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Abstract Introduction Ki-67 is often used as a proliferation index to evaluate how aggressive a
tumor is and its likelihood of recurrence. Vestibular schwannomas (VS) are a unique
benign pathology that lends itself well to evaluation with Ki-67 as a potential marker for
disease recurrence or progression following surgical resection.
Methods All English language studies of VSs and Ki-67 indices were screened. Studies
were considered eligible for inclusion if they reported series of VSs undergoing primary
resection without prior irradiation, with outcomes including both recurrence/progression
and Ki-67 for individual patients. For published studies reporting pooled Ki-67 index data
without detailed by-patient values, we contacted the authors to request data sharing for
the current meta-analysis. Studies reporting a relationship between Ki-67 index and clinical
outcomes in VS for which detailed patients’ outcomes or Ki-67 indices could not be
obtainedwere incorporated into thedescriptive analysis, but excluded fromthe formal (i.e.,
quantitative) meta-analysis.
Results A systematic review identified 104 candidate citations of which 12met inclusion
criteria. Six of these studies had accessible patient-specific data. Individual patient data
were collected from these studies for calculation of discrete study effect sizes, pooling via
random-effects modeling with restricted maximum likelihood, and meta-analysis. The
standardized mean difference in Ki-67 indices between those with and without recurrence
was calculated as 0.79% (95% confidence interval [CI]: 0.28–1.30; p¼ 0.0026).
Conclusion Ki-67 index may be higher in VSs that demonstrate recurrence/progres-
sion following surgical resection. This may represent a promising means of evaluating
tumor recurrence and potential need for early adjuvant therapy for VSs.
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Introduction

Management strategies for vestibular schwannoma (VS) have
evolved substantially over time, in particular with the advent
of new technologies, such as advanced neuromonitoring,
stereotactic radiosurgery (SRS), and an enhanced understand-
ing of the natural history of the disease. Although the ideal
operative outcome for patients undergoing surgical resection
remains gross total resection (GTR) when feasible, improved
understanding of the adverse impact on patient function and
well-being that are associated with facial nerve injury have
shifted the paradigm away from the more aggressive posture
of prioritizing GTR for these benign lesions.1 Correspondingly,
a higher fraction of patients emerge from surgery with near-
total or subtotal resections (NTRor STR, respectively).2,3When
coupled to the increasing actuarial survival of the population
at large, this results in a complicated prognostic calculus
regarding theriskof recurrenceandoptimal timingofadjuvant
treatments, such as SRS. At present, no reliable serologic or
radiographicmarkershavebeenvalidated tobetter informthis
complex decision-making.

Ki-67 is a widely available immunohistochemical test that
stains cells in the premitotic or mitotic proliferative phases of
the cell cycle. This antigen has been repeatedly validated as a
proliferative index for meningiomas, with similarly positive
results reported across a range of other cranial and spinal
neoplasms.4–6 Preliminary results in VS have included corre-
lations between Ki-67 index and preoperative tumor growth
rates, aswell as clinical symptoms;however, thesestudies have
been limited by small sample sizes, methodologic concerns,
and vulnerability to various sources of bias. Furthermore,
essentially, no data are available to answer the specific clinical
question of postoperative management after resection. The
goal of the current study is to perform a systematic review and
meta-analysis of all studies reporting postoperative VS tumor
control outcomes as a function of Ki-67 index.

Materials and Methods

Search Strategy
The studywas conducted by adhering to the Preferred Report-
ing Items for Systematic Reviews andMeta-analyses (PRISMA)
statement.7A comprehensive search of several databases from
inception to December 22, 2020, limited to English language
and excluding animal studies, was conducted. The databases
included Ovid MEDLINE(R) and the Epub Ahead of Print, In-
Process and Other Non-Indexed Citations and Daily, Ovid
Embase, Ovid Cochrane Central Register of Controlled Trials,
Ovid Cochrane Database of Systematic Reviews, and Scopus.
The search strategy was designed and conducted by an expert
medical research librarian, under direction from the investi-
gators to identify studies reporting Ki-67 outcomes in patients
undergoing VS resection (►Appendix 1).

