted the signifi-
cant increases in quality of life (using the disease-specific 
NFTI-QOL measure [39]) in patients after 3 and 6 months 
of bevacizumab therapy, with no significant change noted 
in a matched, historic, bevacizumab-free cohort. If greater 
granularity can be achieved in demonstrating that bevaci-
zumab positively impacts long-term QOL in NF2 patients, 
firmer recommendations regarding treatment benefits may 
be possible. To that end, long-term follow-up both on- and 
off-therapy is required to ascertain the true clinical efficacy 
of bevacizumab in this population, particularly given that 
the high risk of adverse events may be more reasonable to 
consider if post-treatment follow-up studies demonstrate 
compelling long-term benefit, ideally in multiple domains 
(e.g. tumor control, hearing preservation, QOL).

Conclusions

This metadata analysis evaluated the current literature in a 
systematic fashion regarding the efficacy and safety of the 
anti-angiogenic monoclonal antibody bevacizumab for the 
treatment of VS lesions in NF2 patients. We report that a 
significant majority of patients will experience tumor control 
and hearing improvement or preservation during therapy; 
however, a considerable proportion will also experience a 
serious treatment complication, such as hypertension, pro-
teinuria, or amenorrhea. Pediatric patients may respond less 
favorably than adults based on present reported evidence. 
Perhaps most importantly, our review demonstrates the 
growing need for a standardized approach to both the clini-
cal utilization of bevacizumab in this population, as well as 
reporting practices for short- and long-term follow-up and 
QOL outcomes, and the ultimate need for higher level evi-
dence in the form of a preferably randomized, controlled 
trial.
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