Study Question, Inclusions, and Exclusions
Our Population, Intervention, Comparison, Outcomes, and
Study (PICOS) -format study question was: among patients
with sporadic VS (P) who had high Ki-67 staining on resection

histopathology (I), as comparedwith sporadicVSpatientswith
low Ki-67 staining (C), was there a difference in rates of
postoperative tumor growth/recurrence (O), in original re-
search articles reporting patient-level data (S). Studies were
considered eligible for inclusion if they reported series of VS
undergoing primary resection without prior irradiation and
with outcomes including both recurrence/progression and Ki-
67 index for individual patients. For published studies report-
ing, pooled Ki-67 index data without detailed by-patient
values, we contacted the authors to request data sharing for
the current meta-analysis. Studies reporting a relationship
between Ki-67 index and clinical outcomes in VS for which
detailed patients’ outcomes or Ki-67 indices could not be
obtained were incorporated into the descriptive analysis but
excluded from the formal (i.e., quantitative)meta-analysis. For
publications describing overlapping cohorts, only the most
current/complete manuscripts were included.

Manuscript Screening, Review, and Data Abstraction
Titles and abstracts were screened from the retrieved litera-
ture search by two independent reviewers (K.V. and H.H.); all
candidate citations flagged for possible inclusion by either
reviewer underwent full-text assessment to determine eligi-
bility (►Fig. 1). They then assessed the full text to decide on
eligibility via detailed comparison to the above-detailed crite-
ria. For studies requiring supplemental information from
outside investigators, a standardized e-mailwas sent detailing
the proposed study and data sharing request; authors were
allowed 2 months to respond, and at least 2 attempts were
madetocontact a representative forall suchstudies. Individual
patient Ki-67 indices and tumor control outcomes as of last
follow-up were captured from all included studies. Included
studies were graded using the modified Newcastle–Ottawa
Scale (►Appendix 2).

Statistical and Sensitivity Analyses
The meta-analysis was conducted using a random-effects
model to calculate a standardized mean difference in Ki-67
indices between patients who experienced recurrence/pro-
gression and those with durable tumor control.8 Due to the
small sample sizes, no adjusted multivariable analyses could
be performed; however, variables that were significant on
univariate analysis and associatedwith themain independent
variable (i.e., Ki-67 index) underwent secondary study via
stratified analyses. The Cochran Q test, which is typically
used to check for differences on a dichotomous dependent
variablebetween three ormore relatedgroups,was conducted
as a preliminary test of heterogeneity. High levels of heteroge-
neity were identified, which were likely attributable to small
sample sizes. To strengthen interpretation of the study results
in the context of marked heterogeneity, we performed a
sensitivity analysis by excluding the two studieswith the least
precise effect estimates and repeating the meta-analysis for
this smaller population of studies. Statistical analyses were
performed using R version 4.0.3. for Windows (R Foundation
for Statistical Computing, Vienna, Austria), all pertinent tests
were two-sided, and an α threshold of 0.05was used to define
statistical significance.
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Results

Literature Search
The systematic review identified 104 candidate citations of
which 18 underwent full-text review. Twelve studies met
criteria for inclusion in the descriptive analysis, six of these
studies also had accessible by-patient data and were corre-
spondingly included in the quantitative meta-analysis
(►Tables 1 and 2).

Descriptive Analysis
A total of 12 studies were identified as reporting a specific
analysis of Ki-67 index as a predictor of clinical outcomes
after resection for VS.2,9–20 Among these studies, six specifi-
cally assessed the relationship between Ki-67 index and
tumor recurrence/progression, with five identifying a sta-

tistically significant relationship between increased Ki-67
positivity and treatment failure. Another five studies studied
a variety of primary endpoints in relation to Ki-67 indices,
including preoperative tumor size, preoperative tumor
growth rate, and preoperative symptoms. One studyassessed
the relationship between Ki-67 staining and patient age at
the time of resection. We were able to gather individual
patient-level data for 349 patients from six studies
(►Table 2).2,12,13,17,18,20 The range of Ki-67 index values
for patients with recurrence was 1.4 to 4.8%, whereas the
range for patients without recurrence was 0.6 to 1.9%.

Meta-analysis
Six studies quantitatively analyzed the relationship between
Ki-67 index and postoperative VS recurrence/progression.
Individual patient data were collected from these studies for

Fig. 1 PRISMA flow diagram. PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-analyses.
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calculation of discrete study effect sizes, pooling via random-
effects modeling with restricted maximum likelihood and
meta-analysis. The standardized mean difference in Ki-67
indices between those with and without recurrence was
calculated as 0.79% (95% confidence interval [CI]: 0.28–
1.30; p¼0.0026; ►Fig. 2).

Heterogeneity and Sensitivity Analysis
The Cochran Q test demonstrated significant heterogeneity
between the incorporated studies (p¼0.01). Due to the
relatively high expected and observed heterogeneity, we
proceeded with a sensitivity analysis in which the primary
meta-analysis was repeated after removing the two studies
with the lowest precision.2,13 In this iteration, the standard-
ized mean difference retained statistically significance at a
value of 0.58% (95% CI: 0.03–1.13; p¼0.04; ►Fig. 3).

Discussion

We report the first systematic review and meta-analysis of
Ki-67 index as a predictor of tumor control outcomes after

primary surgical resection for sporadic VS. Our results indi-
cate that an elevated Ki-67 index appears to be associated
with increased riskof recurrence/progression after surgery, a
finding that is reproduced throughout the majority of the
preceding literature on VS, as well as several parallel disease
processes, including meningioma.4–6,21 Because of the het-
erogeneity of the datasets, generating a standard deviation
and creating ranges that are sufficient to guide clinical
practice is limited. With the generated Ki-67 index values
based on calculated ranges from these patients with and
without recurrence, we believe that patients with a Ki-67
index of <1.4% have a lower chance of recurrence. On the
other hand, patients with a Ki-67 index of >1.9% are associ-
atedwith higher risk of recurrence whichmaywarrant more
aggressive serial imaging and adjuvant therapy. Patientswith
Ki-67 index values that fall between 1.4 and 1.9% remain in
the gray zone and may pose a continued management
challenge. We anticipate that these findings will help inform
several key aspects of patient care and counseling, while
simultaneously providing key insights that may guide
impactful translational studies in the future.

Table 1 Studies that met criteria for inclusion in the descriptive analysis

Reference no. Study Year n Primary end point Outcome
18 Prueter et al 2019 74 Tumor recurrence Correlated
12 Graffeo et al 2018 46 Postoperative tumor regrowth

after subtotal resection
Not correlated

17 Panigrahi et al 2018 144 Tumor recurrence Correlated
2 Iannella et al 2017 17 Postoperative tumor regrowth Correlated
14 Jabbour et al 2016 180 Younger age Correlated
9 Cafer et al 2008 34 Tumor size at resection Not correlated
19 Steinhart et al 2003 50 Preoperative tumor growth rate Correlated
13 Hwang et al 2002 30 Postoperative tumor regrowth

after subtotal resection,
including selective adjunct radiosurgery

Correlated

11 Gomez-Brouchet et al 2001 30 Tumor size at resection Not correlated
16 Niemczyk et al 2000 43 Preoperative tumor growth rate Correlated
20 Yokoyama et al 1996 18 Postoperative tumor regrowth Correlated
10 Charabi et al 1993 21 Preoperative symptom duration Correlated
15 Lesser et al 1991 8 Preoperative tumor growth rate Correlated

Table 2 Studies included in the quantitative meta-analysis

Reference
no.

Study Year n Mean follow-up
period (mo)

GTR
rate (%)

Recurrence
rate (%)

Average
Ki-67 (%)
recurrence

Average
Ki-67 (%)
no recurrence

18 Prueter et al 2019 74 29.2 30.1 17.5 1.9 1.2
12 Graffeo et al 2018 46 41.0 0 28.2 1.4 1.2
17 Panigrahi et al 2018 144 38.0 36.1 12.5 4.8 1.9
2 Iannella et al 2017 17 80.4 0 23.5 3.2 1.4
13 Hwang et al 2002 30 38.0 NA 9.7 2.3 0.6
20 Yokoyama et al 1996 38 54.0 28.9 47.3 2.1 1.3

Abbreviations: GTR, gross-total resection; NA, not available.
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Fig. 2 Forest plot of six studies showing standardized mean difference in Ki-67 index between those with and without recurrence was calculated
as 0.79 (95% CI: 0.28–1.30; p¼ 0.0026). CI, confidence interval.

Fig. 3 Forest plot of four studies (after removing two studies for low precision) showing standardized mean difference retained statistical
significance at a value of 0.58 (95% CI: 0.03–1.13; p¼ 0.04). CI, confidence interval.
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Stereotactic Radiosurgery in Management of
Vestibular Schwannoma Recurrence/Progression
Considerable controversy exists in the literature regarding
the differential influence of proactive versus delayed SRS
following recurrence/progression after primary microsur-
gery, with some studies indicating that early treatment
may be associated with durable tumor control.22–24 By
contrast, others suggest equivalent outcomes if treatment
is withheld until serial tumor growth is confirmed, particu-
larly for patients who have preserved hearing after surgery,
or those with significant facial weakness.25,26 Correspond-
ingly, a critical role for potential prognostic parameters such
as Ki-67 index in the VS treatment paradigm would be the
identification of candidate patients for up-front SRS or
individuals who may warrant closer surveillance if early
SRS is deferred.

Ki-67 Index and the Role for Prognostication in
Vestibular Schwannoma Management
Ki-67 is a nuclear protein expressed in actively proliferating
cells of vertebrates,27 and the Ki-67 index (also known as
mitotic index) is used to quantify the percentage of mitotic
activitybycounting thenumberofKi-67-positive tumorcells in
a 10 high-power field under the microscope.28 Although non-
specific, the Ki-67 index may be a promising prognostic factor
in VS management for several reasons. Principally, the Ki-67
antigen and associated index calculations have been validated
for several related disease processes—most importantly,
meningioma—as well as across numerous institutions and
patient populations that lend robustness to the generalization
of its utility.2,9,10,12,14–20,29 Additionally, phenotypically
aggressive diseasebehavior has been associatedwith increased
Ki-67 staining in several other central nervous system neo-
plasms, such as dural infiltration and associated disease recur-
rence in pituitary adenomas.30

Within the domain of VS, Lesser et al reported a small
cohort study inwhich tumor growth rateswere categorized as
very slow (0.02cm/year), slow (0.2 cm/year), or rapid (1.0
cm/year) which were differentially associated with increasing
levels of Ki-67 positivity.15 This preliminary analysis was
compromised by a small sample size and a limited focus on
preoperative growth rates rather than postoperative out-
comes, restricting its clinical impact. However, based on the
congruency with findings of the current study, these early
results now provide additional motivation for the on-going
analysis of Ki-67 index as a predictor of outcome after VS
resection.

Other groups looked at histopathological markers other
than Ki-67 where the role of the inflammatory microenvi-
ronment in VS growth appears to be significant.31 Graffeo
et al and Kontorinis et al showed that there are increased
immune cells in VSs that have more rapid growth.12,29

Graffeo et al demonstrated that tumors with higher S100
and CD68 macrophages tended to have a more aggressive
growth pattern after STR.12 These results have been recently
validated by Lewis et al in a combined neuroimaging and
pathology study where macrophages, rather than tumor
cells, constituted most of the proliferating cells in growing

VSs.32 Kontorinis et al showed that an increased neutrophil-
to-lymphocyte ratio is predictive of recurrence.29 Even with
other immune markers that may be good surrogates, these
data are hard to interpret due to limited sample sizes and
because these studies were performed only on patients with
STR, offering a potentially higher correlation to preoperative
tumor growth instead of postoperative recurrence rates. In
addition, unlike meningiomas that have a homogenous cell
population, VS can havemore inflammatory cells than tumor
cells which can affect the Ki-67 indices of tumor cells per se
and their relevance. Despite the heterogeneous cell popula-
tions of VS, however, it appears that a higher Ki-67 index is
correlated to a higher chance of recurrence.

Strengths and Limitations
The current study is the first formal systematic review and
meta-analysis to address the question of Ki-67 as a predictor
of recurrence/progression after primary resection for
sporadic VS, rendering it an important contribution to the
shared knowledge base on this relatively prevalent disease
and the need to identify quantifiable factors that can predict
VS behavior. Our methodology is compliant with the PRISMA
guidelines, based on a PICOS-formatted clinical question, and
incorporates both heterogeneity and sensitivity analyses,
lending reproducibility and robustness to the results.
Further, we were able to ascertain individual patient-level
Ki-67 indices and clinical outcomes for six studies represent-
ing a total of 349 unique patients, markedly improving our
ability to provide an objective analysis of the available data.

By token, a range of important limitations influence our
interpretation of the current study, including those pertinent
to any systematic review or meta-analysis of observational
studies, as well as several specific to our methodological
decisions. The Ki-67 index, although well studied and widely
available, is frequently assessed bymanualmeans, resulting in
substantial risk of bias, systematic error, and interobserver
variability.33–37 In some centers, automation has resulted in
improved reliability and would be optimal for any clinical
implementation of our results, particularly given that findings
from such studies have almost universally reproduced those
based on manual assessments of the Ki-67 index.21,38,39

Asthecurrentstudy isameta-analysis, thequality, certainty,
andreliabilityof the resultsbydefinitioncannotexceedthoseof
the included studies; these features are universally low in the
included studies, due to the nature of observational studies
with small samples and inconsistent methodologies. These
same factors contribute to the high heterogeneity and wide
confidence intervals, aswe observed, which highlight the need
for a guarded interpretation of our results. Although we were
able to obtain Ki-67 indices and outcome data for individual
patients in six studies, those outcomeswere almost universally
captured and reported as binary parameters, rather than time-
to-event data which would have allowed for a much more
robust analysis including the calculationofhazard ratios, rather
than simple mean differences. Similarly, other clinically rele-
vantparameterswere inconsistently reported;whencombined
with the small sample size and low event rate, this precluded
the possibility of an adjusted, multivariable pooled analysis.
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Conclusion

We report a novel meta-analysis of Ki-67 index as a potential
predictor of recurrence/progression after primary resection for
sporadic VS. These results accord with much of the preceding
literature on both meningioma and VS; however, the data are
broadly equivocal, resulting in a highly qualified interpretation
regarding the meaningful clinical utility of Ki-67 index for VS
patients. The current analysis indicates that high Ki-67 index
(>1.9%) may be associated with an increased risk of VS recur-
rence or progression following surgical resection, a clinically
quantifiable factor that may impact the decision-making of
whether adjuvant therapy or closer observation should be
pursued. Patient counseling may similarly be informed by Ki-
67 index results after VS resection, provided that interpretation
of the clinical data are made cautiously, and with appropriate
patient education measures by their neurosurgical care team.
More importantly, we recommend strong consideration for
future studies of the Ki-67 index in a large scale, prospective,
and systematic fashion tomoredefinitivelydetermine its role in
VS management and potentially look for correlations with
various VS subtypes (cystic or solid).
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Appendix 1 Actual search strategies

OVID
Database(s): OvidMEDLINE(R) 1946 to Present and Epub Ahead of Print, In-Process andOther Non-Indexed Citations andOvid
MEDLINE(R) Daily, EBM Reviews - Cochrane Central Register of Controlled Trials December 2020, EBM Reviews—Cochrane
Database of Systematic Reviews 2005 to December 22, 2020, Embase 1974 to 2020 December 21

Search Strategy:

No. Searches

1 exp Neuroma, Acoustic/

2 ((acoustic or vestibular or acusticus or auditory or ear) adj1 (schwannoma� or neuroma� or neurinoma� or
neurofibroma�)).ti,ab,hw,kw.

3 (“acoustic nerve” adj1 (cancer or tumor or tumor)).ti,ab,hw,kw.

4 (neurofibromatosis adj1 “2”).ti,ab,hw,kw.

5 or/1–4

6 Ki-67 Antigen/

7 “ki-67.”ti,ab,hw,kw.

8 6 or 7

9 5 and 8

10 9 not ((exp animals/ or exp nonhuman/) not exp humans/)

11 limit 10 to english language [Limit not valid in CDSR; records were retained]

12 (conference abstract or conference review or editorial or erratum or note or addresses or autobiography or
bibliography or biography or blogs or comment or dictionary or directory or interactive tutorial or interview or
lectures or legal cases or legislation or news or newspaper article or patient education handout or periodical
index or portraits or published erratum or video-audio media or webcasts).mp. or conference abstract.st.

13 11 not 12

14 remove duplicates from 13

SCOPUS

1 TITLE-ABS-KEY ((acoustic or vestibular or acusticus or auditory or ear) w/1 (schwannoma� or neuroma� or
neurinoma� or neurofibroma�))

2 TITLE-ABS-KEY (“acoustic nerve” w/1 (cancer or tumor or tumor))

3 TITLE-ABS-KEY (neurofibromatosis w/1 2)

4 1 or 2 or 3

5 “ki-67”

6 4 and 5

7 INDEX(embase) OR INDEX(medline) OR PMID(0� OR 1� OR 2� OR 3� OR 4� OR 5� OR 6� OR 7� OR 8� OR 9�)

8 6 not 7

9 DOCTYPE(ed) OR DOCTYPE(bk) OR DOCTYPE(er) OR DOCTYPE(no) OR DOCTYPE(sh) OR DOCTYPE(ch)

10 8 not 9

11 LANGUAGE(english)

12 10 and 11
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Appendix 2 Quality assessment by modified Newcastle–Ottawa scale

This scale assesses articles based on a predefined set of five criteria listed belowmodified from the original Newcastle-Ottawa
Scale (NOS) assessment for noncomparative case serieswhich constituted all studies included in thismeta-analysis. The items
are scored in response to each question as either 1 in the positive, and 0 in the negative, to lead to a maximum score of 5.
Overall quality was assessed based on impression of criteria scoring (low, 0–2; moderate, 3–4; and high, 5).

Question 1. Did the patient(s) represent the whole case(s) of the medical center? Cases included represented the general
population of walled-of-necrosis; question 2: was the diagnosis correctly made? Based on the revised Atlanta criteria;
question 3: was follow-up long enough for outcomes to occur? Reported adequate follow-up time; question 4: were all
important data cited in the report? Reported resolution and at least two outcomes; question 5: was the outcome correctly
ascertained? Provided definition of resolution. (d) Not available.

Criteria

1. Did the patient(s) represent the whole case(s) of the medical center?
2. Was the correct diagnosis made?
3. Was follow-up long enough for outcomes to occur?
4. Were all important data cited in the report?
5. Was the outcome correctly ascertained?

Criterion

Study (year) 1 2 3 4 5 Total Overall quality

Prueter et al (2019)18 1 1 1 1 1 5 High

Graffeo et al (2018)12 0 1 1 1 1 4 Moderate

Panigrahi et al (2018)17 1 1 0 1 1 4 Moderate

Iannella et al (2017)2 1 1 0 1 1 4 Moderate

Hwang et al (2002)13 1 1 1 0 1 4 Moderate

Yokoyama et al (1996)20 1 1 0 0 1 4 Moderate
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